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Before You Start 

Notes on hands-on exercises and functionality of SOLID WORKS 
Simulation 

This book goes beyond a standard software manual because its unique approach 
concurrently introduces you to SOLIDWORKS Simulation software and the 
fundamentals of Finite Element Analysis (FEA) through hands-on exercises. We 
recommend that you study the exercises in the order presented in the book. As 
you go through the exercises, you will notice that explanations and steps 
described in detail in earlier exercises are not repeated in later chapters. Each 
subsequent exercise assumes familiarity with software functions discussed in 
previous exercises and builds on the skills, experience, and understanding gained 
from previously presented problems. 

Exercises in this book require different levels of SOLIDWORKS Simulation 
functionality and this depends on which Simulation product is used. The 
SOLIDWORKS Simulation Product Matrix document is available at: 

http://www.SOLIDWORKS.com/sw/products/simulation/simulation­
matrices.htm 

This book deals with structural analysis using SOLIDWORKS Simulation. 
Therefore, SOLIDWORKS Motion analysis won't be covered. 
SimulationXpress is a simplified version of SOLID WORKS Simulation and 
will not be covered either. 

All exercises in this book use SOLIDWORKS models, which can be 
downloaded from www.SDCpublications.com. Most of these exercises do not 
contain Simulation studies; you are expected to create studies, results plots, and 
graphs yourself. All problems presented here have been solved with 
SOLIDWORKS Simulation Premium 2018 x64 SPO.O. 

We encourage you to explore each exercise beyond its description by 
investigating other options, other menu choices, and other ways to present results. 
You will soon discover that the same simple logic applies to all studies in 
SOLIDWORKS Simulation. 
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''Engineering Analysis with SOLIDWORKS Simulation 2018'' is an introductory 
text. The focus is more on understanding Finite Element Analysis than 
presenting all software capabilities. This book is not intended to replace software 
manuals. Therefore, not all Simulation capabilities will be covered, especially 
those of fatigue, design studies, optimization, advanced nonlinear, thermal and 
dynamic analyses. 

Readers of "Engineering Analysis with SOLIDWORKS Simulation 2018" may 
wish to review the book ''Vibration Analysis with SOLIDWORKS Simulation 
2018'' (Figure 24-1) and ''Thermal Analysis with SOLIDWORKS Simulation 
2018 and Flow Simulation 2018'' (Figure 24-2), both published by SDC 
Publications. These books are not introductory texts; they are designed for users 
who are familiar with topics presented in ''Engineering Analysis with 
SOLIDWORKS Simulation 2018." 

The knowledge acquired by the readers of "Engineering Analysis with 
SOLIDWORKS Simulation 2018" will not be software specific. The same 
concepts, tools and methods will apply to any FEA software. 

Prerequisites 

The following prerequisites are recommended: 

• An understanding of Statics, Kinematics and Dynamics 

• An understanding of Mechanics of Materials 

• An understanding of Heat Transfer 

• An understanding of Mechanical Vibrations 

• Experience with parametric, feature based solid modeling using 
SOLIDWORKS 

• Familiarity with Windows Operating System 
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Selected terminology 

The mouse pointer plays a very important role in executing various commands 
and providing user feedback. The mouse pointer is used to execute commands, 
select geometry, and invoke pop-up menus. We use Windows terminology when 
referring to mouse-pointer actions. 

Item Description 

Click Self-explanatory 

Double-click Self-explanatory 

Click-inside Click the left mouse button. Wait a second, and 
then click the left mouse button inside the pop-up 
menu or text box. Use this technique to modify the 
names of items in SOLIDWORKS Simulation 
Manager. 

Drag and drop Use the mouse to point to an object. Press and 
hold the left mouse button down. Move the mouse 
pointer to a new location. Release the left mouse 
button. 

Right-click Click the right mouse button. A pop-up menu is 
displayed. Use the left mouse button to select a 
desired menu command. 

All SOLIDWORKS file names appear in CAPITAL letters, even though the 
actual file names may use a combination of capital and small letters. Selected 
menu items and SOLIDWORKS Simulation commands appear in bold. 
SOLIDWORKS configurations, SOLIDWORKS Simulation folders, icon 
names and study names appear in italics except in captions and comments to 
illustrations. SOLIDWORKS and Simulation also appear in bold font. Bold 
font may also be used to draw the reader's attention to a particular term. 

Graphics 

To improve the quality and readability, many plots use custom defined colors 
where dark blue is replaced by light grey color. 

3 



Engineering Analysis with SOLIDWORKS Simulation 2018 

4 



Engineering Analysis with SOLIDWORKS Simulation 2018 

1: Introduction 

What is Finite Element Analysis? 

Finite Element Analysis, commonly called FEA, is a method of numerical 
analysis. FEA is used for solving problems in many engineering disciplines such 
as machine design, acoustics, electromagnetism, soil mechanics, fluid dynamics, 
and many others. In mathematical terms, FEA is a numerical technique used for 
solving field problems described by a set of partial differential equations. 

In mechanical engineering, FEA is widely used for solving structural, vibration, 
and thermal problems. However, FEA is not the only available tool of numerical 
analysis. Other numerical methods include the Finite Difference Method, the 
Boundary Element Method, and the Finite Volume Method to mention just a few. 
However, due to its versatility and numerical efficiency, FEA has come to 
dominate the engineering analysis software market, while other methods have 
been relegated to niche applications. When implemented into modern 
commercial software, both FEA theory and numerical problem formulation 
become completely transparent to users. 

Finite Element Analysis used by Design Engineers 

FEA is a powerful engineering analysis tool useful in solving many problems 
ranging from very simple to very complex. Design engineers use FEA during the 
product development process to analyze the design-in-progress. Time constraints 
and limited availability of product data call for many simplifications of computer 
models. On the other hand, specialized analysts implement FEA to solve very 
complex problems, such as vehicle crash dynamics, hydro forming, and air bag 
deployment. 

This book focuses on how design engineers use FEA, implemented in 
SOLIDWORKS Simulation, as a design tool. Therefore, we highlight the most 
essential characteristics of FEA as performed by design engineers as opposed to 
those typical for FEA performed by analysts. 

FEA for Design Engineers: Another design tool 

For design engineers, FEA is one of many design tools that are used in the 
design process and include CAD, prototypes, spreadsheets, catalogs, hand 
calculations, textbooks, etc. 
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FEA for Design Engineers: Based on CAD models 

Modem design is conducted using CAD, so a CAD model is the starting 
point for analysis. Since CAD models are used for describing geometric 
information for FEA, it is essential to understand how to prepare CAD geometry 
in order to produce correct FEA results, and how a CAD model 
is different from an FEA model. This will be discussed in later chapters. 

FEA for Design Engineers: Concurrent with the design process 

Since FEA is a design tool, it should be used concurrently with the design 
process. It should drive the design process rather than follow it. 

Limitations of FEA for Design Engineers 

An obvious question arises: would it be better to have a dedicated specialist 
perform FEA and let design engineers do what they do best - design new 
products? The answer depends on the size of the business, type of products, 
company organization and culture, and many other tangible and intangible 
factors. A general consensus is that design engineers should handle relatively 
simple types of analysis, but do it quickly and of course reliably. Analyses that 
are very complex and time consuming cannot be executed concurrently with the 
design process, and are usually better handled either by a dedicated analyst or 
contracted out to specialized consultants. 

6 
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Objectives of FEAfor Design Engineers 
The ultimate objective of using FEA as a design tool is to change 
the design process from repetitive cycles of ''design, prototype, test'' into 
a streamlined process where prototypes are not used as design tools and 
are only needed for final design validation. With the use of FEA, design 
iterations are moved from the physical space of prototyping and testing 
into the virtual space of computer simulations (Figure 1-1 ). 

Traditional Product 
Design Process 

Design 

Prototyping 

Testing 

Production 

Simulation Driven Product 
Design Process 

CAD Simulation 

Prototyping 

Testing 

Production 

Figure 1-1: Traditional and Simulation driven product development. 

Traditional product development needs prototypes to support a design in 
progress. The process in Simulation-driven product development uses numerical 
models, rather than physical prototypes) to drive development. In a Simulation 
driven product design process, the prototype is no longer a part of the iterative 
design loop. 

Simulation means here Finite Element Analysis but other simulation methods 
may be used in the product development process such as Mechanism Analysis) 
Computational Fluid Dynamics and others. 
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What is SOLID WORKS Simulation? 
SOLIDWORKS Simulation is a commercial implementation of PEA capable of 
solving problems commonly found in design engineering, such as the analysis of 
displacements, stresses, natural frequencies, vibration, buckling, heat flow, etc. It 
belongs to the family of engineering analysis software products originally 
developed by the Structural Research & Analysis Corporation (SRAC). SRAC 
was established in 1982 and since its inception has contributed to innovations 
that have had a significant impact on the evolution of PEA. In 1995, SRAC 
partnered with the SOLIDWORKS Corporation and created COSMOSWorks, 
one of the first SOLIDWORKS Gold Products, which became the top-selling 
analysis solution for the SOLIDWORKS Corporation. The commercial success 
of COSMOSWorks integrated with SOLIDWORKS CAD software resulted in 
the acquisition of SRAC in 2001 by Dassault Systemes, parent of 
SOLIDWORKS Corporation. In 2003, SRAC operations merged with the 
SOLIDWORKS Corporation. In 2009, COSMOSWorks was renamed 
SOLIDWORKS Simulation. 

SOLIDWORKS Simulation is integrated with SOLIDWORKS CAD software 
and uses SOLIDWORKS for creating and editing model geometry. 
SOLIDWORKS is a solid, parametric, feature-driven CAD system developed 
specifically for the Windows Operating System. Many other CAD and PEA 
programs were originally developed in a UNIX environment and only later 
ported to Windows, and therefore are less integrated with Windows than 
SOLIDWORKS and SOLIDWORKS Simulation. 

Fundamental steps in an FEA project 

The starting point for any SOLIDWORKS Simulation project is a 
SOLIDWORKS model, which can be a part or an assembly. First, material 
properties, loads, and restraints are defined. Next, as is always the case with 
using any PEA-based analysis tool, the model geometry is split into relatively 
small and simply shaped entities called finite elements. The elements are called 
''finite' ' to emphasize the fact that they are not infinitesimally small, but 
relatively small in comparison to the overall model size. Creating finite elements 
is commonly called meshing. When working with finite elements, the 
SOLIDWORKS Simulation solver approximates the sought solution ( for 
example stress) by assembling the solutions for individual elements. 

8 



Engineering Analysis with SOLIDWORKS Simulation 2018 

From the perspective of FEA software, each application of FEA requires three 
steps: 

o Preprocessing of the FEA model, which involves defming the model and then 
splitting it into finite elements 

o Solving for desired results 

o Post-processing for results analysis 

We will follow the above three steps in every exercise. From the perspective of 
FEA methodology, we can list the following FEA steps: 

o Building the mathematical model 

o Building the finite element model by discretizing the mathematical model 

o Solving the finite element model 

o Analyzing the results 

The following subsections discuss these four steps. 

Building the mathematical model 

The starting point to analysis with SOLIDWORKS Simulation is a 
SOLIDWORKS model. Geometry of the model needs to be meshable into a 
correct finite element mesh. This requirement of mesh-ability has very important 
implications. We need to ensure that the CAD geometry will indeed mesh and 
that the produced mesh will provide the data of interest ( e.g. stresses, 
displacements or temperature distribution) with acceptable accuracy. 

The necessity to mesh often requires modifications to the CAD geometry, which 
can take the form of defeaturing, idealization, and/or clean-up: 

Term 

Def ea tu ring 

Idealization 

Clean-up 

Description 

The process of removing geometry features deemed 
insignificant for analysis, such as outside fillets , 
chamfers, logos, etc. 

A more aggressive exercise that may depart from solid 
CAD geometry by, for example, representing thin 
walls with surfaces and beams with lines. 

Sometimes needed because geometry must satisfy 
high quality requirements to be meshable. To clean­
up, we can use CAD quality control tools to check for 
problems like, for example, sliver faces, multiple 
entities, etc. that could be tolerated in the CAD model 
but would make subsequent meshing difficult or 
impossible. 

9 
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It is important to mention that we do not always simplify the CAD model 
with the sole objective of making it meshable. Often we must simplify a model 
even though it would mesh correctly ''as is," because the resulting mesh would 
be large (in terms of the number of elements) and consequently, the meshing and 
the analysis would take too long. Geometry modifications allow for a simpler 
mesh and shorter meshing and computing times. 

Sometimes, geometry preparation may not be required at all. Successful meshing 
depends as much on the quality of geometry submitted for meshing as it does on 
the capabilities of the meshing tools implemented in the FEA software. 

Having prepared a meshable, but not yet meshed geometry, we now define 
material properties (these can also be imported from a CAD model), loads and 
restraints, and provide information on the type of analysis that we wish to 
perform. This procedure completes the creation of the mathematical model 
(Figure 1-2). Notice that the process of creating the mathematical model is not 
FEA specific. FEA has not yet entered the picture. 

CAD geometry 

Modification of 
geometry (if required) 

FEA geometry 

Figure 1-2: Building the mathematical model. 

Loads Restraints 

t t 

MATHEMATICAL 

MODEL 

Material Type of 
properties analysis 

The process of creating a mathematical model consists of the modification of 
CAD geometry (here removing outside fillets), definition of loads, restraints, 
material properties, and definition of the type of analysis (for example linear 
static) that is to be performed. 

You may review the differences between CAD geometry a.nd PEA geometry 
using part model BRACKET DEMO in its two configurations: OJ fully featured 
and 02 defeatured. 
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Building the finite element model 

The mathematical model now needs to be split into finite elements using the 
process of discretization, more commonly known as meshing (Figure 1-3). 
Geometry, loads, and restraints are all discretized. The discretized loads and 
restraints are applied to the nodes of the finite element mesh which is a 
discretized representation of geometry. 

Solving the finite element model 

Having created the finite element model, we now utilize a solver provided 
in SOLIDWORKS Simulation to produce the desired data of interest (Figure 1-
3). 

Analyzing the results 

Often the most difficult step of FEA is analyzing the results. Proper 
interpretation of results requires that we understand all simplifications 
( and errors they introduce) in the first three steps: defming the mathematical 
model, meshing, and solving. 

Discretization 

FEA model 

Numerical 
solver 

Figure 1-3: Building the fmite element model. 

FEA results 

The mathematical model is discretized into a finite element model. This 
completes the pre-processing phase. The FEA model is then solved with 
one of the numerical solvers available in SOLID WORKS Simulation. 

This illustration shows BRACKET DEMO model. For clarity of illustration, the 
mesh shows larger elements than those used to produce results. 
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Errors in FEA 
The process illustrated in Figure 1-2 and Figure 1-3 introduces unavoidable 
errors. Formulation of a mathematical model introduces modeling errors (also 
called idealization errors), discretization of the mathematical model introduces 
discretization errors, and solving introduces solution errors. Of these three types 
of errors, only discretization errors are specific to FEA. Modeling errors 
affecting the mathematical model are introduced before FEA is utilized and can 
only be controlled by using correct modeling techniques. Solution errors are 
caused by the accumulation of round-off errors. 

A closer look at finite elements 

Meshing splits continuous mathematical models into finite elements. The type of 
elements created by this process depends on the type of geometry meshed. 
SOLIDWORKS Simulation offers three types of three dimensional (3D) 
elements: solid elements for meshing solid geometry, shell elements for meshing 
surface geometry and beam elements for meshing wire frame geometry. 
SOLIDWORKS Simulation also works with two dimensional (2D) elements: 
plane stress elements, plane strain elements, and axi-symmetric elements. 

Before proceeding, we need to clarify an important terminology issue. In 
CAD terminology, ''solid'' denotes the type of geometry: solid geometry 
(as opposed to surface or wire frame geometry). In FEA terminology, ''solid'' 
denotes the type of element used to mesh the solid CAD geometry. 

Solid elements 

The type of geometry that is most often used for analysis with SOLIDWORKS 
Simulation is solid CAD geometry. Meshing of this geometry is accomplished 
with tetrahedral solid elements, commonly called ''tets'' in FEA jargon. The 
tetrahedral solid elements in SOLIDWORKS Simulation can either be frrst 
order elements ( called ''draft quality''), or second order elements ( called ''high 
quality''). The user decides whether to use draft quality or high quality elements 
for meshing. However, as we will soon prove, only high quality elements should 
be used for an analysis of any importance. The difference between first and 
second order tetrahedral elements is illustrated in Figure 1-4. 

12 
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First order tetrahedral element 
before deformation 

Second order tetrahedral element 
before deformation 

First order tetrahedral element 
after d.eformation 

Second order tetrahedral element 
after deformation 

Figure 1-4: Differences between first and second order tetrahedral elements. 

First and second order tetrahedral elements are shown before and after 
deformation. Notice that the first order element has corner nodes only, while the 
second order element has both corner and mid-side nodes; mid-side nodes are 
not visible. Single elements seldom experience deformations of this magnitude, 
which are exaggerated in this illustration. 

13 
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In a first order element, edges are straight and faces are flat. After deformation 
the edges and faces must retain these properties. 

The edges of a second order element before deformation may either be straight 
or c·urvilinear, depending on how the element has been mapped to model the 
actual geometry. Consequently, the faces of a second order element before 
deformation may be flat or curved. 

After deformation, edges of a second order element may either assume a 
different curvilinear shape or acquire a curvilinear shape if they were initially 
straight. Consequently, faces of a second order element after deformation 
can be either flat or curved. 

First order tetrahedral elements model the linear field of displacement 
inside their volume, on faces, and along edges. The linear ( or frrst order) 
displacement field gives these elements their name: first order elements. 

If you recall from Mechanics of Materials, strain is the first derivative 
of displacement. Since the displacement field is linear, the strain field is constant. 
Consequently the stress field is also constant in first order tetrahedral elements. 
This situation imposes a very severe limitation on the capability of a mesh 
constructed with first order elements to model the stress distribution of any 
complex model. To make matters worse, straight edges and flat faces cannot map 
properly to curvilinear geometry, as illustrated in Figure 1-5, left. 

14 
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Second order tetrahedral elements have ten nodes (Figure 1-4) and model the 
second order (parabolic) displacement field and first order (linear) stress field in 
their volume, on faces and along edges. The edges and faces of second order 
tetrahedral elements can be curvilinear before and after deformation; therefore, 
these elements can be mapped precisely to curved surfaces, as illustrated in 
Figure 1-5 right. Even though these elements are more computationally 
demanding than first order elements, second order tetrahedral elements are used 
for the majority of analyses with SOLIDWORKS Simulation because of their 
better mapping and stress modeling capabilities. 

A tetrahedral solid element is the only type of solid element available in 
SOLIDWORKS Simulation. 

Mapping a curvilinear geometry with 

first order solid tetrahedral elements. 

Mapping a curvilinear geometry with 

second order solid tetrahedral elements. 

Figure 1-5: Failure of straight edges and flat faces to map to curvilinear geometry 
when using first order elements (left), and precise mapping to curvilinear 
geometry using second order elements (right). 

Notice the imprecise first order element mapping of the hole; flat faces 
approximate the face of the curvilinear geometry. Second order elements map 
well to curvilinear geometry. 

The mesh shows elements that are way too large for any meaningful analysis. 
Large elements are used only for clarity of this illustration. 

This is LUG O 1 model. 
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Shell elements 

Shell elements are created by meshing surfaces or faces of solid geometry. Shell 
elements are primarily used for analyzing thin-walled structures. Since surface 
geometry does not carry information about thickness, the user must provide this 
information. Similar to solid elements, shell elements also come in draft and high 
quality with analogous consequences with respect to their ability to map to 
curvilinear geometry, as shown in Figure 1-6. 

Mapping a cylinder with frrst order 

triangular shell elements 

Mapping a cylinder with second order 

triangular shell elements 

Figure 1-6: Mapping with first order shell elements (left) and second order shell 
elements (right). 

The shell element mesh on the left was created with first order elements. Notice 
the imprecise mapping of the mesh to curvilinear geometry. The shell element 
mesh on the right was created with second order elements, which map correctly 
to curvilinear geometry. Similarly to Figure 1-5, large elements are used for 
clarity of this illustration. 

We need to make two important comments about Figure 1-5 and Figure 1-6. 
First, a mesh should never be that coarse (large size of elements compared to the 
model). We use a coarse mesh only to show the differences between first and 
second order elements clearly. Second, notice the ''kinks'' on the side of the 
second order elements; they indicate locations of mid side nodes. The second 
order element does map precisely to second order geometry. 

As in the case of solid elements, first order shell elements model linear 
displacements and constant strain and stress. Second order shell elements model 
second order (parabolic) displacement and. linear strain and stress. 
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The assumptions of modeling first or second order displacements in shell 
elements apply only to in-plane directions. The distribution of in-plane stresses 
across the thickness is assumed to be linear in both first and second order shell 
elements. 

Triangular elements are the only type of shell elements available in 
SOLIDWORKS Simulation. 

Certain classes of shapes can be modeled using either solid or shell elements, 
such as the plate shown in Figure 1-7. Often the nature of the geometry dictates 
what type of element should be used for meshing. For example, 
a part produced by casting would be meshed with solid elements, while 
a sheet metal structure would be best meshed with shell elements. 

Second order tetrahedral solid elements Second order triangular shell elements 

Figure 1-7: Plate modeled with solid elements (left) and shell elements (right). 

The actual choice between solids and shells depends on the particular 
requirements of analysis and sometimes on personal preferences. 
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Beam elements 

Beam elements are created by meshing curves ( wire frame geometry). 
They are a natural choice for meshing weldments. Assumptions about the 
stress distribution in two directions of the beam cross section are made. 

A beam element does not have any physical dimensions in the directions 
normal to its length. It is possible to think of a beam element as a line with 
assigned beam cross section properties (Figure 1-8). 

Figure 1-8: Conceptual representation of a beam element. 

A beam element is a line with assigned properties of a beam cross section as 
required by beam theory. This illustration conceptualizes how a curve (here a 
straight line) defines an I-beam but does not represent actual geometry of beam 
cross-section. 

Before we proceed with the classification of finite elements we need to introduce 
the concept of nodal degrees of freedom which are of paramount importance in 
FEA. The degrees of freedom (DOF) of a node in a finite element mesh define 
the ability of the node to perform translation a.nd rotation. The number of degrees 
of freedom that a node possesses depends on the element type. In 
SOLID WORKS Simulation, nodes of solid elements have three degrees of 
freedom, while nodes of shell elements have six degrees of freedom. 

This is because in order to describe the transformation of a solid element from 
the original to the deformed shape, we only need to know three translational 
components of nodal displacement. In the case of shell and beam elements, we 
need to know the translational components of nodal displacements and the 
rotational displacement components. 

Using solid elements we study how a 3D structure deforms under a load. Using 
shell elements we study how a 3D structure with one dimension ''collapsed'' 
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deforms under a load. This collapsed dimension is thickness which is not 
represented explicitly in the model geometry. Beam elements are intended to 
study 3D structures with two dimensions removed from the geometry and not 
represented explicitly by model geometry. It is important to point out that solids, 
shells and beams are all 3D elements capable of deformation in 3D space. 

20 elements 

There are also cases where a structure 's response to load can be fully described 
by 2D elements that have only two in-plane degrees of freedom. These are plane 
stress, plane strain and axi-symmetric elements. 

Plane stress elements are intended for the analysis of thin planar structures 
loaded in-plane, where out-of-plane stress is assumed to be equal to zero. Plane 
strain elements are intended for the analysis of thick prismatic structures loaded 
in-plane, where out-of-plane strain is assumed to equal zero. Axi-symmetric 
elements are intended for the analysis of axi-symmetric structures under axi­
symmetric load. In all of these special cases, the structure deformation can be 
fully described using elements with only two degrees of freedom per node. For 
plane stress and plane strain, these are two components of in-plane translation. 
For axi-symmetric elements, these are radial and axial displacements. 

2D elements are summarized in Figure 1-9. Just like solids and shells, 2D 
elements may be of first or second order. 
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Thin 3D model 

Thick 3D model 
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Axi-symmetric 3D model 

Representative slice ready for meshing 
with 2D plane stress elements 

Representative slice ready for meshing 
with 2D plane strain elements 

I 

• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
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I 
• 
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• 
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Representative slice ready for meshing 
with 2D axi-symmetric elements 

Figure 1-9: Application of 2D elements: plane stress (top), plane strain (middle), 
and axi-symmetric (bottom). 

Figure 1-9 shows (from top to bottom) models LUG_02, CONTACT_Ol, 
VASE 01. 
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Figure 1-10 presents the basic library of elements in SOLIDWORKS 
Simulation. Solid elements are tetrahedral, shell elements and 2D elements are 
triangles and beam elements are lines. Elements such as hexahedral solid.s or 
quadrilateral shells are not available in SOLIDWORKS Simulation. 

First order element 

Linear (first order) 
displacement field 

Constant stress field 

Second order element 

Parabolic (second order) 
displacement field 

Linear stress field 

3D elements 

Solid elements Shell elements Beam elements 

Figure 1-10: Basic element library of SOLIDWORKS Simulation. 

2D elements 

Plate elements 

The majority of analyses use the second order tetrahedral element. Element order 
is not applicable to beam elements. 2D elements are sometimes referred to as 
plate elements. 

Beam element cross-section is defined by cross section and second moments of 
inertia of the analyzed structural member. It does not have any physical shape. 
The above I beam is shown only for the ease of visualization. 
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What is calculated in FEA? 
Each degree of freedom of a node in a finite element mesh constitutes 
an unknown. In structural analysis, nodal degrees of freedom represent 
displacement components, while in thermal analysis they represent temperatures. 
Nodal displacements and nodal temperatures are the primary unknowns for 
structural analysis and thermal analysis, respectively. 

Structural analysis finds displacements, strains and stresses. If solid elements are 
used, then three displacement components ( three translations) per node must be 
calculated. With shell and beam elements, six displacement components (six 
translations) must be calculated. 2D elements require calculations of two 
displacement components. Strains and stresses are calculated based on the nodal 
displacement results. 

Thermal analysis finds temperatures, temperature gradients, and heat flow. Since 
temperature is a scalar value (unlike displacements, which are vectors), then 
regardless of what type of element is used, there is only one unknown 
(temperature) to be found for each node. All other thermal results such as 
temperature gradient and heat flux are calculated based on temperature results. 
The fact that there is only one unknown to be found for each node, rather than 
three or six, makes thermal analysis less computationally intensive than 
structural analysis. 

How to interpret FEA results 
Results of structural FEA are provided in the form of displacements and stresses. 
But how do we decide if a design ''passes'' or ''fails''? What constitutes a failure? 

To answer these questions, we need to establish some criteria to interpret FEA 
results, which may include maximum acceptable displacements, maximum stress, 
or the lowest acceptable natural frequency. 

While displacement and frequency criteria are quite obvious and easy to 
establish, stress criteria are not. Let us assume that we need to conduct a 
stress analysis in order to ensure that stresses are within an acceptable range. To 
judge stress results, we need to understand the mechanism of potential failure. If 
a part breaks, what stress measure best describes that failure? SOLIDWORKS 
Simulation can present stress results in any desired form, but it is up to us to 
decide which stress measures should be used to analyze results . 

Discussion of various failure criteria is out of the scope of this book. Any 
textbook on the Mechanics of Materials provides information on this topic. Here 
we will limit our discussion to commonly used failure criteria: Von Mises Stress 
failure criterion and Maximum Normal Stress failure criterion. 
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Von Mises Stress f allure criterion 

Von Mises stress, also known as Huber stress, is a stress measure that accounts 
for all six stress components of a general 3-D state of stress 
(Figure 1-11 ). 

z 

v a,, 
~ 

't~'{ 
_(j' Z---

(j' x 

x 

Figure 1-11: General state of stress represented by three normal stresses: <>~ 
<> y, <>z and six shear stresses. 

Two components of shear stress and one component of normal stress act on each 
side of this elementary cube. Due to symmetry of shear stresses, the general 3D 
state of stress is characterized by six stress components: Cfx, Cfy , CJz and rxy = Tyx, Tyz 

= ! zy, ! xz = ! zx, 
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Von Mises stress (jvm, can be expressed either by six stress components as: 

Von Mises stress crvm, can be also expressed using three principal stresses (Figure 
1-12) as: 

Notice that von Mises stress is a non-negative, scalar stress measure. Von Mises 
stress is commonly used to present results because the structural safety for many 
engineering materials showing elasto-plastic properties (for example, steel or 
aluminum alloy) can be evaluated using von Mises stress. 

The maximum von Mises stress failure criterion is based on the von Mises­
Hencky theory, also known as the shear-energy theory or the maximum 
distortion energy theory. The theory states that a ductile material starts to yield at 
a location when the von Mises stress becomes equal to the stress limit. In most 
cases, the yield strength is used as the stress limit. According to the von Mises 
failure criterion, the factor of safety (FOS) is expressed as: 

where CJ/imit is yield strength. 
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Maximum Normal Stress failure criterion 

By properly adjusting the angular orientation of the stress cube in Figure 1-11 , 
shear stresses disappear and the state of stress is represented only by three 
principal stresses: cr1, cr2, cr3, as shown in Figure 1-12. In SOLIDWORKS 
Simulation, principal stresses are denoted as Pl , P2, P3. 

Figure 1-12: The general state of stress represented by three principal stresses: cr1-2 

0" 2,0"3. ---

The Maximum Normal Stress Failure criterion is used for brittle materials. Brittle 
materials do not have a specific yield point. This criterion assumes that the 
ultimate tensile strength of the material in tension and compression is the same. 
This assumption is not valid in all cases. For example, cracks considerably 
decrease the strength of the material in tension while their effect is not significant 
in compression because the cracks tend to close. 

This criterion predicts failure will occur when cr1 exceeds the stress limit, usually 
the ultimate tensile strength. According to the maximum principle stress failure 
criterion, the factor of safety FOS is expressed as: 

FOS = {5zimit f (51 

where CJtimit is tensile strength. 
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Units of measure 
Internally, SOLIDWORKS Simulation uses the International System of Units 
(SI). However, for the user's convenience, the unit manager allows data entry in 
any of three systems of units: SI, Metric, and English. Results can be displayed 
using any of the three systems. Figure 1-13 summarizes the available systems of 
units. 

International 
Metric (MKS) English (IPS) 

System (SI) 

Mass kg kg lb 

Length • 

m cm Ill 

Time s s s 

Force N Kgf lbf 

Gravitational m/s2 G in/s2 

acceleration 

Mass density kg/m3 kg/cm3 lbf/in3 

Temperature K c F 

Figure 1-13: Unit systems available in SOLIDWORKS Simulation. 

SL Metric, and English systems of units can be interchanged when entering data 
and analyzing results in SOLID WORKS Simulation. 

As SOLIDWORKS Simulation users, we are spared much confusion and 
trouble with systems of units. However, we may be asked to prepare data or 
interpret the results of other FEA software where we do not have the 
convenience of the unit manager. Therefore, we will make some general 
comments about the use of different systems of units in the preparation of input 
data for FEA models. We can use any consistent system of units for FEA models, 
but in practice, the choice of the system of units is dictated by what units are 
used in the CAD model. The system of units in CAD models is not always 
consistent; length can be expressed in [mm] , while mass density can be expressed 
in [ kg/m3

] . Contrary to CAD models, in FEA all units must be consistent. 
Inconsistencies are easy to overlook, especially when defining mass and mass 
density, and can lead to serious errors. 
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In the SI system, based on meters [ m] for length, kilograms [ kg] 
for mass, and seconds [ s] for time, all other units are easily derived from 
these base units. In mechanical engineering, length is commonly expressed 
in millimeters [mm] , force in Newtons [NJ, and time in seconds [ s]. All 
other units must then be derived from these basic units: [mm], [N], and [s]. 
Consequently, the unit of mass is defined as a mass which, when subjected 
to a unit force equal to IN, will accelerate with a unit acceleration of 1 mm/s2

. 

Therefore, the unit of mass in a system using [mm] for length and [ NJ for force is 
equivalent to 1000 kg or one metric ton. Therefore, mass density is expressed in 
metric tonnes [tonne/mm3

] . This is critically important to remember when 
defining material properties in FEA software without a unit manager. Review 
Figure 1-14 and notice that an erroneous definition of mass density in [ kg/m3

] 

rather than in [tonne/mm3
] results in mass density being one trillion (1012

) times 
higher. 

System SI [m] [N] [s] 

Unit of mass kg 

Unit of mass density kg/m3 

Density of aluminum 2794 kg/m3 

System of units derived from SI [mm] [N] [s] 

Unit of mass tonne 

Unit of mass density tonne/mm3 

Density of aluminum 2.794 x 10-9 tonne/mm3 

English system (IPS) [in] [lbf] [s] 

Unit of mass slug/12 

Unit of mass density slug/12/in3 

Density of aluminum 2.614 x 10-4 slug/12/in3 

Figure 1-14: Mass density of aluminum in the three systems of units. 

Comparison of numerical values of mass densities of 1060 aluminum alloy 
defined in the SI system of units with the system of units derived from SI, 
and with the English (JPS) system of units. 
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Using online help 

(3) 

x 

(4) 

SOLIDWORKS Simulation features very extensive online Help and Tutorial 
functions, which can be accessed from the Help menu in the main 
SOLIDWORKS tool bar or from the Simulation menu. The Study advisor can 
be accessed from the Study drop down menu (Figure 1-15). 

)) 

7. pS SOLIDWORKS File Edit 

C( 
Study a 

• • 

C( New Study 

-1 tf Simulation Advisor 

Simulation Advisor 

1 Study 
2 Bodies and Material 
3 Interactions 
4 Mesh and Run 
S Results 

Vrew Insert Tools 

Xpert SOUOWORK 

To help you create the proper study, select one of the 
following: 

;l I am concerned about excessive deformation or 
stresses. 

;l I am concerned about the effect of load/unload 
cycles. 

~ I am conc~rned about sudden collapse under 
compression. 

~ I am concerned about excessive shaking. 

~ I am concerned about temperatures. 

~ Next 

(1) (2) 
I I 

Simulation Window 

C( Study ... 

Material 

Loads/Fixture 

Contact/Gaps 

Shells 

Topology Study 

Mesh 

Run 

Co St d 

Plot Results 

List Results 

Result Tools 

Help 

I u e I e fo Re o 

C pa e et a a 

Fatigue 

Import Motion Loads ... 

@ Options ... 

Help 

About Simulation 

Customize Menu 

tion 

Figure 1-15: Accessing online Help, and Simulation Advisor. 

Help Topics 

Tutorials 

• ~ • I IE @} • HC 

Verification Problems 

NAFEMS Benchmarks 

Theoretical Manual (pdf) 

Introduction to Simulation (pdf) 

Customize Menu 

Online Help and Tutorials can be accessed from the Simulation menu (1) as 
shown in this illustration or from the main tool bar by selecting Help (2). The 
Simulation Advisor can be accessed from the Study drop down menu (3). 
Simulation Advisor window appears in the Task Pane (4). 
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Limitations of Static studies 
Static study is the only type of study available in some SOLID WORKS 
packages. Working with Static study we need to accept important limitations: 
material is assumed as linear, and loads are static. 

Linear material 

Whatever material we assign to the analyzed parts or assemblies, the material is 
assumed to be linear, meaning that stress is proportional to the strain (Figure 1-
16). 

Stress (J 

a 

Linear range 

Linear 
Material 

(5 
E== -==tana 

& 

Nonlinear 
Material 

Strain £ 

Figure 1-16: The linear material model assumed in SOLIDWORKS Simulation. 

With a linear material, stress is linearly proportional to strain. The linear range 
is where the linear and nonlinear material models are not significantly different. 

Using a linear material model, the maximum stress magnitude is not limited 
to yield or to ultimate stress as it is in reality. Material yielding is not modeled, 
and whether or not yield may in fact be taking place can only be established 
based on the stress magnitudes reported in results. Most analyzed structures 
experience stresses below the yield stress, and the factor of safety is most often 
related to the yield stress. 
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Static loads 

All structural loads and restraints are assumed not to change with time. Dynamic 
loading conditions cannot be analyzed with Static study. This limitation implies 
that loads are applied slowly enough to ignore inertial effects. 

Nonlinear material analysis and loads changing with time dynamic analysis may 
be analyzed with SOLIDWORKS Simulation Premium. 

Models used/or illustrations 

Model 

BRACKET DEMO.sldprt 

LUG_Ol.sldprt 

LUG_ 02.sldprt 

CONT ACT_ 01.sldprt 

VASE_Ol.sldprt 
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2: Static analysis of a plate 

Topics covered 

o Using the SOLIDWORKS Simulation interface 

o Linear static analysis with solid elements 

o Controlling discretization error with the convergence process 

o Finding reaction forces 

o Presenting FEA results in a desired format 

Project description 

A steel plate is supported and loaded, as shown in Figure 2-1 . We assume that 
the support is rigid (this is also called built-in support, fixed support or fixed 
restraint) and that a 1 OOOOON tensile load is uniformly distributed along the end 
face, opposite to the supported face. 

Fixed restraint '--. 

1 OOOOON tensile load 
uniformly distributed 

Figure 2-1 : SOLIDWORKS model of a rectangular plate with a hole. 

We will perform a displacement and stress analysis using meshes with different 
element sizes. Notice that repetitive analysis with different meshes does not 
represent standard practice in FEA. However, repetitive analysis with different 
meshes produces results which are useful in gaining more insight into how FEA 
works. 

31 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Procedure 
In SOLIDWORKS, open the model file called HOLLOW PLATE. Verify that 
SOLIDWORKS Simulation is selected in the Add-Ins list (Figure 2-2). 

Add-Ins 

Active Add-ins 

B soUDWORKS Premium Add-ins 

0 @ CircuitWorks 

0 ~ FeatureWorks 

0 '" PhotoView 360 -
0 ~0 ScanTo3D 

0 <2(. SOLIDWORKS Design Checker 

0 <3i SOLIDWORKS Motion 

0 ~ SOLIDWORKS Routing 

[t) ~ SOLIDWORKS Simulation 

O lf SOLIDWORKS Toolbox Library 

O SOLIDWORKS Toolbox Utilities 

O~I SOLIDWORKS utilities 

O ~ TolAnalyst 

E]SOLIDWORKS Add-ins 

D Autotrace 

D SOLIDWORKS Composer 

0 SOLIDWORKS Flow Simulation 2018 

D SOLIDWORKS Forum 2018 

0 SOLIDWORKS PCB 2018 

D SOLIDWORKS Plastics 

[±]Other Add-ins 

_[ _ o_K __ ] [ Cancel ) 

Figure 2-2: Add-Ins list in SOLIDWORKS. 

Start Up 

0 
0 
0 
D 
0 
D 
D 
[i] 

0 
0 
0 
D 

D 
0 
0 
[] 

D 
D 

l~ I 

Last Load 
Time 

--

--
< ls 

4s 

--

--
ls 

--
3s 

--

--

Select Simulation as 
Active (left) 

-- and Start-up (right) 
Add-in 

Verify that SOLID WORKS Simulation is selected in the list of Add-Ins. 

Once Simulation has been added, it shows in the main SOLIDWORKS menu 
and in the Command Manager. 
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Simulation Pin down 

I I 
~ 

;jS SOLIDWORKS File Edit View Insert Tools Simulation Window Help 

~ 
Study u 

..,. ..,. 

Features Sketch Evaluate DimXpert SOLIDWORKS Add-Ins Simulation Analysi 

0 

~ ~ ~ + e 
~ 

> 

(-3J HOLLOW PLATE (Default<< Def a ult > 

~ ~ History 

~ Sensors 

~ 00 Annotations 

~ [I) Solid Bodies(l ) 

~ Surface Bodies 
o-
8=i Material <not sp 

[!] Front 

[!] Top 

(!J Right 

L Origin 

~ ~ Boss-Extrudel 

~ ~ Cut-Extrudel 

Roll to Previous 

Document Properties ... 

Hide/ Show Tree Items ... 

Collapse Items 

Customize Menu 

0 

< 

Simulation tab 

Right-click anywhere in the 
Feature Manager Design Tree 
Select Hide/Show Tree Items 

Figure 2-3: The Simulation tab is a part of the SOLIDWORKS Command 
Manager. 

Selecting the Simulation tab in the Command Manager displays Simulation menu 
items (icons). Since no study has been yet created, only the Study creation icon is 
available; all others are grayed-out. For convenience, pin down the top tool bar 
as shown. Command Manager with Large Buttons is shown in this illustration. 

Notice that Feature Manager Design Tree shown in Figure 2-3 displays Solid 
Bodies and Surface Bodies folders. These folders can be displayed by right­
clicking anywhere in Feature Manager Design Tree to bring up the pop-up 
menu and selecting Hide/Show Tree Items. This will invoke System Options­
Feature Manager (not shown here). From there, Solid Bodies and Surface 
Bodies folders can be selected to show (Figure 2-3). We will need to distinguish 
between these two different bodies in later exercises. In this exercise these two 
folders do not need to show. 
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Before we create a study, let's review the Simulation main menu (Figure 2-4) 
along with its Options window (Figure 2-5). 

~ 
Jj5 SOLIDWORKS File Edit View Insert Tools Simulation Window Help ,t r tb) ~ 

Study u a age et o 

... 

Features Sketch Evaluate DimXpert SOUDWORK~ 

0 

~ I ~ I ~ ~ I e 1 > 

~ 
~ HOLLOW PLATE (Default <<Default > 

• ~ History 

~ Sensors 

~ 00 Annotations 

• 00 Solid Bodies(l ) 

~ Surface Bodies 

g=i Material <not specif ied> 

CD Front 

uJ Top 

(P Right 

L Origin 

• ~ Boss-Extrudel 

• ~ Cut-Extrudel 0 

-

Figure 2-4: Simulation main menu. 

Q( Study ... 

Material 

Loads/ Fixture 

c:;:, :>e u . 

Contact/ Gaps 

Shells 

Topology Study 

Mesh 

ropert es . 

Run 

Copy Study 

Plot Results 

List Results 

Result Tools 

I c ude Image fo Report 

Co pare Test Data . 

Fatigue 

Se ect A Feature s Faces 

c 

Import Motion Loads ... 

~ Options ... 

Help 

About Simulation 

I New Study 

Simulation 
Options 

Similar to the Simulation Command Manager shown in Figure 2-3, only the New 
Study icon is available. Notice that some commands are available both in the 
Command Manager and in the Simulation menu. 

Simulation studies can be executed entirely from the Simulation drop down 
menu shown in Figure 2-4. In this book we will use the Simulation main menu 
and/or Command Manager to create a new Study. Everything else will be done 
in the Study Property Manager window. 

Now click on the Simulation options shown in Figure 2-4 to open the 
Simulation System Options window shown in Figure 2-5. 
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Default Options 

Default Options - Units 

System Options Default Options 
~----------------------------< 

~ Units 

- Load/Fixture 

·- Mesh 

Unit system 

@ st (MKS) 

1-- Results l_i English (IPS) 

8 Plot '"" . 
< J Metnc (G) 

I 

1 . Color Chart 
I El Default Plots 

1 8 ~ Stat ic Study Results 

I I ~ Plotl 

I I ~ Plot2 
I · i ~ Plot3 

I o,.Y Frequency/Buckling Study Results 

' 8 o..8 Thermal Study Results 
... ~ Plotl ... e-cy Drop Test Study Results 

I
. I I ,..,,_ 

, i j'°' ~ Plotl 
j I r-~ Plot2 
' I ·--~ Plot3 ·,' r~ Fatigue Study Results 

I ···-~ Plotl l ~ Plot2 

I I.T Optimization Study Results 
8 ~ Nonlinear Study Results 

ta, Plotl 

. 1$ Plot2 

ti, Plot3 
User information 

Report 

Units 

Length/ Displacement: [mm • J 

Temperature: [ Kelvin • j 

Angular velocity: [ rad/sec • j 

Pressure/Stress: [ N/mm" 2(tl. • J 

Set Pressure/Stress unit to MPa 

j OK ] I Cancel j I Help... j 

Figure 2-5: Simulation Options window. 

The Options window has two tabs. In this example, Default Options and Units 
are selected and shown. 

Please spend time reviewing all of the options in both System Options and 
Default Options shown in Figure 2-5 before proceeding with the exercise. In the 
Units options, make the choices shown in Figure 2-5. In this book we will 
mostly use the SI system of units using MPa rather than Pa as a unit of stress and 
pressure. Occasionally we will switch to the IPS system. 

Notice that Def a ult Plots can be added, modified, deleted or grouped into sub­
f olders which are created by right-clicking on the results folders, for example, 
Static Study Results folder, Thermal Study Results folder, etc. 
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Creation of an FEA model starts with the definition of a study. To define a new 
study, select New Study in either the Simulation tab in the Command Manager 
(Figure 2.3) or Simulation main menu (Figure 2-4). This will open the Study 
Property Manager. Notice that the New Study icon in the Simulation 
Command Manager can be also used to open the Study Advisor. We won't be 
using the Study Advisor in this book. Name the study tensile load 01 (Figure 2-
6). 

:;! p5 SOLIDWORKS File Edit View Insert Tools Simulation Window Help 

New Study button in the 
Simulation tab can be 

also u.sed to open 
the Simulation Advisor 

Enter study name 

Select Static 

Study a age e o 

... ... 

C( New Study 

~ Simulat ion Advisor 

Study 

.,/ x 

Message 

Name 

tensile load 01 

Genera l Simulation 

r ~ I Static 

![] Use 2D Simplif ication 

I o,.Y I Frequency 

Design Insight 

Advanced Simulation 

Specia lized Simulation 

Figure 2-6: Creating a new study. 

1Xpert SOUDWORKS Add-Ins Simulation Analysi 

v 

v 

v 

Study Property 
Manager window 

The study definition window offers choices of the type of study; here we select 
Static. Static study and Frequency study belong to the group called General 
Simulation. 
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Once a new study has been created, Simulation Commands can be invoked in 
three ways: 

D From the Simulation Command Manager (Figure 2-4) 

D From the Simulation main menu (Figure 2-4) 

D By right-clicking appropriate items in the Study Property Manager 
window. In this book, we will most often use this method. 

When a study is defined, Simulation creates a study window located below the 
Feature Manager Design Tree and places several folders in it. It also adds a 
study tab located next to Model and Motion Study tabs. The tab provides access 
to the study (Figure 2-7). 
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-

·~ < ~ ~· Model Motion Study 1 ~ tensile load 01 

I 
SOLIDWORKS Motion 

Model tab Study tab 
Simulation 
Study tab 

Figure 2-7: The Simulation window and Simulation tab. 

You can switch between the SOLID WORKS Model, Motion Studies and 
Simulation Studies by selecting the appropriate tab. 
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We are now ready to define the analysis model. This process generally consists 
of the following steps: 

o CAD geometry idealization and/or simplification in preparation for analysis. 
This is usually done in SOLIDWORKS by creating an analysis specific 
configuration and making your changes there 

o Material properties assignment 

o Restraints application 

o Load application 

In this case, the geometry does not need any preparation because it is already 
very simple; we can start by assigning material properties. 

Notice that if a material is defined for a SOLIDWORKS part model, the 
material definition is automatically transferred to the Simulation model. 
Assigning a material to the SOLIDWORKS model is actually a preferred 
modeling technique, especially when working with an assembly consisting of 
parts with different materials. We will do this in later exercises. 

To apply material to the Simulation model, right-click the HOLLOW PLATE 
folder in the tensile load 01 simulation study and select Apply/Edit Material 
from the pop-up menu (Figure 2-8). 
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Figure 2-8 : Assigning material properties. 

Deselect -- this option 

The top window shows the first step in the process of applying material 
properties to the model. 

The bottom window shows modification to System Options; this needs to be done 
only once. 
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The action in Figure 2-8 opens the Material window shown in Figure 2-9. 
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Figure 2-9: Material window. 

Select Alloy Steel to be assigned to the model; select MPa as units. 

Click Apply, and then click Close. 
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In the Material window, the properties are highlighted to indicate the mandatory 
and optional properties. A red color description (Elastic modulus, Poisson' s 
ratio) indicates a property that is mandatory based on the active study type and 
the material model. A blue color description (Mass density, Tensile strength, 
Compressive strength, Yield strength, Thermal expansion coefficient) indicates 
optional properties. A black color description (Thermal conductivity, Specific 
heat, Material damping ratio) indicates properties not applicable to the current 
study. 

In the Material window, open the SOLIDWORKS Materials menu, followed 
by the Steel menu. Select Alloy Steel. Select SI units under the Properties tab 
(other units could be used as well). Notice that the HOLLOW PLATE folder in 
the tensile load O 1 study now shows a check mark and the name of the selected 
material to indicate that a material has been assigned. If needed, you can define 
your own material by selecting Custom Defined material. 

Defining a material consists of two steps: 

o Material selection ( or material definition if a custom material is used) 

o Material assignment ( either to all solids in the model, selected bodies of a 
multi-body part, or to selected components of an assembly) 

Having assigned the material, we now move to defining the restraints. To display 
the pop-up menu that lists the options available for defining restraints, right-click 
the Fixtures folder in the tensile load O 1 study (Figure 2-10). 
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Type tab Split tab 

Fixture 
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-
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GJ Mesh 
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I 

G, f ixtures Advisor ... 
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Fixed Geometry: 
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Face<l.> ·· -= 
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v 

This window shows 
geometric entities 
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Figure 2-10: Pop-up menu for the Fixtures folder and Fixture definition window 
(Fixture Property Manager). 

All restraints ' definitions are done in the Type tab. The Split tab is used to define 
a split face where restraints are applied. The same can be done in 
SOLID WORKS by defining a Split Face. 
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Once the Fixtures definition window is open, select the Fixed Geometry 
restraint type. Select the end-face entity where the restraint is to be applied. 
Click the green check mark in the Fixture Property manager window to complete 
the restraint definition. 

Notice that in SOLIDWORKS Simulation, the term ''Fixture'' implies that the 
model is firmly ''fixed' ' to the ground. However, aside from Fixed Geometry, 
which we have just used, all other types of fixtures restrain the model in certain 
directions while allowing movements in other directions. Therefore, the term 
''restraint'' may better describe what happens when choices in the Fixture 
window are made. In this book we will switch between the terms ''fixture'' and 
''restraint'' freely. 

The existence of restraints is indicated by symbols shown in Figure 2-10. In the 
Symbol Settings of the Fixture window, the size of the symbol can be changed. 
Notice that symbols shown in Figure 2-10 are distributed over the highlighted 
face meaning the entire face has been restrained. Each symbol consists of three 
orthogonal arrows symbolizing directions where translations have been 
restrained. Each arrow has a disk symbolizing that rotations have also been 
restrained. The symbol implies that all six degrees of freedom ( three translations 
and three rotations) have been restrained. However, the element type we will use 
to mesh this model (second order solid tetrahedral element) has only translational 
degrees of freedom. Rotational degrees of freedom can't be restrained because 
they don't exist in this type of element. Therefore, disks symbolizing restrained 
rotations are irrelevant in our model. Please see the following table for more 
explanations. 

Before proceeding, explore other types of restraints accessible through the 
Fixture window. Restraints can be divided into two groups: Standard and 
Advanced. Review animated examples available in the Fixture window and 
review the following table. Some less frequently used types of restraints are not 
listed here. 
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Fixed 

Immovable 

(No translations) 

Roller/Slider 

Fixed Hinge 

Symmetry 

Cyclic symmetry 

Use Reference 
Geometry 

On Flat Faces 

On Cylindrical 
Faces 

On Spherical Face 

Standard Fixtures 

Also called built-in or rigid support. All translational and all 
rotational degrees of freedom are restrained. 

Only translational d.egrees of freedom are restrained, while 
rotational degrees of freedom remain unrestrained. 

If solid elements are used (like in this exercise), Fixed and 
Immovable restraints would have the same effect because 
solid elements do not have rotational degrees of freedom. 
Therefore, the Immovable restraint is not available if solid 
elements are used alone. 

Specifies that a planar face can move freely on its plane but 
not in the direction normal to its plane. The face can shrink or 
expand under loading. 

Applies only to cylindrical faces and specifies that the 
cylindrical face can only rotate about its own axis. This 
condition is identical to selecting the On cylindrical face 
restraint type and setting the radial and axial components to 
zero. 

Advanced Fixtures 

Applies symmetry boundary conditions to a flat face. 
Translation in the direction normal to the face is restrained 
and rotations about the axes aligned with the face are 
restrained. 

Allows analysis of a model with cyclic patterns around an 
axis by modeling a representative segment. The geometry, 
restraints, and loading conditions must be identical for all 
other segments making up the model. Turbine, fans, 
flywheels, and motor rotors can usually be analyzed using 
cyclic symmetry. 

Restrains a face, edge, or vertex only in certain directions, 
while leaving the other directions free to move. You can 
specify the desired directions of restraint in relation to the 
selected reference plane or reference axis. 

Provides restraints in selected directions, which are defined 
by the three directions of the flat face where restraints are 
being applied. 

This option is similar to On flat face, except that the three 
directions of a cylindrical face define the directions 
of restraints. 

Similar to On Flat Faces and On Cylindrical Faces. The 
three directions of a spherical face define the directions 
of the applied restraints. 
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When a model is fully supported ( as it is in our case), we say that the model does 
not have any rigid body motions (the term ''rigid body modes'' is also used), 
meaning it cannot move without experiencing deformation. 

Notice that the presence of restraints in the model is manifested by both the 
restraint symbols (showing on the restrained face) and by the automatically 
created icon, Fixture-I, in the Fixtures folder. The display of the restraint 
symbols can be turned on and off by either: 

• Right-clicking the Fixtures folder and selecting Hide All or Show All in 
the pop-up menu shown in Figure 2-10, or 

• Right-clicking the fixture icon and selecting Hide or Show from the 
pop-up menu. 

Use the same method to control display of other Simulation symbols. 
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Now define the load by right-clicking the External Loads folder and selecting 
Force from the pop-up menu. This action opens the Force window as shown in 
Figure 2-11. 
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Figure 2-11: Pop-up menu for the External Loads folder and Force window. 

The Force window displays the selected face where the tensile force is applied. If 
only one entity is selected, there is no distinction between Per Item and Total. In 
this illustration, load symbols have been enlarged by adjusting the Symbols 
Settings. Symbols of previously defined restraints have been hidden. 
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In the Type tab, select Normal in order to load the model with a lOOOOON 
tensile force uniformly distributed over the end face, as shown in Figure 2-11. 
Check the Reverse direction option to apply a tensile load. 

Generally, forces can be applied to faces, edges, and vertices using different 
methods, which are reviewed below: 

Force normal Available for flat faces only, this option applies load in 
the direction normal to the selected face. 

Force selected direction This option applies a force or a moment to a face, 
edge, or vertex in the direction defined by the selected 
reference geometry. 

Moments can be applied only if shell elements are used. 
Shell elements have six degrees of freedom per node: 
three translations and three rotations, and can take a 
moment load. 

Solid elements only have three degrees of freedom 
(translations) per node and, therefore, cannot take a 
moment load directly. 

If you need to apply moments to solid elements, they 
must be represented with appropriately applied forces. 

Torque This option applies torque ( expressed by traction 
forces) about a reference axis using the right-hand rule. 

Try using the click-inside technique to rename the Fixture-I and Force/Torque-
1 items. Notice that renaming using the click-inside technique works on all items 
in SOLIDWORKS Simulation. 

The model is now ready for meshing. Before creating a mesh, let's make a few 
observations about defining the geometry, material properties, loads and 
restraints. 

Geometry preparation is a well-defined step with few uncertainties. Geometry 
that is simplified for analysis can be compared with the original CAD model. 

Material properties are most often selected from the material library and do not 
account for local defects, surface conditions, etc. Therefore, the definition of 
material properties usually has more uncertainties than geometry preparation. 

The definition of loads is done in a few menu selections but involves many 
assumptions. Factors such as load magnitude and distribution are often only 
approximate I y known and must be assumed. Therefore, significant idealization 
errors can be made when defining loads. 
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Defining restraints is where severe errors are most often made. For example, it is 
easy enough to apply a fixed restraint without giving too much thought to the 
fact that a fixed restraint means a rigid support - a mathematical abstraction. A 
common error is over-constraining the model, which results in an overly stiff 
structure that underestimates displacements and stresses. The relative level of 
uncertainties in defining geometry, material, loads, and restraints is qualitatively 
shown in Figure 2-12. 

Geometry Material Loads Restraints 

Figure 2-12: Qualitative comparison of uncertainty in defining geometry, 
material properties, loads, and restraints. 

The level of uncertainty (or the risk of error) has no relation to time required for 
each step, so the message in Figure 2-12 may be counterintuitive. In fact, 
preparing CAD geometry for PEA may take hours, while defining material 
properties and applying restraints and loads takes only a few clicks. 
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In all of the examples presented in this book, we assume that definitions of 
material properties, loads, and restraints represent an acceptable idealization of 
real conditions. However, we need to point out that it is the responsibility of the 
FEA user to determine if all those idealized assumptions made during the 
creation of the mathematical model are indeed acceptable. 

Before meshing the model, we need to verify under the Default Options tab, in 
the Mesh properties, that High mesh quality is selected (Figure 2-13 ). The 
Options window can be opened from the SOLIDWORKS Simulation menu as 
shown in Figure 2-4. 
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Figure 2-13: Mesh settings in the Options window. 

Use this window to verify that the mesh quality is set to High and the mesh type 
is set to Standard. Use these settings for other exercises unless indicated 
otherwise. 
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The difference between High and Draft mesh quality is: 

o Draft quality mesh uses first order elements 
o High quality mesh uses second order elements 

Differences between first and second order elements were discussed in chapter 1. 

The difference between Curvature based mesh and Standard mesh will be 
explained in chapter 3. Now, right-click the Mesh folder to display the pop-up 
menu (Figure 2-14). 

• 
~ tensile load 01 (-Default-) 

Right-click 
Mesh to display ___ 

mesh pop up menu 

~ HOLLOW PLATE (-Alloy Steel-) 

i i Connections 

..... 1$ Fixtures 
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~Cl Simplify Model for Meshing 
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~ 8pply Mesh Control ... 
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!:} List Sglected 

JI Pro.!2_e 

,1..w .$how Mesh 

Hide All Control Symbols 

Shoyt All Control Symbols 

~ .Copy 

Figure 2-14: Mesh pop-up menu. 

Select Create Mesh from the pop-up menu. 

- Create Mesh 

In the pop-up menu, select Create Mesh. This opens the Mesh window (Figure 
2-15) which offers a choice of element size and element size tolerance. 
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This exercise reinforces the impact of mesh size on results. Therefore, we will 
solve the same problem using three different meshes: coarse, medium (default), 
and fine. Figure 2-15 shows the respective selection of meshing parameters to 
create the three meshes. 

Mesh Mesh Mesh 

..,, x ..,,! Show FeatureManager j 
• 

Mesh Density Mesh Density 

0 • 
Fine Coarse Fine Coarse 

Reset j I Reset I [ Reset ] 
0 Mesh Parameters 0 Mesh Parameters 

~ Standard mesh 

10 Mesh Parameters 

(ij' Standard mesh 
~ 

<.i>) Standard mesh 

-v Curvature·based mesh ~ Curvature·based mesh (..) Curvature·based mesh 

( Blended curvature·based mesh 
0 ~ Blended curvature·based mesh 0 (f) Blended curvature·based mesh 

II l...._m_m _____ __,• j IJ [...._m_m _____ __,• J II [...._m_m _____ __,• J 

~ 11.44906635mm ~ 5.72453318mm • :-j ~ I 2.86226659mm --.~pl 

.,,111...., 0.57245332mm • ... ..,,A.,. 0.28622666mm .,,1:i..,. I 0.14311333mm •p 

O Automatic transition [] Automatic transition rJ Automatic transition 

Advanced 

Opt ions 

v Advanced v Advanced 

v Options v Options 

Coarse Default Fine 

Figure 2-15: Three choices for mesh density from left to right: coarse, medium 
(default), and fine. 

Show Mesh Parameters to see the element size. In all three cases use Standard 
mesh. Notice the different slider positions in the three windows. Verify that 
standard mesh is used. 

The medium mesh density, shown in the middle window in Figure 2-15, is the 
default that SOLIDWORKS Simulation proposes for meshing our model. The 
element size of 5.72 mm and the element size tolerance of 0.286 mm are 
established automatically based on the geometric features of the 
SOLIDWORKS model. The 5.72 mm size is the characteristic element size in 
the mesh, as explained in Figure 2-16. The default tolerance is 5% of the global 
element size. If the distance between two nodes is smaller than this value, the 
nodes are merged unless otherwise specified by contact conditions; contact 
conditions are not present in this model. 

Mesh density has a direct impact on the accuracy of results. The smaller the 
elements, the lower the discretization error, but the meshing and solving time 
both take longer. In the majority of analyses with SOLIDWORKS Simulation, 
the default mesh settings produce meshes that provide acceptable discretization 
errors, while keeping solution times reasonably short. 
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h 

Tetrahedral element Triangular element 

Figure 2-16: Characteristic element size for a tetrahedral element (left) and 
triangular element (right). 

The characteristic element size of a tetrahedral element is the diameter h of a 
circumscribed sphere (left) . This is easier to illustrate with a 2D analogy of a 
circle circumscribed on a triangle (right). 

Right-click the Mesh folder again and select Create ... to open the Mesh 
window. With the Mesh window open, set the slider all the way to the left (as 
illustrated in Figure 2-15, left) to create a coarse mesh, and click the green 
checkmark button. The mesh will be displayed as shown in Figure 2-17. 

Figure 2-17: A coarse mesh created with second order, solid tetrahedral elements. 

You can control the mesh visibility by selecting Hide Mesh or Show Mesh from 
the pop-up menu shown in Figure 2-14. 
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The presence of a mesh is reflected in the appearance of the solid folder and the 
mesh folder in a Simulation study (Figure 2-18). 

G?) HOLLOW PLATE ~ HOLLOW PLATE 

~ Mesh ~ Mesh 

Before meshing After meshing 

Figure 2-18: Solid folder and mesh folder in a Simulation study before and after 
meshing. 

After meshing, cross hatching is added to the Solid folder and cross-hatching 
and a green check mark is added to the Mesh folder. 

To start the solution, right-click the tensile load 01 study folder which displays a 
pop-up menu (Figure 2-19). Select Run to start the solution. 

1
qt tensile load 01 {-De.c___._..~ ­

~ HOLLOW PLATE1 ~ Run 

i i Connections 1 8 .Update All Components 

,.. ~ Fixtures t:,0 ~port ... 

'rC Fixed-1 I 
,.. !A External Loads ~ Trend Tracker 

.!. Force-1 {:Per ~ kreate Submodeling Study 

~ Mesh m. .Load Case Manager 

-- Run solution 

[] Result Options ~ (Qpy Study ------,· 

I ~ $.hell Manager 

~ f lot Imported Results ... 

[J Details ... 

~ PrQperties ... 

~ Mass Properties ... 

k:: Define Eunct ion Curves ... 

Figure 2-19: Pop-up menu for the tensile load 01 folder. 

Start the solution by right-clicking the tensile load 01 folder to display a pop-up 
menu. Select Run to start the solution. 
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The solution can be executed with different properties, which we will investigate 
in later chapters. You can monitor the solution progress while 
the solution is running (Figure 2-20). 

~ tensile load o: 

Solving: 

Memory Usage:92,2921< 

8apsed Time:3s 

18.2% 

~ Always show solver stab.Js 'h1hen you run analysis 

[ Pause J [ Cancel ] [ More>> ] 

Figure 2-20: Solution Progress window. 

The solver reports solution progress while the solution is running. 

If the solution fails, the failure is reported as shown in Figure 2-21. 

Simulation Simulation 

No restraints are defined. 
You may use Soft Spring or Inertia Relief options .. 

HOLLOW PLATE-tensile load 01 : Failed 

~ Search SOUDWORKS Knowledge Base for more information [ OK I 
[ OK I 

Figure 2-21: Failed solution warning windows. 

Here, the solution of a model with no restraints was attempted. Once the error 
message has been acknowledged (left), the solver displays the final outcome of 
the run (right). 

When the solution completes successfully, Simulation creates a Results folder 
with result plots which are defined in Simulation Default Options as shown in 
Figure 2-5. 
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In a typical configuration three plots are created automatically in the Static 
study; make sure that the above plots are defined in Simulation options, if not, 
define them: 

• Stress 1 showing von Mises stresses 

• Displacement] showing resultant displacements 

• Strain] showing equivalent strain 

Once the solution completes, you can add more plots to the Results folder. You 
can also create subfolders in the Results folder to group plots (Figure 2-22). 

'* tensi le load 01 (-Default-) 

lli'lf HOLLOW PLATE (-Alloy Steel-) 

i i Connections 

.... ~ Fixtures 

'c Fixed-1 

.... ! ! External Loads 

.!. Force-1 (:Per item: -100000 N:) 

~ Mesh 

0 

~ 8dvisor ... 

Solver Messages ... 

~ Define Factor Of Safety Plot. .. 

r!j Define Stress Plot ... 

~ Define Displacement Plot ... 

~ Define Strain Plot ... 

You may define 
and display 
additional plots 

Right-click [] Result Options 

p} Define .Qesign Insight Plot ... 

$ Define Fa1igue Check Plot .. 

rrj Results Equations ... Results folder __ .... ~ Results 
to invoke 

window on the right r!; Stres 1 (-vonMises-) List Stress, Displacement, Strain 

~ list Result Force ... 

Verify that stresses and 
strains are selected in 

Results Options window 

~ Displ cementl (-Res disp-) 

~ Strai 1 (-Equivalent-) 

Right-click Results Options 
to display Results Option 
window shown below 

Result Options 

x 

Message 

Displacements and reactions are 
always calculated. Not storing 
stresses and strains, saves disk space 

Quantities to save into file 

[./I Stresses and strains 

~ ,Compare Results ... 

Create Body from Deformed Shape ... 

~ Save All Plots as JPEG Files 

{(S Save All Plots as ~Drawings 

b Create New Folder 

(ll Copy 

Figure 2-22: More plots and folders can be added to the Results folder. 

Right-clicking on the Results folder activates this pop-up menu from which plots 
may be added. Three plots are automatically created if Results Options include 
these three plots: Stress, Displacement, Strain. 
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The Result Options window shown in Figure 2-22 has different choices 
depending on the type of study. In a Static study, deselecting Stress and strain 
disables calculation of stress and strain which reduces calculation time and the 
size of solution data base. This may be important in analysis of very large 
models. 

To display stress results, double-click on the Stressl icon in the Results folder or 
right-click it and select Show from the pop-up menu. The stress plot is shown in 
Figure 2-23 . 

Default Options - Units ~ 

system Options Default Options l 
I Units 
I 
' Load/ Fixture Unit system 

Mesh ~ SI (MKS) 

i Results (.., English (IPS) 
j 

1B Plot (, Metric (G) 

l Report 
Units 

Length/ Displacement: I mm · I 
Temperature: [ Kelvin · ] 
Angular velocity: I rad/sec • I 
Pressure/Stress: IN/ mm" 2(MPa) • j MP a 

[ OK I [ Cancel I [ Help ... I 
von Mises (N/mm"2 (M Pa)) 

339.9 

314.0 

• 288.1 

• 262.3 

236.4 

210.5 

184.6 

158.7 

• 132.8 

107.0 

81.1 

55.2 

29.3 

--• Yield strength: 620.4 

Figure 2-23: Stress plot displayed using default stress plot settings. 

Von Mises stress results are shown by default in the stress plot window. Notice 
that results are shown in [MPa] as was set in the Default Options tab shown in 
Figure 2-5 and repeated here in the top illustration. The highest stress 340 MPa 
is below the material yield strength, 620 MPa. The actual numerical results may 
differ slightly depending on the solver, software version, and service pack used. 
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menu 
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Chart Options 

Settings 
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Once the stress plot is showing, right-click the stress plot icon to display the pop­
up menu featuring different plot display options (Figure 2-24). 

~ !:fide 

- ~ fdit Definition ... 

• ~nimate ... 

ll)J Section blipping ... 

~ Iso Clipping ... 

~ Mesh Sectioning ... 

Qo Chart Qptions ... 

r!'@ Settings ... 

J' Probe 

B> List Selected 

C$I Deformed Result 

~ hompare Results ... 

~ Erint. .. 

(iS ~ave As ... 

~ Add to New Folder 

(ll bOPY 
X Delete ... -

~ Stress plot 

x -+c 

Definition Chart Options Settings 

I r!J Stress plot (1) 
• 

Definition Chart Options Settings 

Display Options A 

[[] Show min annotation 

IC] Show max annotation 

(0 Show plot details 

10 Show legend 

O Show M1n/MaY range on shov.n 
parts only 

0 Automatically defined maximum 
value 

343.54141235 

[{] Automatically defined minimum 
value 

.. c 128.67801285 

Position/ Format 

Predefined positions 

A 

.... 96 

• 
T 

96 

I 

0 

-

... 
0 

r!J Stress plot 

x -+c 

Definition Chart Options Settings 

Fringe Options 

[ Continuous 

Boundary Options 

[Model 

-

Display A .. ~ .. [ Normal 

F~ [ scientific 

-
· ] [ Edit Color ... ] 

~ [ VON: von Mises Stress ... J · ] Deformed Plot Options 

(I [ N/mmi\2 (MPa) ... j x 123 3 A 

.... 
D Superimpose model on the 

deformed shape 

Advanced Options v Use different number format for I Translucent (Part colors) 

0 Deformed shape v 
D small numbers (0.001 < lxl < 

1000) Transparency: 

Property v f' 
Color Options v I 0.899999976 

Definition Chart Options Settings 

Figure 2-24: Pop-up menu with plot display options. 

Plots can be modified using selections from the pop-up menu (top). Ca/louts 
relate selections in the pop-up menu to the invoked windows. Color Options 
selection in Chart Options is not shown. The same menus may be invoked by 
right-clicking on the color legend of result plots. 

57 

f;4j 
[ 

A O 

..... 
J 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Explore all selections offered by these three windows shown in Figure 2-24. In 
particular, explore scientific, floating and general format options in Chart 
Options and color Options also in Chart Options. Notice that you may switch 
between Definition, Chart Options and Settings either by using the pop-up 
menu shown in Figure 2-24 or by using tabs at the top of these windows. 

Use Edit Definition to change units if necessary. Chart Options offers control 
over the format of numerical results, such as scientific, floating, and general, and 
also offers a different number of decimal places. Explore these choices. In this 
book, results will be presented using different choices most suitable for the 
desired plot. In many plots in this book Color Options will be User Defined to 
replace dark blue color with grey color which shows better in print. Figure 2-24 
shows the User Defined menu. Position of the color legend may be sometimes 
modified for improved layout. 

The default type of Fringe Options in the Settings window is Continuous 
(Figure 2-24). Change this to Discrete through the Default Options window, by 
selecting Plot (Figure 2-5). This way you won't have to modify the future plots 
individually. In this book we will be using Discrete Fringe Options to display 
fringe plots. The plots from the current study will not change after changing the 
default options. 

Since the above change does not affect already existing plots, we now examine 
how to modify the stress plot using the Settings window shown in Figure 2-25. 
In Settings, select Discrete in Fringe options and Mesh in Boundary options 
to produce the stress plot shown in Figure 2-25. 
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von Mises (N/mm/\ 2 MP a)) 

339.9 

314.0 

_ 288.1 

Stress Component 

!!'rm Fringe Options 

Show Mesh 

~ f dit Definit ion ... 

I ~ Animate ... 

~ Section .Clipping ... 

~ Iso Clipping ... 

~ Mesh Sectioning ... 

I Co Chart Qptions ... 

tr'@ Se!tings ... 

;' Probe 

~ e} .list Selected 

'------
1 

' ::.• Deformed Result 

~ .Compare Results ... 

~ Delete ... 

Figure 2-25: The modified stress plot is shown with discrete fringes and the mesh 
superimposed on the stress plot (top). Numbers use floating format with one 
decimal place. The plot also shows a shortcut menu that can be used to modify 
display options. 

Right-click the color bar to invoke the shortcut menu shown. 

The stress plot in Figure 2-25 shows node values, also called averaged stresses. 
Element values ( or non-averaged stresses) can be displayed by proper selection 
in the Stress Plot window in Advanced Options. Node values are most often 
used to present stress results. See chapter 3 and the glossary of terms in chapter 
23 for more information on node values and element values of stress results. 

Before you proceed, investigate this stress plot with other selections available in 
the windows shown in Figure 2-24. 

We now review the displacement and strain results. All of these plots are created 
and modified in the same way. Sample results are shown in Figure 2-26 
(displacement) and Figure 2-27 (strain). 
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c!Si ~ I • e ~ ~ I • e 
-

~ Displacement plot (i) ~ Displacement plot ~ Displacement plot 

~ x ....... x ....... ~ x ....... 

Definition Chart Options Settings Definition Chart Options Settings Definition Chart Options Settings 

Display "' Display Options Display 

~ [ URES: Resultant Displacement · I 
(] [mm · I 

!!:] Show min annotation 

t] Show max annotation 

[{] Show plot details 

~ 

II 
[ URES: Resultant Displacement 

jmm 

Advanced Options v 
[{] Show legend 

Advanced Options 

0 Deformed shape "' L Show Min/Max range on shown parts 
only 

0 Deformed shape 

(~ Automatic ~Automatic 

Oio I 
~ 

169.7489624 
( -( - True scale ~ 

[{] Automatically defined maximum value 

.. c 0.117826782 

Oio 169.7489624 

-(_ True scale 

I 
L User defined Iv! Automatically defined minimum value (' U User defined 

Oo 1 I .. c lo I Oio 1 I 
[{] Show colors Position/ Format O Show colors 

Predefined positions 

fg] '~IOOJ Show colors selected 

• 

I 
Show colors deselected 

+-+O 80 "' 96 
URES (mm) 

... 

20 ~ 

% ... 0.118 

0.108 .. ~ .. j Normal · I 
lU.U 

j floating · I 1.11!2 
0.098 

X 123 3 ... 
... 0.088 

0.079 

0.069 

0.059 

0.049 

0.039 

0.029 

• 0.020 

• 0.010 

0.000 

Displacement plot Deformed shape plot 

Figure 2-26: Displacement plot (left) and Deformation plot (right). 

A Displacement plot can be turned into a Deformation plot by deselecting Show 
Colors in the Displacement Plot window. The same window has the option of 
showing the model with an exaggerated scale of deformation as shown above. 
Both plots have shown the deformed shape; this option may also be deselected. 
The blue color in the Displacement plot has been replaced with a gray color for 
better appearance in this illustration. That was done in Chart Options, Color 
Options, User defined. 
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EST RN 

1.281 e-003 

1.1 BSe-003 

. 1 .089e-003 

. 9 .929e-004 

. 8.969e-004 

8.009e-004 

• 7 .049e-004 

. 6 .089e-004 

5.129e-004 

. 4.169e-004 

3.209e-004 

2.249e-004 

1.289e-004 

Figure 2-27: Strain results. 

Strain results are shown here using Element values. The mesh is also shown. 

The plots in Figures 2-23, 2-25, 2-26, 2-27 all show the deformed shape in an 
exaggerated scale. You can change the display from deformed to undeformed or 
modify the scale of deformation in the Displacement Plot, Stress Plot, and 
Strain Plot windows, activated by right-clicking the plot icon, then selecting 
Edit Definition. 

Now, construct a Factor of Safety plot using the menu shown in Figure 2-22. 
The definition of the Factor of Safety plot requires three steps. Follow steps 1 
through 3 using the selection shown in Figure 2-28. Refer to chapter 1 and 
review Help to learn about failure criteria and their applicability to different 
materials. 
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Review Message and Help 
(question mark) to learn more 

about failure criteria 

_\ 
•• • 
~ · Factor of Safety 

x 

Message 

For Ductile materials use M x von Mises stress 
or Max Shear stress criteri n. 

For Brittle materials use Mohr-Coulomb stress 
or Maximum Normal stress criterion. 

Step 1 of 3 

® All 

l""\ Selected bodies 

(51 [ Max von Mises Stress 

a vonHiscs < l 
O Limit 

Advanced Options "' 

0 Set upper limit for Factor of Safety 

3 

Step 1 
Use von Mises Stress criterion. 
Review Property options to 
insert text and/or use specific 
views for the plot. 

0 

Click right arrow to move 
through windows 

~ - Factor of Safety ? 
• 

x 

Step 2 of 3 "' 
(I [ N/ mm" 2 (MPa) · I 

Set st ress limit to 

~ ) Yield strength 

-• Ultimate strength 
~ . 
U User defined 

11 

Multiplication factor 

1 

Beam Results: 

[j] Show combined stress on Beams 

Shell Results: 

~ Minimum 

Material involved 

Allo Steel 

Yield st rength: 
620.422 N/ mm " 2 (MP a) 
Ultimate strength: 
723.826 N/ mm" 2 (MPa) 

Step 2 
Select multiplication factor. 

@ Factor of Safety 

x 

Step 3 of 3 

(') Factor of safety distribution 

@) Areas below factor of safety 

3 

lsafety result 

1
sased on the maximum von Mises 

1
stress criterion: 

!
Minimum factor of safety: 
1.80596 

Step 3 
Select ''Areas below a factor 
of safety'' and enter the 
number 3. 

Figure 2-28: Three windows show the three steps in the Factor of Safety plot 
definition. Select the Max von Mises Stress criterion in the first window. 

To move through steps, click on the right and left arrows located at the top of the 
Factor of Safety dialog. 

Step 1 selects the failure criterion, Step 2 selects display units, sets the stress 
limit and sets multiplication factor, and Step 3 selects what will be displayed in 
the plot. Here we select areas below the factor of safety 3. 
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The factor of safety plot in Figure 2-29 shows the area where the factor of safety 
is below the specified. 

Figure 2-29: The red color displays the areas where the factor of safety falls 
below 3. Irregular shape of these areas is caused by the coarse mesh used in this 
study. 

Colors may be edited in Chart Options (Figure 2-26). 

We have completed the analysis with a coarse mesh and now wish to see how a 
change in mesh density will affect the results. The ref ore, we will repeat the 
analysis two more times using medium and fine density meshes respectively. We 
will use the settings shown in Figure 2-15. All three meshes used in this exercise 
(coarse, medium, and fine) are shown in Figure 2-30. 

Figure 2-30: Coarse, medium, and fine meshes. 

Three meshes used to study the effects of element size on results. 
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To compare the results produced by different meshes, we need more information 
than is available in the plots. Along with the maximum displacement and the 
maximum von Mises stress, for each study we 
need to know: 

• The number of nodes in the mesh. 

• The number of elements in the mesh. 

• The number of degrees of freedom in the model. 

The information on the number of nodes and number of elements can be found in 
Mesh Details accessible from the menu in Figure 2-14. The mesh Details 
window is shown in Figure 2-31. 

Study name 
Mesh type 
Mesher Used 
Automatic Transition 
Include Mesh Auto Loops 
Jacobian points 
Element size 
Tolerance 
Mesh quality 
Total nodes 
Total elements 

-------, 

Maximum Aspect Ratio 

Percentage of elements 
with Aspect Ratio < 3 

Percentage of elements 
with Aspect Ratio> 10 

% of distorted elements 
(Jacobian) 

tensile load 01 (-Default-) 
Solid Mesh 
Standard mesh 
Off 
Off 
4 points 
11 .4491 mm 
0.572453 mm 

99.9 

0 

0 

Time to complete mesh(hh:mm:ssL] 00:00:00 
Computer name 

Figure 2-31: Mesh details window. 

Right-click the Mesh folder and select Details from the pop-up menu to display 
the Mesh Details window. Notice that information on the number of degrees of 
freedom is not available here. 
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Another way to fmd the number of nodes and elements and also the number of 
degrees of freedom is to use the pop-up menu shown in Figure 2-32. Right-click 
the Results folder and select Solver Messages to display the window shown in 
Figure 2-32 . 

.!J Solver Message 

No. of nodes 2768 

No. of elements 11472 

No. of OOF 8133 

Total solution time 00:00:01 

I Save J 

Figure 2-32: The Solver Message window lists information pertaining to the 
solved study. 

Click the Save button to save this solver message. 

Now create and run two more studies: tensile load 02 with the default element 
size (medium), and tensile load 03 with a fine element size, as shown in Figure 
2-15 and Figure 2-30. To create a new study we could just repeat the same steps 
as before but an easier way is to copy the original study. To copy a study, follow 
the steps in Figure 2-33. 
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~ tensile load 01 (-Default-) 

~ HOLLOW PLATE (-Alloy Steel-) 

ii Connections 

... ~ Fixtures 

'r;! Fixed-1 

... !! External Loads 

1.. Force-1 (:Per item: -100000 N:) 

~Mesh 

[] Result Options 

... ~ Results 

rt; Stressl (-vonMises-) 

~ Displacementl (-Res disp-) 

~ Strainl (-Equivalent-) 

Model Motion Stud 

(2) 
Select Copy Study 

Copy Study 

Rename 

Delete 

Create New Motion Study 

Create New Simulation Study 

(1) 

Copy Study (iJ (V 

x ..... 

Message 

Source Study 

~ [ tensile load 01 

Study name: 

tensile load 02 

Configuration to use: 

[ Default 

Target Study 

I~ I Static 

J ~ j Nonlinear 

I l!Y Y I Linear Dynamic 

Id Topology Study 

v 

Right-click study tab tensile load O 1 

(3) 
Enter new study name 

(4) 
Select Static 

Figure 2-33: A study can be copied into another study in three steps as shown. 

Notice that all definitions in a study (material, restraints, loads, mesh) can also 
be copied individually from one study to another by dragging and dropping them 
into a different study tab. 

A study is copied complete with results and plot definitions. Before remeshing 
with default element size, you must acknowledge the warning message shown in 
Figure 2-34. 

Simulation 

Remeshing will delete the results for study: tensile load 02. 

[D Do not show again [ OK ] [ Cancel ] 

You can restore the suppressed messages from Simulation Options 
> System options > Messages/ Errors/Warnings. 

Figure 2-34: Remeshing deletes any existing results in the study. 
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The summary of results produced by the three studies is shown in Figure 2-35. 

Element size Number of Number of Number of 
Max. result. Max. von 

displ. Mises stress 
[mm] nodes elements DOF 

[mm] [MP a] 

11.45 2768 1472 8133 0.117863 339.9 

5.72 12222 7040 36111 0. 118068 369.8 

2.86 84112 54969 250851 0. 118074 377.1 

Figure 2-35: Summary of results produced by the three meshes. 

Notice that these results are based on the same problem. Differences in the 
results arise from the different mesh densities used in studies tensile load 01, 
tensile load 02, and tensile load 03. 

The actual numbers in this table may vary slightly depending on the type of 
solver and release of the software used for solution. 

Figure 2-36 shows the maximum resultant displacement and the maximum von 
Mises stress as a function of the number of degrees of freedom. The number of 
degrees of freedom is in tum a function of mesh density. 
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0.1180 r Max. resultant displacement 

01178 

1000 10000 100000 1000000 # DOF 

MP a 380 

370 --------~ 

360 ~-------------1-----------------~ 
Max. von Mises stress 

355 ·-----~#-------------------~ 
350 ·-----------,---------------------~ 

f -, 340 . 

1000 10000 100000 1000000 # DOF 

Figure 2-36: Maximum resultant displacement (top) and maximum von Mises 
stress (bottom). 

Both are plotted as a function of the number of degrees of freedom in the model. 
The three points on the curves correspond to the three models solved. Straight 
lines connect the three points only to visually enhance the graphs. 

Having noticed that the maximum displacement increases with mesh refmement, 
we can conclude that the model becomes ''softer'' when smaller elements are 
used. With mesh refinement, a larger n·umber of elements allows for better 
approximation of the real displacement and stress field. Therefore, we can say 
that the artificial restraints imposed by element definition become less imposing 
with mesh refinement. 

Displacements are the primary unknowns in structural FEA, and stresses are 
calculated based on displacement results. Therefore, stresses also increase with 
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mesh refmement. If we continued with mesh refinement, we would see that both 
the displacement and stress results converge to a finite value which is the 
solution of the mathematical model. Differences between the solution of the FEA 
model and the mathematical model are d·ue to discretization errors, which 
diminish with mesh refinement. 

We will now repeat our analysis of the HOLLOW PLATE by using prescribed 
displacements in place of a load. Rather than loading it with a 1 OOOOON force 
that caused a 0.118 mm displacement of the loaded face, we will apply a 
prescribed displacement of0.118 mm to this face to see what stresses this causes. 
For this exercise, we will use only one mesh with the default (medium) mesh 
density. 

Define a fourth study, called prescribed displ. The easiest way to do this 
is to copy one of the already completed studies, for example study tensile load 
02. The defmition of material properties, the fixed restraint to the left-side end­
face and mesh are all identical to the previous design study. We need to delete 
the current External Loads (right-click the load icon and select Delete) and 
apply in its place a prescribed displacement. 

To apply the prescribed displacement to the right-side end-face, right-click the 
Fixtures folder and select Advanced Fixtures from the pop-up menu. This 
opens the Fixture definition window. Select On Flat Face from the Advanced 
menu and define the displacement as shown in Figure 2-37. Check Reverse 
direction to obtain displacement in the tensile direction. Notice that the direction 
of a prescribed displacement is indicated by a restraint symbol. 

Prescribed displacement may also be defined from the External Loads folder by 
selecting Prescribed Displacement from the pop-up menu. This opens the same 
Fixture definition window. Figure 2-37 illustrates both methods of defining 
prescribed displacement. 
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~ Lit prescribed displ (-Default-) 

~ HOLLOW PLATE (-Alloy Steel-) 

i i Connections 

• I f!b Fixturt ,,___l 
!! Exter ~ Advisor ... 

~ Mesh r.;! Fixed Geometry ... 

[] Resul ~ Roller/ Slider .. . 

• It! & R fill Fixed Hinge .. . 

Previously 
defined Fixed 

restraint 

ID'. Elastic Support ... 

@ Bearing Fixture ... 

tt:ll Foundation Bolt. .. 

Advanced Fixtures ... 

b Create New Folder 

1::!ide All 

,Show All 

re .Copy 

Method 1 

Using Fixture 

~ tit prescribed displ (-Default-) 

qif HOLLOW PLATE (-Alloy Steel-) 

i i Connections 

• ~ Fixtures 

f! ! Extern"'' ,_,, ,,_,,. .. l 
<! Mesh ' ~ Advisor 

[] Result .!. Force ... 

• ft) & Rei i, TQrque .. . 

W Pressyre .. . 

o yravity ... 

eg ~ntri fugal ... 

:E:> Bearing Load .. . 

S Iemperature .. . 

:10! Prescribed Displacement. .. 

O Flow Effects ... 

I Thermal Effects ... 

• ~ Remote .Load/ Mass ... 

eJ Distributed Mass ... 

f:7 Create New Folder 

Hide All 

.S.ho\,v All 

[i) (opy 

Method 2 
Using External Loads 

Fixture 

x .... 

Type Split 

l III Symmetry 

I ~ 1 

Cyclic Symmetry 

I !fl J Use Reference Geometry 

I G) I on Flat Faces 

[ [! : On Cylindrical Faces 

I Q I On Spherical Faces 

Translations 

a [mm 

[§jl o ____ "" mm 

~ lo ____ ""mm 

I~ j 0.118 ... mm 

L] Reverse direction 

Figure 2-37: Two methods of defining prescribed displacement. 

The prescribed displacement of 0.118 mm is applied to the same face where the 
tensile load of 1 OOOOON was applied in previous studies. 

Prescribed 
- displacement 

in the direction 
normal to face 

Verify that the arrows (shown in black color) are pointed away from the selected 
face. 
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Once again, notice that the visibility of all loads and restraints symbols is 
controlled by right-clicking the symbol and making the desired choice 
(Hide/Show). All load symbols and. all restraint (fixture) symbols may also be 
turned on/off all at once by right-clicking the Fixtures or External loads folders 
and selecting Hide all/ Show all from the pop-up menu. 

Once a prescribed displacement is defined to the end face, it overrides any 
previously applied loads to the same end face. While it is better to delete the load 
in order to keep the model clean, a load has no effect if a prescribed 
displacement is applied to the same entity in the same direction. 

Figure 2-38 compares stress results for the model loaded with force to the model 
loaded with prescribed displacement. 

von Mises (N/mm"2 (MPa)) 
369.8 

341.0 

312.3 

• 283.5 

,. 254.8 

226.0 

197.3 

_ 168.6 

• 139.8 Study: tensile load 02 

111.1 

82.3 

53.6 

24.8 

von Mises (N/mm"2 (MPa)) 
373.6 

344.5 

315.4 

_ 286.3 

, 257.2 

228.l 

199.0 

_ 169.9 Study: prescribed displ 

,.. 140.8 

111.7 

82.6 

53.6 

24.5 

Figure 2-38: Comparison of von Mises stress results. 

Von Mises stress results with a load applied as a force (top) and von Mises stress 
results with a load applied as a prescribed displacement (bottom) . 
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Results produced by applying a force load and by applying a prescribed 
displacement load are very similar but not identical. The reason for this 
discrepancy is that in the model loaded by force, the loaded face does not remain 
flat. In the prescribed displacement model, this face remains flat, even though it 
experiences displacement as a whole. Also, while the prescribed displacement of 
0 .118 mm applies to the entire face in the prescribed displacement model, it is 
only seen as a maximum displacement in one point in the force load model. You 
may plot the displacement along the edge of the end face in study tensile load 02 
by following the steps in Figure 2-39. 
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• 

qt tensile load 02 (-Default-) 

~ HOLLOW PLATE (-Alloy Steel-) 
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Figure 2-39: Plotting displacement along the edge of the force loaded face in 
study tensile load 02. 

Right click the resultant displacement plot in the tensile load 02 study to invoke a 
pop-up menu shown in the top left corner. Follow steps 1 through 4 to produce a 
graph of displacements along the loaded edge. Repeat this exercise for a model 
loaded with a prescribed displacement to verify that the displacement is constant 
along the edge. 
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We conclude the analysis of the HOLLOW PLATE by examining the reaction 
forces using the results of study tensile load 02. In the study tensile load 02, 
right-click the Results folder. From the pop-up menu, select List Result Force to 
open the Result Force window. Select the face where the fixed restraint is 
applied and click the Update button. Information on reaction forces will be 
displayed as shown in Figure 2-40. 
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Figure 2-40: Result Force window. 

(3) 
Select 
Reaction force 

If desired, reference 
geometry can be 
selected to define 
directions of reaction 
components 

(4) 
Click Update 

(5) 
Review reaction 
forces in the Result 
Force window and in 
the model display 

If Display resultant 
forces is selected then 
one resultant force is 
displayed. Otherwise 
reaction components 
are displayed as shown 
here. 

Right-click the Results folder and follow steps 1 through 4 to analyze and display 
reaction forces . Reaction forces can also be displayed in components other than 
those defined by the global reference system. To do this, reference geometry such 
as a plane or axis must be selected. 
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A note on where Simulation results are stored: By default, all study files are 
saved in the same folder with the SOLIDWORKS part or assembly model. 
Mesh data and results of each study are stored separately in *.CWR files. For 
example, the mesh and results of study tensile load 02 have been stored in the 
file: HOLLOW PLATE-tensile load 02.CWR 

When the study is opened, the CWR file is extracted into a number of different 
files depending on the type of study. Upon exiting SOLIDWORKS Simulation 
(which is done by means of deselecting SOLIDWORKS Simulation from the 
list of add-ins, or by closing the SOLIDWORKS model), all files are 
compressed allowing for convenient backup of SOLIDWORKS Simulation 
results. 

The location of CWR files is specified in the Default Options window (Figure 
2-5). For easy reference, the Default Options window is shown again in Figure 
2-41. 

The size of CWR file may be significantly reduced if stresses and strains are 
deselected in the Results Options (Figure 2-22). We will work with simple 
models; therefore, we won't use this option. 
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Default Options 

Default Options - Results 
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[.t] Show intermediate results upto current iteration 
(when running) 
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model. 

_I _ o_K _) [ Cancel ] [ Help... J 

Figure 2-41: Location of solution database files. 

You may use the SOLID WORKS document folder or a user defined folder as 
shown above. 

Using the settings shown in Figure 2-41 , *.CWR files are located in folder 
F:\FEA results. The default location is the SOLIDWORKS document folder. 
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Models in this chapter 

Model Configuration Study Name Study Type 

tensile load O 1 Static 

HOLLOW PLATE.sldprt Default tensile load 02 Static 

tensile load 03 Static 

prescribed displ Static 
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3: Static analysis of an L-bracket 

Topics covered 

o Stress singularities 

o Differences between modeling errors and discretization errors 

o Using mesh controls 

o Analysis in different SOLIDWORKS configurations 

o Nodal stresses, element stresses 

Project description 

An L-shaped bracket (part L BRACKET) is supported and loaded as shown in 
Figure 3-1. We would like to find the displacements and stresses caused by a 
1 OOON bending load. In particular, we are interested in stresses along the edge 
where the 2 mm fillet is located. Since the radius of the fillet is small compared 
to the overall size of the model, we decide to suppress it. As will be proven, 
suppressing the fillet is a bad mistake. 

Fixed restraint 
to top face 

1 OOON load uniformly 
distributed over the 
end face 

Figure 3-1: Loads and supports applied to the L BRACKET model. 

The geometry of the L BRACKET includes a fillet, which will be mistakenly 
suppressed, leaving in its place a sharp re-entrant edge. 
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The L BRACKET model has two configurations: 01 sharp edge and 02 round 
edge. The material (Alloy steel) is applied to the SOLIDWORKS model and is 
automatically transferred to Simulation. 

Procedure 

Geometric entity 
where load is applied 

__ , 

Geometric entity 
used to define load. -

direction 

lOOON in the 
direction normal to 

the Top reference 
plane -

Reverse direction _, 
is checked. 

Make sure the model is in configuration 01 sharp edge. Following the same steps 
as those described in chapter 2, define a study called mesh 1 and define a Fixed 
restraint to the top face shown in Figure 3-1. Define the load using the 
Force/Torque window choices shown in Figure 3-2. 

Force/Torque 

Type Split 

Force/Torque 

I ..!.. I Force 

I <i, ] Torque 

(fl f ace<l> 

~ Normal 

0 

(~ ! Selected direction 

Units 

(~ Per item 

u rotal 

~ '~SI ______ ~• ] 

Force 

[§jf_1 __ • N 
[~1_1 __ •N 

I~.,.) 1000 • N 

0 Reverse direction 

---

[[] Nonuniform Distribution v 

Symbol Settings v ,.. 

• <9:, L BRACKET (01 shar ... 

~ History 

c 

z 

ml Sensors 

.. 00 Annotations 

.. fil Solid Bodies(l) 

~ Surf ace Bodi es 
o-:=o Alloy Steel 

~ Front 

,~ Topi 

hl Right 

L Origin 

.. ~ Extrudel 

...;) Filletl 

Fly-out menu 

Normal to Plane (N): 1000 

Figure 3-2: The force definition window specifies force in a selected direction. 
The direction is specified as normal to the Top reference plane. 

The Top reference plane is used as a reference to determine the force direction. 
The reference plane can be conveniently selected from the fly out 
SOLID WORKS menu to the right of the Force/Torque window. 
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Next, make sure the mesh setting is Standard mesh and mesh the model with 
second order tetrahedral elements, accepting the default element size. The finite 
element mesh is shown in Figure 3-3. 

Mesh 

x 

Mesh Density 

..-- o 
Coarse Fine 

[ Reset ] 

[CJ Mesh Parameters v 

Advanced v 

Options 

[J Save settings without meshing 

[CJ Run (solve) the analysis 

Figure 3-3: The finite element mesh created with the default settings of the 
automesher. 

To show the Mesh menu, right-click the mesh folder. In this mesh, the global 
element size is 4. 7 6 mm. 

The displacement and stress results obtained in the mesh 1 study are shown 
in Figure 3-4. 
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URES (mm) 

0.247 

0.227 

0.206 

0.186 

0.165 

0.144 

0.124 

0.103 

0.0825 

_ 0.0618 

_ 0.0412 

_ 0.0206 

_ le-030 

von Mises (N/mm"2 (MPa)) 

79.8 

73.2 

66.5 

59.9 

53.3 

46.6 

40.0 

33.4 

26.7 

20.1 

13.5 

_ 6.8 

_ 0.2 

-• Yield stren gth: 620.4 

Figure 3-4: Displacement results (top) and von Mises stress results (bottom) 
produced using study mesh 1. 

The maximum displacement is 0.247 mm and the maximum van Mises stress is 
80 MPa. As explained later, these stress results are meaningless. 

Custom colors are in these fringe plots. Custom colors are defined in plot Chart 
Options. 
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Now we will investigate how using smaller elements affects the results. In 
chapter 2, we did this by refining the mesh uniformly so that the entire model 
was meshed with elements of a smaller size. Here we will use a different 
technique. Having noticed that the stress concentration is located near the sharp 
re-entrant edge, we will refine the mesh locally in that area by applying mesh 
controls. The element size everywhere else will remain the same as defined 
previously: 4. 76mm. 

Copy the mesh 1 study into a new study, naming it mesh 2. Select the edge where 
mesh controls will be applied, then right-click the Mesh folder in the mesh 2 
study dialog (this folder is currently empty) to display the pop-up menu shown in 
Figure 3-5. 

qt mesh 2 (-01 sharp edge-) 

ii/I L BRACKET (-[SW]Alloy Steel-) 

i i Connections 

.... 1$ Fixtures 

../! Fixed-1 

.... ! A External Loads 

i Force-1 (:Per item: -1000 N:) 

j~ Mes~.._I -
ID Advisor ... 
lf:J Resu 

_J 

~ (j Simplify Model for Meshing 

® Create Mesh ... 

Mesh and Bun 

Failure Diagnostics ... 

Ca Details ... 

~ Apply Mesh Control. .. 

• Create .Mesh Plot. .. 

(:p List S~lected 

;' ProQe 

.Show Mesh 

Hide All Control Symbols 

Show All Control Symbols 

[fl Copy 

Figure 3-5: Mesh pop-up menu. 

-.-- Mesh controls 

Select Apply Mesh Control ... , which opens the Mesh Control window (Figure 
3-6). It is also possible to open the Mesh Control window frrst and then select 
the desired entity or entities (here the re-entrant edge) where mesh controls are 
being applied. 
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Mesh Control (1) 

x ...... 

Selected Entities 

Edge<l_> 
-..,,, 

~ 

0 

![] Use per part size 

I Create Mesh 
I 

Mesh Density 
Element Size (mm): 2.38182661 

l) 
j 

Ratio: 1.5 

• r- 0 

L -Coarse Fine O 

[ I Reset 

~ 

Mesh Parameters 

~ [_mm~~~~~~~· J 
~ 2.38182661mm • ~ 

aL 
' b 1.5 • Fl 

Figure 3-6: Mesh Control window. 

Mesh controls allow for the definition of a local element size on selected entities. 
Accept the default settings of the Mesh Control window. 

Click the check mark to exit without creating a mesh. 
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The element size along the selected edge is now controlled independently of the 
global element size. Mesh Control can also be applied to vertices, faces and to 
entire components of assemblies. Having defined a Mesh Control, create a mesh 
with the same global element size as before (4.76 mm), while making elements 
along the specified edge to be 2.38 mm. The added mesh controls display as the 
Control-I icon in the Mesh folder and can be edited using the pop-up menu 
displayed by right-clicking the mesh control icon (Figure 3-7). 

qt Li} mesh 2 (-01 sharp edge-) 

~ L BRACKET (-[SW)Alloy Steel-) 

i i Connections 

., ~ Fixtures 

., ! ! External Loads 

• ~ & Mesh 

· Iii Mesh Controls 

!(lei Contrc · .. I.__ 
-----., Hide 

[D Result Optiot -
.$how 

.$how Mesh 

Syppress 

.Edit Definition ... 

.Qelete 

De!ails ... 

~opy 

If desired, right-click 
Control- I and select Edit 

_ Definition to open the 
Mesh Control window and 
edit the mesh control 

Figure 3-7: Pop-up menu for the mesh control icon. 

Warning signs by the study name, mesh and results indicate that results (copied 
from study mesh 1) are no longer valid because mesh has been changed. 
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The mesh with applied control ( also called mesh bias) is shown in Figure 3-8. 

Mesh control (bias) along 
the sharp re-entrant edge 

Figure 3-8: Mesh with applied controls (mesh bias). 

The mesh in study mesh 2 is refined along the selected edge. 
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The maximum displacements and stress results obtained in study mesh2 
are 2.478 mm and 74.1 MPa respectively. The number of digits shown 
in a result plot is controlled using Chart Options (right-click on a plot and select 
Chart Options). 

Now repeat the same exercise three more times using progressively smaller 
elements along the sharp re-entrant edge. Create three studies with an element 
size along the sharp reentrant edge as shown in Figure 3-9. Use Standard mesh. 
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0.30mm 
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"' 
· ] 
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Figure 3-9: Mesh Control windows in studies mesh3, mesh4, and mesh5, defming 
the element size along the sharp re-entrant edge. 

alb ratio remains 1.5 in all the above settings. 
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The summary of results of all five studies is shown in Figures 3-10 and 3-11 . 

Element size Max. resultant Max. von 
Study along the edge displacement Mises stress 

[mm] [mm] [MPa] 

mesh 1 4.76 0.2474 79.8 

mesh 2 2.38 0.2480 95.1 

mesh 3 1.19 0.2484 146.8 

mesh 4 0.60 0.2485 201.1 

mesh 5 0.30 0.2486 283 .5 

Figure 3-10: Summary of maximum displacement results and maximum von 
Mises stress results. 

88 



mm 

MP a 

Engineering Analysis with SOLIDWORKS Simulation 2018 

0 .2488 

0 .2486 

0 .2484 

0 .2482 

0 .248 

0 .2478 

0 .2476 

0 .2474 

0 .2472 ' • ' ' 
0 1 2 3 4 

1/h 

0 1 2 3 4 

1/h 

Max. resultant 
displacement 

Max. von Mises 
stress 

Figure 3-11: Max. resultant displacement (top) and max. von Mises stress 
(bottom) as a function of 1/h, where h is the element size (Figure 2-16) along the 
sharp re-entrant edge where the mesh controls were applied. 

The local drop in stress magnitude for study mesh 2 is caused by shifting the 
maximum stress location between studies mesh 1 and mesh 2. 

Upon examining Figure 3-11 , we notice that while each mesh refinement brings 
about an increase in the maximum displacement, the difference between 
consecutive results decreases. The increase of displacement in results is so 
minute that the results need four decimal places to show the difference. The first 
study, without any mesh refinement, provides accurate displacement results. 
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The stress behaves very differently. Each mesh refinement brings about an 
increase in the maximum stress. The difference between consecutive results 
increases, proving that the maximum stress result is divergent. 

We could continue with this exercise by refining mesh locally near the sharp re­
entrant, or globally, by reducing the global element size, as we did in chapter 2. 

Given enough time and patience, we can produce results showing any stress 
magnitude we want. All that is necessary is to make the element size small 
enough! We should avoid a temptation to make any conclusions based on the 
stress graph in Figure 3-11 because all of these results are meaningless. 

The reason for divergent stress results is not that the finite element model 
is incorrect, but that the finite element model is based on the wrong 
mathematical model. 

According to the theory of elasticity, stress in a sharp re-entrant comer 
is infinite. A mathematician would say that stress in a sharp re-entrant edge is 
singular. Stress results along sharp re-entrant edges are completely dependent on 
mesh size: the smaller the element, the higher the stress. Therefore, we must 
repeat this exercise after un-suppressing the fillet, which is done by changing 
from configuration 01 sharp edge to 02 round edge in the SOLIDWORKS 
Configuration Manager. 
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Notice that after we return from the SOLIDWORKS Configuration Manager 
window to the SOLIDWORKS Simulation window, all studies pertaining to 
the model in configuration OJ sharp edge are not accessible. They can be 
accessed only if the model configuration is changed back to OJ sharp edge 
(Figure 3-12). 

Feature Manager Configuration Manager 

Configurations 

""' (g, L BRACKET Configuration{s) {02 round edge) 

02 round edge _ 
configuration is active 

~ 01 sharp edge [ L BRACKET J 

~ ~ 02 round edge [ L BRACKET ) 

Display States (linked) 

9 Display State-1 

0 

Right-click study name -­
to bring up 

Activate SW 
Configuration option 

mesh 5 (-01 sharp edge-) 
~ctivate SW Configuration 

,..., L BRACKET (-[SW]Allo•J-...--r·1ni::ee:rr.::1-...-J -

Connections 

""' l Fixtures 

Fixed-1 

... I External Loads 

Force-1 (:Per item: -1000 N:) 

~ ,..., Mesh 

0:::: Result Options 

~ [.=. Results 

y 

z 

*Dimetric 

~ -

-
-

~ 

-

Figure 3-12: Studies become inaccessible when the model configuration is 
changed to a configuration other than that corresponding to the now grayed-out 
studies. 

Studies mesh 1, mesh 2, mesh 3, mesh 4, mesh 5 have all been created in 
configuration O 1 sharp edge and are now inaccessible. 

The configuration of the SOLID WORKS model can be changed to a 
configuration corresponding to a given study by right-clicking the study icon and 
selecting Activate SW configuration. 
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To analyze the bracket with the round fillet, define a study named round edge. 
Copy the Fixtures and External Loads folders from any inactive studies to the 
round edge study by clicking them and dragging them to the new study tab 
(Figure 3-13) . 

• 

~ round edge (-02 round edge-) 

~ L BRACKET (-[SW)Alloy Steel-) 

i i Connections 

1$ Fixtures 

!A External Loads 

~ Mesh 

[u Result Options 

Model Motion Stud 1 ~ mesh 1 ~ mesh 2 ~ mesh 3 ~ mesh 4 ~ mesh 5 ~ round ed e 

Figure 3-13: Copying Fixtures and External Loads from study mesh 2 to study 
round edge. 

Entities can be copied between studies by dragging them and dropping them into 
a study tab as shown, even if the source information is from an inaccessible study. 

In some cases, the entire Fixtures or External Loads folders can't be copied but 
you may still copy the contents of these folders individually. 
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Meshing with the default element size and Standard Mesh properties produces 
elements with an excessive tum angle in the area where it is particularly 
important to have a correct mesh (Figure 3-14). 

Mesh 

x 

Mesh Density 

0 
Coarse 

[ Reset I 
0 Mesh Parameters 

-
~ J Standard mesh 

~ Curvature-based mesh 

G Blended curvature-based mesh 
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~ 4.76403177mm 

rJ Automatic transition 
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I 

• -, 
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' 

I ____ , 
I 

' • 

/ 
, 

I 

/ 

90° element 
turn angle on 
the fillet face 

' 

Figure 3-14: A mesh created as a Standard Mesh with a default element size is 
not acceptable because of the high turn angle. 

Here, the turn angle of the element meshing the fillet is 90°. Just one element 
covers the 90° angle, as shown. 
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size 5mm 
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size lmm 
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Element size 
growth ratio 1.6 
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To eliminate excessive turn angles from areas where stresses are of particular 
interest we use the Curvature based mesh option and enter values shown in 
Figure 3-15. 

/ 

Mesh 

x 

Mesh Density 

• 
Coarse 

[ Reset 

0 Mesh Parameters 

( Standard mesh 

~ Curvature-based mesh 

l 

C Blended curvature-based mesh 

[mm 

~ 5.00mm 

A 
-k .. 1.00mm ·~ 
@) 12 

... Fll •AA -
Advanced 

Options 

0 
Fine 

0 

,-----------
,/ '~ 

I . 
' 

v 

I 

v ·1 
• 

• • 

Figure 3-15: Curvature based mesh helps with meshing of curved faces. 

Using the above settings, a minimum of 3 elements are created on a 90° fillet. 

With the minimum number of elements in a circle (3 60°) set to 12, an element 
turn angle is no more than 360°/12=30~ 

The element size growth ratio controls the transition between the refined mesh 
on curved faces and the coarser mesh on flat faces. 
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It is generally recommended that the turn angle does not exceed 30° in ''sensitive'' 
locations where stresses must be correctly modeled. 

The L-BRACKET example is a good place to review the different ways 
of displaying stress results. Stresses can be presented either as Node Values or 
Element Values. To select either node values or element values, right-click the 
plot icon and select Edit Definition. This will open the Stress Plot window. 
Figure 3-16 shows the node values of von Mises stress results produced in the 
study O 2 round edge. 

von Mises (N/mm"2 (MPa)) 

120.S 

rs;J Stress plot Ci) I 110.4 

~ x ...... ..__ . 100.4 

Definition Chart Options Settings • 90.4 

80.3 

Display "' 
1$ [ VON: von Mises Stress · ] 70.3 

IJ [ N/ mm" 2 (MPa) · ] 60.3 

50.2 
Advanced Options "' 

r:J Show as tensor plot • 40.2 

D Show plot only on selected entities 30.1 

~ Node Values 
_ 20.1 

C' Element Values 0 

• - • 10.1 

IE] Deformed shape s 
- 0.0 

Property vi --~ Yield strength: 620.4 

Figure 3-16: Von Mises stresses displayed as node values. 

The irregularities in the shape of discrete fringes showing nodal stress results 
(left) may be used to decide if more mesh refinement is needed in the area of a 
stress concentration. Here,fairly regular shapes indicate sufficient mesh 
refinement. 
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The maximum stress ( 120MPa) is now bounded. In the convergence process it 
will converge to a finite value, close to the one shown in Figure 3-16. Again, we 
must resist temptation to compare this result to the maximum stress results 
produced by the studies using the sharp re-entrant edge because those results are 
all meaningless. 

Figure 3-17 shows the element values of von Mises stress results produced. in the 
study 02 round edge. 

von M ises (N/mm" 2 (M Pa)) 

102.4 

93.9 

• 85.4 
Definition Chart Options Settings 

Display 

C9i ~[vo_ N_: -vo-nM- i-se-sS-tr-es-s ~~~-.~j 

I] [ N/ mm" 2 (MPa) • ] 

Advanced Options 

--

[O Show as tensor plot 

D Show plot onty on selected entities 

f) Node Values 

~ Element Values 

ID Deformed shape 

Property 

v 

v 

Figure 3-17 Von Mises stresses displayed as element values. 

• 76.8 

68.3 

_ 59.8 

51.2 

42.7 

34.2 

25.7 

17.l 

• 8.6 

- 0.1 

--• Yield strength: 620.4 

Element values are not averaged across different elements. A single stress value 
is assigned to each element. 
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As was explained in chapter 1, nodal displacements are computed first, from 
which strains and then stresses are calculated. Stresses are first calculated inside 
the element at certain locations, called Gauss points. Next, stress results are 
extrapolated to all of the elements ' nodes. If one node belongs to more than one 
element ( which is always the case unless it is a vertex node), then the stress 
results from all the elements sharing a given node are averaged and one stress 
value, called a node value, is reported for each node. This stress value is called a 
nodal stress. 

An alternate procedure to present stress results is by obtaining stresses at Gauss 
points, then averaging them in between themselves. This means that one stress 
value is calculated for the element. This stress value is called an element stress. 

Nodal stresses are used more often because they offer smoothed out, continuous 
stress results . However, examination of element stresses provides important 
feedback on the quality of the results. If element stresses in two adjacent 
elements differ too much, it indicates that the element size at this location is too 
large to properly model the stress gradient. By examining the element stresses, 
we can locate mesh deficiencies without running a convergence analysis. 

To decide how much is ''too much'' of a difference requires some experience. As 
a general guideline, we can say that if the element values of stress in adjacent 
elements are apart by several colors on the default color chart (12 colors), then a 
more refined mesh should be used. You are encouraged to perform a 
convergence analysis using a Curvature Based mesh. 

Models in this chapter 

Configuration Study Name Study Type 

01 sharp edge 
mesh 1 Static 

mesh2 Static 
L BRACKET.sldprt 

mesh 3 Static 

mesh 4 Static 

mesh 5 Static 

02 round edge round edge Static 
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4: Static and frequency analyses of 
a pipe support 

Topics covered 

o Use of shell elements 

o Frequency analysis 

o Bearing load 

Project description 

We will analyze a support bracket (Figure 4-1) with the objective of finding 
stresses and the first few modes of vibration. This will require running both static 
and frequency analyses. Open the PIPE SUPPORT model with assigned material 
properties of Galvanized Steel. Open a new Static study and name it OJ static. 

Fixed restraint to four 
washer footprints 

highlighted in blue 

Figure 4-1: PIPE SUPPORT model. 

1 OON bearing load on 
cylindrical face highlighted 
in yellow 

Notice that the model has been designed in SOLID WORKS as sheet metal 
feature. 
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Procedure 

Before defining the study, consider that thin wall geometry would be difficult to 
mesh with solid elements. Generally it is recommended that two layers of second 
order tetrahedral elements be used across the thickness of a wall undergoing 
bending. Therefore, a large number of solid elements would be required to mesh 
this thin model. 

A sheet metal model has inherently thin walls. Therefore, when a sheet metal 
model is presented to SOLIDWORKS Simulation, it is by default designated 
for meshing with shell elements. Having created Simulation study OJ static 
notice that the familiar Solid folder is replaced with a Shell folder (Figure 4-2). 

..... OLLOW PLATE 

Solid folder used in exercises 
in chapter 2 and 3. 

The geometry will be meshed 
with solid elements. 

PIPE SUPPORT l002 

Surface folder used in this 
exercise. This surface folder 
symbol indicates surfaces 
derived from a sheet metal 
part. 

The geometry will be meshed 
with shell elements. 

Surface folder used in NL002 
exercise in chapter 14. This 
surface folder symbol indicates 
surfaces created from faces of 
solid bodies or surfaces created 

without using any solid body 
geometry. 

The geometry will be meshed 
with shell elements. 

Figure 4-2: The solid folder in the HOLLOW PLATE from chapter 2, shell 
folder in the present study and shell folder in NL002 exercise in chapter 14. 

The presence of either Shell folder indicates that shell elements will be used to 
mesh the corresponding geometry. Any of the above icons may carry a green 
check mark which indicates that material has been assigned to it. 
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If solid elements are pref erred after all, the default designation Shell can be 
changed to Solid as shown in Figure 4-3. 

~ 01 static (-Default-) 

~ PIPE SUPPORT (-[Svv.ur~o.i..%o.,i ~ oQ!_..) --~ 

i i Connections Apply/Edit Material ... 

1$ Fixtures Apply Favorite Material 

! A External Loads 

<!!b Mesh 

[] Result Options 

~ Shell Manager 

Edit Definit ion ... 

Create Mesh ... 

I reat as Solid 411111-+-----

Treat as Beam ... -
Treat as Remote Mass ... -

! Cl Exclude from Analysis 

Make Rig id 

Fix 

Details ... -
Add to New Eolder 

.Copy 

Figure 4-3 : Changing from Shell elements to Solid elements. 

If you would prefer to mesh the sheet metal model with solid elements, right click 
the Shell folder and select Treat as Solid. This exercise uses shell elements and 
the above illustration is for information only. 

Apply a fixed restraint to the four washer footprints , as shown in Figure 4-1 . 
Review the split lines in the SOLIDWORKS model that define split faces where 
restraints are applied. Split faces are commonly used in preparation of CAD 
models for analysis with SOLIDWORKS Simulation. 

101 



Local 
coordinate -

system 

Split lines 

Engineering Analysis with SOLIDWORKS Simulation 2018 

(SJ PIPE SUPPORT (Default << Default > 

., [AJ Annotations 

~ Surface Bodies 

., ~ Cut list(l ) 

., EfJ Equations 
o- . . . g::; Material <not spec1f1ed > 

~ Front Plane 

~ Top Plane 

\.! Right Plane 

L Origin 

~ Sheet-Metal l 

., ~ Base-Flangel 

., ~ Tab2 

~lrD Mirror2 

., l1fiJ Extrudel 

(j3 Fillet l 

}+ csl 

., ® Split Linel 

., ® Split Line2 

., ® Split Line3 

., ® Split Line4 

"Axisl 

,.,...,,....- Flat-Patternl 

0 

z 

y 

' -......... 
Global 
coordinate 
system 

Local 
coordinate 
system 

Figure 4-4: Local coordinate system and split lines in SOLIDWORKS model. 

Adding split lines is a technique frequently used in preparation of a CAD model 
for analysis with FEA. In this model, split lines de.fine faces where restraints are 
applied. 

Apply the Fixed restraints as shown in Figure 4-1 . 

The total load carried by the hanger is 1 OON in the x direction of the local 
coordinate system csl. We will approximate the load of a pipe onto the hanger 
by applying a Bearing Load. Right-click the External Loads folder and select 
Bearing Load from the pop-up menu. Select the cylindrical face where the load 
is to be applied, and then select csl as the reference coordinate system using the 
fly-out menu (shown previously in figure 3-2) and apply lOON in the x direction 
of that coordinate system (Figure 4-5). 
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-

Bearing Load Ci) 

Type Split 

Selected Entities 

G;J Face<l > 

- 0 

-).. csl 
-

Bearing Load "' 
(] [ SI 

ft 100 ~ N 

[1 Reverse direction 
.....---.. -
~ 1 ~ N 

-----
[[] Reverse direction 

~ ' Sinusoidal distribution 

(l 1 Parabolic distribution 

~] 

Figure 4-5: Bearing Load definition. 

-
I 

~ 

A bearing load can only be applied to a cylindrical face . It is not uniformly 
distributed over the face but follows a sinusoidal or a parabolic distribution. 

A typical application of a Bearing Load is modeling interactions between a shaft 
and housing. 

The model is now ready for meshing (right-click the Mesh folder, and Create 
M esh). Use the default element size. The shell element mesh is shown in Figure 
4-6. 
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System Options - General 

System Options Default Options 
--~~~--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--1 

, General 
• 
' ;- Default Library 
• 
i· Messages/Errors/Warnings 
··- Email Notification Settings 

What's Wrong messages 

0 Show errors 

~ Show warnings 

Load/ Fixture symbol quality 

l.., Wireframe 
-<~ Shaded 

Mesh colors 

Bounda color 
Hi • • 

Result plots 

11 -, Shell bottom face color 

[ Edit... ] 

[] Dynamic plot update(Turn off to improve performance for large models 

ID List result quantities in higher precision 

0 Show yield strength marker for vonMises plots 

ll] Display local coordinate system reference triad 

ID Color chart background color 

Font 

I Plot Title... J Plot Subtitle ... I Color Chart... J 

l~I Run Simulation Advisor from CommandManager (You need to restart 
SOUDWORKS for the change to take effect) 

lo Hide excluded bodies and show study material appearances(requires 
more time to load a study) 

0 Load all Simulation studies when opening a model. 
(requires more time to open a model) 

rt] Automatically timed out decision solver messages after: 60 : seconds 

rt] Automatically update beam joints when study is activated . 

..__[ _ o_K ___,) I Cancel J [ Help... J 

Shell element top: 

Shell element bottom: orange CAD model color (here aquamarine) 

Figure 4-6: A shell element mesh. Mesh elements have been placed on a mid­
surface defined between the outer faces defining the thin wall. 

Different colors distinguish between the top and bottom of the shell elements. 
The bottom face color is specified in the System Options window as shown above. 
The top face color is the same as the color of the SOLID WORKS model. 
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In this model the side opposite to where the load is applied is meshed with shell 
element tops. The side where the load is applied is meshed with the bottoms of 
shell elements. The side where the load is applied appears with a color specified 
in Shell bottom face color in the Simulation Options window. 

Review the mesh colors to ensure that the shell elements are aligned. Try 
reversing the shell element orientation: select the face where you want to reverse 
the orientation, right-click the Mesh folder to display a pop-up menu, and select 
Flip shell elements (Figure 4-7). 

~ 01 static (-Default-) 

.a PIPE SUPPORT (-[SW]Galvanizec 

i i Connections 

~ Fixtures 

• !S External Loads 

D Bearingl oads-1 (:100 N:) 

I~ MeshJ 
,..ea Ad . Ii I Result Opti ~ - visor ... 

I 

Flip Shell Elements I 

Render shell thickness 

~O Simplify Model for Meshing 

0 Create Mesh ... 

Mesh and Run 

Failure Diagnostics ... 

CJ De1ails ... 

Ii! Apply Mesh Control ... 

SI!, Create .Mesh Plot .. 

~ List S~lected 

;' ProQe 

Flip Shell Elements 
-
-..m !::!.ide Mesh 

Render shell thickness in 30 (slower) 

Hide All Control Symbols 

Sho~ All Control Symbols 

Standard display 
of shell element mesh 

Shell element thickness 
rendered in 3D 

Figure 4-7: The pop-up menu may be used for modifying shell element 
orientation and for modifying shell element mesh display. 

If desired, you may reverse shell element orientation with this menu choice. 
In this exercise reversing shell element orientation is not required. 

You may also use this menu to display shell element mesh shown with 3D 
thickness as shown in this illustration. 
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Misaligned shell elements lead to the creation of erroneous plots like the one 
shown in Figure 4-8, which shows a rectangular plate undergoing bending; this is 
unrelated to the PIPE SUPPORT exercise, however, but is brought to the 
reader's attention. 

Mesh with aligned shell elements Correct stress plot 

Mesh with misaligned shell elements Erroneous stress plot 

Figure 4-8: Aligned shell element mesh produces correct plot (top stress plot). 
Misaligned shell elements produces erroneous von Mises Stress plot (bottom 
stress plot) result. Review model MISALIGNMENT which comes with studies 
defined. 

The erroneous plot is the result of stress averaging between top-top and bottom­
bottom location, which in the case of misaligned mesh is situated on the opposite 
side of the model. 

Return to model PIPE SUPPORT and obtain the solution and display the 
displacement results. Select the Superimpose model on the deformed shape 
option. This option is available in plot settings (Figure 4-9). 
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~ 01 static (-Default-) 

.J/ PIPE SUPPORT (-[SW]Galvanized S 

i i Connections 

~ ~ Fixtures 

~ !A External loads 

~ Mesh 

[] Result Options 

• ~ Results 

r!j Stressl (-vonMises-) 

~ Displacemr...:, "'- --..J ~- ......___.-1--, 

E ~ Show tg; Strainl (-Eo -

~ _Edit Definition ... 

I Co Chart Qptions ... 

~ [ffi Se1tings ... 

X .Qelete ... 

Undeformed 
CAD model "'-

Deformed shell 
element model 

~ Displacement plot 

x 

Definit ion Chart Options Settings 

isplay 

: Resulta Displacement ... 

m 

dvance Options v 

eformed shape 

a) Automatic 

Oro 26.15683365 

([) True scale 
.,.... 

( ) User defined 

Oro 1 I 
[{] Show colors 

~ Displacement plot (V 

x 

Definition Chart Options Settings 

Fringe Options 

[ Discrete 

Boundary Options 

[ Model 

Deformed Plot Options 

Edit Color ... 

0 Superimpose model on the 
deformed shape 

[ Translucent (Single color) ... ] 

[ Edit Color ... ] 

Transparency: 

0.5 

-

Select 
Deformed Shape 
Automatic 

0 

Show colors 
may be deselected 
to tum displacement 
plot into a deformation 
plot 

Select 
Superimpose model 
on the deformed shape 

Figure 4-9: The undeformed model is superimposed on the deformed shape. 

This plot shows that the shell element mesh has been placed in the mid-plane of 
the solid geometry. The plot may show displacements or deformations by 
selecting or deselecting Show colors option. 
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Shell elements differentiate between stress results on the top and bottom of the 
element. In the case of bending, one side will show tensile stress, the other 
compressive stress. For correct interpretation of results we must know on which 
side of the element results are presented. To illustrate this, we prepare two stress 
plots: 

Pl stress (maximum principal stress) on the tensile side of the model. The tensile 
side corresponds to the bottom of the shell elements (Figure 4-10). 

P3 stress ( minimum principal stress) on the compressive side of the model. The 
compressive side corresponds to the top of the shell elements. Notice that P3 is 
the maximum compressive stress (Figure 4-11 ). 
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~ Stress plot (1) Pl (N/mm" 2 (MPa)) Maximum 

0 50.5 Principal 
Stress 

46.3 

0 
42.1 

../ x ..... 

Definition Chart Options Settings 

0 _ 37.9 
Display A 

~ [ Pl: 1st Principal Stress · I 
11 [ N/ mm" 2 (MPa) · ) 33.7 

~ [ Bottom · I _ 29.5 

25.3 
Advanced Options v 

21.0 
IC] Deformed shape v 

- _ 16.8 

Property v ( 

- _ 12.6 

_ 8.4 

- 4.2 

0.0 

Figure 4-10: Maximum principal stress (Pl) results for the bottom faces of the 
shell elements - on the tensile side of the model. This is the visible side. 

Information on the element side is shown in Plot details. Plot details can be 
turned off in Chart Options and are not shown in this illustration. 

r!J Stress plot 
P3 (N/ mm"2 (MPa)) 

0.0 
x ..... 

-4.2 

Definition Chart Options Settings ..__ ______ ___._ -
· 8.4 

Display A -12.5 -
~ [ P3: 3rd Principal Stress · I -16.7 

11 [ N/ mm" 2 (MPa) · I -20.9 

~ [rop · I 
-25.1 -

Advanced Options v 
-29.3 

[] Deformed shape s -33.5 -
Property v "' -37.6 -

_ -41.8 

- -46.0 Minimum 
-50.2 Principal 

Stress 

Figure 4-11: Minimum principal stress (P3) results for the top faces of the shell 
elements - on the compressive side of the model. This is the back side, invisible 
in this illustration. 
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In Figure 4-10 we are looking at the bottom faces of the shell elements. Still, 
stress results are displayed for the top side (which is ''underneath'' the model) of 
the elements, as if the shells were transparent. What stress is visible ( top or 
bottom) does not depend on view direction ( which side is visible) but only on the 
selection made in the Stress Plot window. Stress plots showing results produced 
by shell element models may be confusing because the model behaves as if it 
was transparent; results pertaining to top side of elements can be seen from the 
bottom side and vice versa. 

This confusion may be avoided if shell thickness is rendered on the stress plot. 
This option is available in Advanced Options of the stress plot. Figure 4-12 
demonstrates this using the Pl stress plot as an example. 

~ Stress plot 

Definition Chart Options Settings 

Display 

~ ~[P1_: _1st_P-rin-ci-pa-,s-tre-ss~~~.~, 

(] [ N/ mmA2 (MPa) • J 

~ Top ----~ 

Advanced Options 

] Show as vector plot 

0 Render shell thickness in 3D 
(slower) 

f3 

J Show plot only on selected entrtres 

'@ Node Values 

1 ) Element Values 

ID Deformed shape v 

~ 

e 

'" 

rrJ Stress plot (i) 

Definition Chart Options Settings 

Fringe Options "' I Continuous · I 
Boundary Options "' 

[Mesh ·I 
[ Edit Color ... J 

~ Stress plot 

~ x -+I 

Definition Chart Options Settings 

Display Options 

Position/Format 

Color Opt ions 

[ User defined 

O: 12 

[l Flip 

User defined 

5 

L Specify color for values above 
yield hmrt 

[ Edrt Color ... J 

v 

Render shell thickness selected Show mesh selected Custom colors used 

Mesh plot is extruded 
making it look as if the mesh 
was made of prism elements 

Pl (N/ mm" 2 (MPa)) SO.S 

46.3 

42.1 

. 37.8 

33.6 

29.4 

. 25.1 

20.9 

16.7 

12.5 

. 8.2 

. 4.0 

- -0.2 

Figure 4-12: Maximum principal stress (Pl) shown with shell thickness rendered. 

Rotate the stress plot to see that results are now shown differently on the inside 
and the outside of the model. Custom colors are used in many illustrations in this 
book. 
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Figure 4-12 now shows Pl stress results with a rendered thickness of the shell 
element mesh. Notice that the elements look like prisms because the mesh shown 
in this illustration has an appearance of a 3D mesh. In reality this is the result of 
3D rendering on the shell element mesh. 

Remember that the stress distribution through that rendered thickness shown in 
Figure 4-12 does not show a distribution of bending stress, it shows the 
distribution of Pl stress. To see how bending stress changes across the thickness 
would require a plot of directional stresses such as SX, SY, SZ. These directional 
stresses are aligned by default with the global coordinate system. To show the 
distribution of bending stresses in the curved portion of the model we need to 
align them with an axis that defines the local cylindrical coordinate system. After 
the alignment, SX becomes radial stress, SY becomes circumferential stress and 
SZ becomes axial stress (Figure 4-13). 

Axisl 
. .,,,. . _.. . .,,,. 

Default 

sx 

SY 

sz 

Aligned with axis 

Radial 

Circumferential 

Axial 

Figure 4-13: Alignment of directional stresses with an axis defining a local 
cylindrical system. 

Directional stresses may be also aligned with a coordinate system or a reference 
plane in which case stress components are defined in a local Cartesian 
coordinate system. 
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To show the distribution of bending stress in the curved portion of the model, use 
SY stress and align the plot with Axisl as shown in Figure 4-14. 

r!J Stress plot ® 
SY (N/mm"'2 (MPa)) 

44.4 
~ x ..... 

36.9 

Definit ion Chart Options Settings 
. 29.5 

Display A • 22.0 

~ [ SY: Y Normal Stress ~) 
14.6 

11 [ N/mm" 2 (MPa) ~) 
~ Top ~) a 

. 7.1 

_ -0.3 -
Advanced Options A 

-7.8 

dJ: • I Axisl I • 
..... -15.2 

D Show as vector plot 
0 

. -22.7 
It] Render shell thickness in 30 -

(slower) 
a 

. -30.1 

D Show plot only on selected entities - ·37.6 

~ ' Node Values z -45.0 

~ - 1 Element Values 

Figure 4-14: Stress plot SY aligned with Axis 1, shell thickness is rendered. 
Circumferential stress can be seen as changing from compressive -45MPa on the 
back side of the model to tensile 44.4Mpa on the front side of the model. 

Notice the symbol in the lower right corner; it indicates that stresses have been 
aligned with a local cylindrical coordinate system. 

The distribution of bending stress across the shell element thickness may also be 
shown without rendering shell element thickness, but that requires two plots as 
shown in Figure 4-15 and Figure 4-16. These plots use vectors to show the line 
and direction of stress. Remember that as opposed to von Mises stress which is a 
scalar entity, directional stresses are vectors. 
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(!I Stress plot Vector plot options 

x ~ x 

Definition Chart Options Settings I Options -
Display 

~ ~[sv_:_Y-No- rm_ a_l _Str-es_s ____ •J 
(I [N/ mm" 2 (MPa) • J 

~ [sottom • ) 

tll 300 

so 

r:J Surface only 

@ Match color chart 

F) Single color 

... 
-
... 
-

96 

96 

Advanced Options I ~I 
dJ: II Axisl -,I Edit Color ... 

- ~------~ 
0 Show as vector plot 

ID Render shell thickness in 30 
(slower) 

I Show plot only on selected entrtres 

@) Node Values 

(() Element Values 

ID Deformed shape 

0 

v 

0 . 

0 
. 0 

, ., 
• ., 

• 
/ 

SY (N/ mm" 2 (MPa)) 

44.4 

40.6 

36.9 

33.1 

29.4 

25.6 

21.8 

18.1 

14.3 

- 10.6 

. 6.8 

- 3.1 

_ ·0.7 

z 

Figure 4-15: Stress plot SY aligned with Axis 1, shown on the front side of the 
model. This is the tensile side, so stresses are positive. 

Vector display may be modified using the Vector plot option window. The vector 
plot option window is called using Vector Plot Options in the pop-up menu. 
Vector Plot Options becomes available in the pop-up menu when Show as vector 
plot is selected in the Stress Plot definition. 

C!J Stress plot Vector plot options SY (N/mm" 2 (MPa)) 

x ~ 

Definition Chart Options Settings 

Display ,.... 

~ [ SY: Y Normal Stress · I 
11 [ N/ mm" 2 (MP a) · ] 
~ [rop • I 
Advanced Options G 
ctJ: I IAxisl I 

0 Show as vector plot 

[] Render shell thickness in 30 
(slower) 

Show plot only on selected entrtres 

-
~Q ) Node Values 

• Element Values 

ID Deformed shape v 

x 

Options 

tll 300 

so 

[] Surface only 

~ 1 Match color chart 

O Single color 

Edit Color .• ---~· -

0.7 

·3.1 . 

0 
·6,9 

0 
·10.7 

o· ·14.5 .. 
• o· .. • • 

I ' · 18.3 . , . , I , ' , l ., . i ,, ,,, , ., 
· 22.1 ! I I J' I 1•., ,\ , 

J\ 1,·.,' / · 26.0 , 
• 1\ I , ~ ,/ 

\ \ \ ~\·i, / ·29.8 
\ ~ >.'\"C, \ ><'' ,, ~ ·33.6 I ''""'' • ., ',', ,'\.'-• ' ' . '' / 

M sl • . • ·37.4 • 

· 41.2 

· 45.0 

z 

Figure 4-16: Stress plot SY aligned with Axis 1, shown on the back side of the 
model. This is the compressive side where stresses are shown as negative. 
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The structural analysis of the support bracket has been completed. We now 
proceed to calculate natural frequencies for the same bracket. 

This requires a frequency analysis also known as modal analysis. Create a new 
study and name it 02 modal (Figure 4-17). 

Study 

..,/ x 

Message v 

Name 

02 modal 

Type 

@tJ Static 

@] Thern1al 

... ~ Frequency 

~ Buckling () 

~ Drop Test 

~ Fatigue 

~ Pressure Vessel Design 

~ Design Study 

~ Submodeling 

~ Nonlinear 

~ Linear Dynamic 

Figure 4-17: Frequency study definition. 

This type of analysis is also known as Modal analysis. 

You can copy restraints and mesh definitions from the static study to the 
frequency study by dropping them into the frequency study tab. No loads are 
defined in this frequency study. We assume that loads, if any are present, will not 
significantly affect the natural frequencies . 

In the properties of the Frequency study, verify that five modes will be 
calculated (Figure 4-18). In Simulation Default Options, verify that 
displacement plots are automatically created in the Results folder for all 
calculated modes (Figure 4-19). 
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Accept the default 
number of five frequencies 

~ y 02 modal (-Defa··•~ , t I 
~ PIPE SUPPORT (-

1 

& What's wrong? ... 

ii Connections 

• l!t, Fixtures 

{c Fixed-1 

~ Run 

8 !,lpdate All Components 

i+a E ! & External Loads c, xport ... 

~ Mesh 

Results 
<:/}, CQpy Study 

1 ~ Shell Manager 

[J De1ails ... 

ll Properties ... 

~ Mass Properties ... 

~ Define Function Curves ... 

Rename 

x Qelete 
. 

Frequency 

Options Flow/Thermal Effects j Notification I Remark~ 

Options 

~ Number of frequencies 

::J Calculate frequencies closest to: 
(Frequency Shift) 

,r Upper bound frequency: 

Incompatible bonding options 

- . Q Automatic 

...... Simplified 

-_ More accurate (slower) 

Solver 

f{] Automatic Solver Selection 

I FFEP_lu_s _______ ... _J 

Use ,nplane effect 

[1 Use soft spring to stabilize model 

Results folder f:\ fea results 

5 

Hertz 

Hertz 

[] 

! __ o_K __ ll [ Cancel ] 1 Apply J [ __ H_elp __ ] 

Figure 4-18: Properties of a frequency study. 

Five frequencies are calculated by default, meaning that five frequencies and five 
corresponding shapes of vibration will be calculated. Frequency and the 
corresponding shape are jointly called a mode of vibration. 
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Default Options - Plot - Frequency/ Buckling Study 
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fB ~ Fatigue Study Results 

Results type: 

0 Amplitude I AMP RES: Resultant Amplitude • J 

I 

'8 Optimization Study Results 
1±1 ~ Nonlinear Study Results 
User information 

Report 

[ OK f I Cancel J I Help... J 

o.,Y 02 modal (-Default-) 

~ PIPE SUPPORT (-(SW)Galvanized Steel-) 

i i Connections 

... 1$ Fixtures 

Fixed-! 

! & External loads 

~Mesh 

... ~ Results 

~ Amplitudel (-Res Amp - Mode Shape 1-) 

~ Amplitude2 (-Res Amp - Mode Shape 2-) 

~ Amplitude3 (-Res Amp - Mode Shape 3-) 

~ Amplitude4 (-Res Amp - Mode Shape 4-) 

~"' Amplitudes (-Res Amp - Mode Shape 5-) 

Plots are created 
automatically for all 
calculated modes 

Five automatically 
created plots in the 
Results folder 

Figure 4-19: Using the above settings, Amplitude plots are automatically created 
for all the modes of vibration specified in the Options of the Frequency study 
window (Figure 4-18). 
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Run the solution and verify that five amplitude plots are in the Results folder. 
Right-click any displacement plot and select Edit Definition to open the Mode 
Shape/Displacement Plot panel. Try displaying the mode shape plot with and 
without colors by making the appropriate selection shown in Figure 4-20. 

Read this 
important 
message 

• 

~ Mode Shape/ Amplitude Plot (i) 

..,,/ x ..... 

Definition Chart Options Settings 

Message A 

The numeric values for a mode shape/amplitude plot 
show the relative and unitless values for amplitude of 
vibration in each mode. 

Display 

t'$, [ AMPRES: Resultant Amplitude 

Advanced Options 

Plot Step 

~ >, 

172.062 Hz 
~ 

v# 1 

-
0 Deformed shape 

•Q' Automatic 

Oro 0.00382628548 I 
(: True scale 

j User defined 

Ciro 1 

I./ I Show colors 

Colors may be deselected to avoid 
displaying confusing information 

A 

... ] 
v 

A 

,.._ 

... 

A 

-
-

Figure 4-20: Mode Shape/ Amplitude Plot definition window. 

You can switch between Mode Shape and Amplitude plot by showing or hiding 
colors. However, you must remember that absolute displacements values are 
meaningless. Only ratios between displacements in the same mode are valid. 
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Figure 4-21 shows the first mode of vibration presented as a mode shape and as 
an amplitude plot. 

Model name:PIPE SUPPORT 
Study name:02 modal(-Default-) 
Plot type: Frequency Amplitudel 
Mode Shape : 1 Value = 172.06 Hz 
Deformation scale: 0.009 

0 
0 

0 
0 

Mode shape Mode shape 

AM PRES 

3.737 

3.426 

_ 3.114 

- 2.803 

2.491 

_ 2.180 

1.869 

1.557 

1.246 

_ 0.934 

_ 0.623 

_ 0.311 

0.000 

I<< I Mode shape: 11 >> I 

Use these arrows to change the 
mode number to be displayed 

No colors shown Amplitude of displacement shown 

Figure 4-21 Mode shape plot and Displacement plot. 

Both plots show the vibration frequency associated with this mode, here 172Hz. 
Numerical results shown in the amplitude plot are meaningless; notice that no 
units are shown. 

Even though the displacement plot does show displacement magnitude, the 
absolute displacement results are meaningless. Displacement results are purely 
qualitative and can be used only for a comparison of displacements within the 
same mode of vibration. Relative comparisons of displacements between 
different modes is invalid. 

One of the worst errors an FEA user can make is to take displacement results 
from a modal analysis for their face value! 
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Examine deformation plots of higher modes (Figure 4-22) to notice that higher 
modes are associated with more deformation. The best way to analyze the results 
of a frequency analysis is by examining the animated deformation plots. 

Mode 1 
172Hz 

Mode2 
288Hz 

Figure 4-22: Deformation plots showing the shape of deformation (mode shape) 
of the first two modes. Undeformed model is superimposed on the deformed 
shape. 

The deformation scale and model orientation have been adjusted to better show 
the deformed shape superimposed on the undeformed shape. 

Adjust color and transparency of the superimposed model for the best effect. 

To animate any plot, right-click an active plot icon to display an associated pop­
up menu, and then select Animate. 
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To List Resonance Frequencies, right-click the Results folder and make the 
selection as shown in Figure 4-23 . 

o..Y 02 modal (-Default-) 

JJ PIPE SUPPORT (-[SW]Galvanized S 

i i Connections 

... ~ Fixtures 

Fixed-1 

! A External loads 

~ Mesh 

0 

... It) Results 
Solver Messages ... 

~ Amplitud 

~ Amplitud ~ Define Mode Shape/ Amplitude Plot .. 

~ Amplitud Define Frequency Response Graph ... 

~ u Amplitud 
l ist Amplitude ... 

~ Amplitud r.tt.z l . R F . 1:3 1st esonant requenc,es ... 

l ist Modes 

I l ist Mass Participation ... 

~ Save All Plots as lPEG Files 

te Save All Plots as gDrawings 

~ Create New Folder 

Study name:02 modal 

Mode No. , Frequency(Rad/sec) Frequency(Hertz) 

1 ! ··-·········· .. ·-···-···-···· .. ,.: 1081 .1 172.06 
2 1812.1 288.4 
3 2951 .4 469.73 
4 8290.5 1319.5 
5 10272 1634.8 

= lc:JI 

Period(Seconds) 

0.00581 19 
0.0034674 
0.0021289 
0.00075788 
0.00061 17 

Select 
List resonant frequencies 
to open 
List Modes window 
shown below 

[ Close ] [ Save J [ Help J 

Figure 4-23: The summary of frequency results includes the list of all calculated 
modal (resonant) frequencies. 
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The List Modes window in Figure 4-23 presents results of the calculated 
frequencies in three different ways: 

• w - circular (angular) frequency [ rad/ s] 
• f - frequency ( cycles per second) [Hz] 
• T- vibration period [s] 

Circular frequency, frequency and period are related as follows: 

w = 2nf 

Models in this chapter 

Configuration 

T=~ 
t 

Study Name Study Type 

PIPE SUPPORT.sldprt Default 
01 static Static 

02 modal Frequency 

MISALIGNMENT .sldprt* Default 
01 misaligned Static 

02 aligned Static 

* This model comes with studies defined and ready to run 
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Notes: 
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5: Static analysis of a link 

Topics covered 

o Symmetry boundary conditions 

o Preventing rigid body motions 

o Limitations of the small displacements theory 

Project description 

We need to calculate displacements and stresses of the link shown in Figure 5-1. 
The link is supported by tight-fitting pins in the two end holes and is loaded by a 
loose fitting pin at the central hole with a force of 30000N. The other two holes 
are not loaded. Open part file LINK. It has been assigned the material properties 
of Chrome Stainless Steel. 

Pin support 

Load 30000N 

Figure 5-1: CAD model of the link. 

Notice that the supporting pins and the loaded pin are not present in the model. 
All chamfered edges have no structural significance and will be suppressed to 
simplify meshing. 
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Procedure 

One way to conduct this analysis would be to model both the link and all 
three pins, and then conduct an analysis of the assembly. However, we are not 
interested in the contact stresses that will develop between the pins and the link. 
Our focus is on displacements and stresses that will develop in the link. 
Therefore the analysis can be simplified; instead of modeling the pins, we can 
simulate their effects by properly defining restraints and loads. Notice that the 
link geometry, restraints, and loads are all symmetrical. We can take advantage 
of this symmetry and analyze only half of the model, replacing the other half 
with symmetry boundary conditions. 

To work with half of the model, switch to the 02 half model configuration using 
the Configuration Manager. This also suppresses all the small chamfers in the 
model. The chamfers have negligible structural effect and would unnecessarily 
complicate the mesh. Removing geometric details deemed unnecessary for 
analysis is called def eaturing. 

Finally, notice a split face in the middle hole that defines the area where the load 
will be applied. The geometry in FEA-ready form is shown in Figure 5-2. Figure 
5-2 also explains how the restraints should be applied. 

Only circumferential 
displacements are allowed 

on this cylindrical face. 

Figure 5-2: Half of the link with restraints explained. 

Symmetry 
boundary 
conditions 

The applied restraints: a hole where the pin support is simulated and two faces 
in the plane of symmetry where symmetry boundary conditions are required. 
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The model is ready for the definition of restraints - the highlight of this exercise. 
Move to SOLIDWORKS Simulation and define a static study. 

Right-click Fixtures folder and select Fixed Hinge from the pop-up menu. This 
opens the Fixture window with the Fixed Hinge button already selected (Figure 
5-3). This restraint simulates hinge support. An identical restraint can be 
obtained using either Hinge or On Cylindrical Face (with suppressed radial and 
axial directions) (Figure 5-3). 

Fixture ® I Fixture 

Type Split 

v Example v 

Standard (Fixed Hinge) A Standard v 

re I Fixed Geometry 

I {i'i I Roller /Slider 

! I !fl I Fixed Hinge 

(t r Face <l > 

0 

On Cylindrical Faces 

Radial - restrained ( selected) 

Circumferential - free ( unselected) 

Axial - restrained ( selected) 

Fixed Hinge 
Restraint definition 

Advanced(On Cylindrical Faces) 

I !Jll j Symmetry 

I ~ I Cyclic Symmetry 

I (i:l j Use Reference Geometry 

[ (I;I I On Flat Faces 

--1 ~ I On Cylindrical Faces 

I O I On Spherical Faces 

~ Face<l > 

Translations 

iJ [ ___ mm ______ __,• ] 

I ~ I o • mm 

IC] Reverse direction 

I~ I o _____ • rad 

~ o • mm 

[O Reverse direction 

On Cylindrical Faces 
Restraint definition 

Figure 5-3: Two alternative ways of defining hinge support. 

on (ylondr,al faces: 

Radtal (mm): o 

.A)(iat (mm): 0 

Cylindrical face 
Restraint symbols 
are shown 

Once the Fixture definition window has been opened, you can move between 
different types of restraints. You are not committed to the default selection made 
in the pop-up menu choice. 
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When the Fixture definition window specifies the restraint type as Hinge or On 
cylindrical face, the restraint directions are associated with the directions of the 
cylindrical face (radial, circumferential, and axial), rather than with global 
directions x, y, z. 

To simulate a pin support that allows the link to rotate about the pin axis, radial 
displacements need to be restrained and circumferential displacements allowed. 
Furthermore, displacements in the axial direction need to be restrained in order 
to avoid any rigid body motions of the entire link along this direction. 

Using the Hinge support is easier but does not describe how the restraint 
functions, so the On cylindrical face restraint method is used here instead for 
clarification. 

Notice that while we must restrict the rigid body motion of the link in the 
direction defined by the pin axis, we can do this by restraining any point 
of the model. It is simply convenient to remove rigid body motions by applying 
the axial restraints to this cylindrical face. 

To simulate the entire link, even though only half of the geometry is present, 
we apply symmetry boundary conditions to the two faces located in the plane of 
symmetry. Symmetry boundary conditions allow only in-plane displacements. 
The easiest way to define symmetry boundary conditions is to use Symmetry as 
a type of restraint. The definition of the symmetry boundary conditions is 
illustrated in Figure 5-4. 
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qt Static 1 (-02 half model-) 

~ LINK (-[SW]Chrome Stainless Steel-) 

i i Connections 

~ ($ Fixtures , 

! A External loz ff .Advisor ... 

<g, Mesh 'c Fixed Geometry ... 

[[] Result Optic ~ Roller/ Slider .. . 

All three windows shown 
below are opened from 
Advanced Features in 

l;ffl Fixed Hinge .. . 

'.m Elastic Support. .. 

O Bearing Fixture ... 

ith Foundation Bolt .. 

this pop up menu Advanced Fixtures ... 

Fixture 

x ~ 

Type Split 

Example 

Standard 

Advanced{Symmetry) 

Im J Symmetry 

I (d I Cychc Symmetry 

I (D I use Reference Geometry 

I (f;) I On Flat Faces 

I t! ] On Cylindrical Faces 

I O j On Spherical Faces 

0 

v 

v 

Fixture 

- Type ~' S_pl_it _._l --------

Example 

Standard 

Advanced{On Flat Faces) 

I IJ I Symmetry 

I (d I Cyclic Symmetry 

I Ip Use Reference Geometry 

( fj:)] On Flat Faces 

I a I On Cylindrical Faces 

I O j On Spherical Faces 

Translations 

0 

v 

v 

~ l~m_m~~~~~~__,• J 
I ~~ j[ o ___ ... mm 

[ ~t j(....._o ____ •__,, mm 

~ o • mm 

[O Reverse direction 

0 

Figure 5-4: Definition of symmetry boundary conditions. 

Fixture 

x ~ 

ype I Split I 
:><ample 

;tandard 

ldvanced{Use Reference Geometry) 
I Ill Symmetry 

~ Cyclic Symmetry 

use Reference Geometry ----
© I On Flat Faces 

a I On Cylindrical Faces 

O I On Spherical Faces 

0 

Symmetry 
boundary 
conditions 

v 

v 

Right (i:) I ______ __ 
'ranslations 

11 Imm 

~~ 0 • l mm 

~ o :Jmm 

,,. 0 • mm 

[J Reverse direction 

Three ways of defining the same symmetry condition are shown; all produce the same 
result: 

(1) Symmetry restraint. 

(2) On Flat Face restraint where both in-plane displacements are allowed, but 
displacement in the direction normal to the face is set to zero. 

(3) Use Reference Geometry where free and restrained directions are defined with 
reference to selected reference geometry (here, the Right reference plane). The 
reference plane can be selected from the fly-out menu which is not shown here. 
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Recall from Figure 5-1 that the link is loaded with 30000N. Since we are 
modeling half of the link, we must apply a 15000N load to a portion of the 
cylindrical face, as shown in Figure 5-5. The size of the load application area is 
arbitrarily created with a split line. It should be close to what we expect the 
contact area to be between the loose fitting pin and the link. 

When defining the load (Figure 5-5), take ad.vantage of SOLIDWORKS' fly-out 
menu visible in the SOLIDWORKS Simulation window to select the reference 
plane required in the Force/Torque definition window. 

Force/Torque 
~ LINK (02 half model. .. 

• ~ History 

Type I Sp t~---------• ~ [al Annotations 

Force/Torque 

j .!.. j Force 

'&, I Torque 

Face <l > 

I Normal 

-

0 

!~ 1 Selected direction 

Top I 

-
I~ Per item 

Total 

Units 

l1 [..__s1 _____ ------J ... ] 

Force 

~~
1

1 ____ ,.. N 

~t [_1 ____ ... N 

I~;. J 1sooo ... N 

[J] Reverse direction 

I 
I 

~1 

~ 00 Solid Bodies(l ) 

~ Surf ace Bodi es 

~ Equations 
o-
:=i Chrome Stainless ... 

~ Front 

,~ Topi 

h._ Right 

~ Origin 

• Base-Extrude 

• ~ Cut-Extrudel 

gg LPatternl 

• I@ Split Linel} 

• G!iJ Cut-Extrude2 

Chamferl 

Figure 5-5: 15000N force applied to the central hole. 

Normal to Plane (N): 15000 

Force is applied in the selected direction. The Top reference plane is used to 
determine the load direction. Notice that the load is distributed uniformly. We 
are not trying to simulate a contact stress problem. 
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The final task of model preparation is meshing. Right-click the Mesh folder 
to display the related pop-up menu, and then select Create Mesh ... Verify that 
the mesh preferences are set on high quality ( meaning that second order elements 
will be created) and mesh the geometry using the default element size. For more 
information on the created mesh, you may wish to review the Mesh Details 
(Figure 5-6). 

Mesh Details -Ill x 

Study name Static 1 (-02 half model-) 
Mesh type Solid Mesh 
Mesher Used Standard mesh _,_ -
Automatic Transition Off 
Include Mesh Auto Loops Off 
Jacobian points 4 points 
Element size 7.83371 mm -
Tolerance 0.391686 mm 
Mesh que.lity .. High 
Total nodes 12866 
Total elements 7717 
Maximum Aspect Ratio 3.3491 

Percentage of elements 
99.9 with Aspect Ratio < 3 

Percentage of elements 
0 

with Aspect Ratio > 10 

% of distorted elements 
0 

(Jacobian) .... 
Time to complete mesh(hh:mm:ss) 00:00:01 . .. 
Computer name 

Figure 5-6: The meshed model shown together with the Mesh Details window. 

After solving the model, we first need to check if the pin support and symmetry 
boundary conditions have been applied properly. This includes checking whether 
the link can rotate around the pin and whether it behaves as a half of the whole 
link. This is best done by examining the animated displacements, preferably with 
the undeformed shape visible (Figure 5-7). 
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--------------~ -

Figure 5-7: Comparison of the deformed and undeformed shapes. 

URES (mm) 

0.309 

0.286 

,__ _ 0.264 

. 0.241 

0.218 

0.196 

_ 0.173 

_ 0.150 

_ 0.127 

0.105 

_ 0.082 

_ 0.059 

_ 0.037 

Comparison of the deformed and undeformed shapes verifies the correctness of 
the applied restraints; the link rotates around the imaginary pin while faces in 
the plane of symmetry remain flat and perform only in-plane translations. 
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To conclude this exercise, review the stress results. Examine the different stress 
components, including the maximum principal stresses, minimum principal 
stresses, etc. 

von Mises (N/ mm/\ 2 (MP a)) 

165.9 

152.1 

--·- 138.3 

124.5 

110.6 

96.8 

83.0 

69.2 

55.3 

_ 41.5 

Max: 165.9 _ 27.7 

_ 13.9 

0.0 

___.. Yield strength: 172.3 

Figure 5-8: Sample of stress results: von Mises stress. 

In this plot, the location of the maximum stress is shown, as requested in the 
Chart Options window. 

Repeat this exercise using the full model to perform an analysis of the complete 
model without using symmetry boundary conditions. 

Before finishing the analysis of LINK, we should notice that the link supported 
by two pins as modeled in this exercise corresponds to the configuration shown 
in Figure 14-25, where one of the hinges is supported by rollers and is free to 
move horizontally. 

Since linear analysis does not account for changes in model stiffness during the 
deformation process (nor does it account for material yielding), linear analysis is 
unable to model stresses that would have developed if both pins were in a fixed 
position. If both pins were fixed, a nonlinear geometry analysis would be 
required to analyze the model. Refer to chapter 14 for more information on non­
linear analyses. 
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Mode ls in this chapter 

Model Configuration Study Name Study Type 

LINK.sldprt 01 full model 

02 half model Static 1 Static 
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6: Frequency analysis of a tuning 
fork and a plastic part 

Topics covered 

o Frequency analysis with and without supports 

o Rigid body modes 

o The role of supports in frequency analysis 

o Symmetric and anti-symmetric modes 

Project description 
Structures have preferred frequencies of vibration, called resonant frequencies. 
A mode of vibration is the shape in which a structure will vibrate at a given 
natural frequency. The only factor controlling the amplitude of vibration 
in resonance is damping. While any structure has an infinite number of resonant 
frequencies and associated modes of vibration, only a few of the lowest modes 
are important when analyzing response to dynamic loading. A frequency analysis 
is used to calculate these resonant frequencies and their associated modes of 
vibration. 

Open the part file called TUNING FORK. It has material properties already 
assigned (Chrome Stainless Steel). The model is shown in Figure 6-1. 

Figure 6-1: The TUNING FORK model. 

Fixed restraint 
to ball surface 

A fixed restraint is applied to the surface of the ball. Do not apply an ''On 
spherical face'' restraint. 
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A quick inspection of the CAD geometry reveals a sharp re-entrant edge. 
This condition renders the geometry unsuitable for stress analysis but is 
acceptable for frequency analysis unless the omitted fillet significantly changes 
the model stiffness. 

Procedure 
Define a Frequency study called tuning fork. Once the study has been created 
right-click it to open a pop-up menu and select Properties (Figure 6-2). 

Frequency 

I Options ! Flow/Thermal Effects j Remarlcl 

Options 

~ y tuning fork (-Def a, ;.; 
~ TUNTNG FORK I ~ Bun 

~ Number of frequencies 
Five 
frequencies 

i i Connections 8 Update All Components 
IC] Calculate frequencies closest to: 

(Frequency Shift) 
Io ] Hertz 

f o I Hertz • 1$ Fixtures ~ E~port ... \_' Upper bound frequency: 

{c Fixed-! ,... 
I o ,.,., Copy Study 
:!:O External Loads "'V' -

<!, Mesh 

~ (tl Results 

I 

x Delete 

[if Details ... 

!El PrQperties ... 

~ Mass Properties ... 

IC Define £unction Curves ... 

Rename 

[l) ~opy 

~ Save All Plots as lPEG Files 

{e Save All Plots as eDrawings 

Incompatible bonding options 

~ ' Automatic -
O Simplified 

C' More accurate (slower) 

Solver 

[J Automatic Solver Selection 

[ FFEPlus 

O Use 1nplane effect 

I[] Use soft spring to stabilize model 

L~ Shell Manager 
Results folder f:\ fea results 

[ OK ] I Cancel J I Apply J [ Help J 

Figure 6-2: Frequency study definition (left) and study properties (right). 

We request that five frequencies be calculated. 

Next, define fixed restraints to the ball surface, as shown in Figure 6-1 . This 
approximates the situation when the TUNING FORK is held with two fingers. 

Finally, mesh the model with the default element size. The meshed model 
is shown in Figure 6-3. The automesher selects the element size to satisfy the 
requirements of a stress analysis. A frequency analysis is less demanding on the 
mesh, so generally, a less refined mesh is acceptable. Nevertheless, since this is a 
very simple model, we accept the mesh without making any attempt 
to simplify it. 
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Figure 6-3 : Meshed model of the TUNING FORK. 

Sharp re-entrant edges are present in the model which is acceptable for 
frequency analysis if their omission does not significantly change the model's 
stiffness. Sharp reentrant edges will not cause a singularity in the solution for 
modes of vibration. 

After the solution is complete, SOLIDWORKS Simulation automatically 
creates displacement plots (Figure 6-4 ). For reasons already explained in chapter 
4, we ignore numerical values in amplitude results. Using the Mode Shape/ 
Amplitude window we deselect colors, turning the amplitude plot into a 
deformation plot; we call this a Mode Shape plot. 

Q.Y tuning fork (-Default-) 

~ TUNING FORK (-[SW]Chrome Stainless Steel-) 

i i Connections 

• ($ Fixtures 

t Fixed-1 

!A External Loads 

~ Mesh 

... ft) Results 

~ Amplitudel (-Res Amp - Mode Shape 1-) 

~ Amplitude2 (-Res Amp - Mode Shape 2-) 

~ Amplitude3 (-Res Amp - Mode Shape 3-) 

~ Amplitude4 (-Res Amp - Mode Shape 4-) 

~ Amplitudes (-Res Amp - Mode Shape 5-) 

Figure 6-4: Five amplitude plots are created automatically. 

Plot Amplitude] shows Mode Shape 1 etc. 
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The Mode Shape plot in the modal analysis shows the associated modal shape of 
vibration and lists the corresponding natural frequency. The first four modes of 
vibration are presented in Figure 6-5. 

Mode 1 
215.5Hz 

Mode3 
420.9Hz 

Mode2 
216.4Hz 

Mode4 
440.3Hz 

Figure 6-5 : The first four modes of vibration and their associated frequencies. 

The undeformed model is superimposed on the mode shape plots. 

The analyzed TUNING FORK is the most common type of tuning fork and as 
any musician will tell us, should produce a lower A sound, with a frequency of 
440 Hz. 

However, the lower A frequency of 440 Hz, which is expected to be the first 
mode, is actually the fourth mode. Before explaining why this occurs, let's run 
the frequency analysis once more, this time without any restraints. Defrne a new 
frequency study, called tuning fork no supports. 

The easiest way to do this is to copy the existing TUNING FORK study and 
either delete or suppress the restraint (right-click the restraint icon and make the 
proper selection). 

As we will soon explain, in the absence of restraints the model has six Rigid 
Body Modes. Therefore, if we still want to calculate five modes of vibration, 
which for consistency should now be called Elastic Modes, we must specify a 
total of 11 modes in the properties of the frequency study. 
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After the solution has been completed, right-click the Results folder and select 
List Resonant Frequencies (Figure 6-6). 

List Modes I I § ~ 

Study name:tuning fork no supports 

Mode No. 1 Frequency(Rad/sec) Frequency(Hertz) Period (Seconds) 
1 0 0 1 e+032 
2 0 0 1 e+032 
3 0.012503 0.001 9899 502.54 
4 0.026238 0.004176 239.47 
5 0.034255 0.0054518 183.43 
6 0.046053 0.0073295 136.43 
7 2767.2 440.41 0.0022706 
8 4242.3 675.18 0.001481 1 
9 10221 1626. 7 0.00061473 

10 10998 1750.4 0.00057128 ...................................... 
1 1 17431 2774.3 0.00036045 ...................................... 

[ Close ) [ Save ] [ Help ] 

Figure 6-6: The List Modes window in the analysis of TUNING FORK. 

Modes 1-6 are rigid body modes with frequency equal to, or very close to OHz. 
Numerical error is the reason why not all rigid body modes have a frequency 
exactly equal to OHz. 

Mode 7 is the first elastic mode of vibration. 

Notice that if you re-run the solution with more modes requested (here 11) but 
you use the model where five modes have been previously calculated, then only 
five plots will be automatically created. You' ll have to define the remaining plots 
manually. Alternatively, you may delete all plots before re-running the solution; 
all eleven plots will then be created automatically. 
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We notice that the first six modes have the associated frequency OHz or very 
close to OHz. Why? The first six modes of vibration correspond to rigid body 
modes. Because the TUNING FORK is not supported, it has six degrees of 
freedom as a rigid body: three translational and three rotational. 

SOLIDWORKS Simulation detects these rigid body modes and assigns them 
with a frequency of zero (OHz). Modes 3, 4, 5, and 6 do not have a frequency of 
exactly zero due to numerical error. 

The first elastic mode of vibration, meaning the first mode requiring the fork to 
deform is mode 7, which has a frequency of 440.4 Hz. This is close to what we 
were expecting to fmd as the fundamental mode of vibration for the TUNING 
FORK. 

Why did the frequency analysis with the restraint not produce the first mode with 
a frequency near to 440 Hz? If we closely examine the first three modes of 
vibration of the supported TUNING FORK, we notice that they all need the 
support in order to exist. The support is needed to sustain these modes, 
but while this support makes these first three modes possible, in reality 
it also provides damping. After modes 1, 2, and 3 have been damped out, the 
TUNING FORK vibrates the way it was designed to: in mode 4 (as calculated in 
the analysis with supports) or mode 7 (as calculated in the analysis without 
supports). These two modes are identical. 

To learn more about modes of vibration of an unsupported elastic model 
( all models in linear FEA are considered elastic), calculate six elastic modes of 
the unsupported model PLASTIC PART. Mode Shape results corresponding to 
the first six elastic modes are shown in Figure 6-7. You'll need to request 12 
modes in the study properties. 

All 12 modes, six rigid body modes and six elastic modes, are listed in Figure 6-
8. 
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Mode 1 
430.8Hz 
Symmetric 

Mode3 
1025.3Hz 
Anti-symmetric 

Mode5 
2405.3Hz 
Symmetric 
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I 

._ ~ ---..----...... 
\_~ - ----~ \ 

'--~ ............ .....---. 

Mode2 
804.6Hz 
Anti-symmetric 

Mode4 
1129.3Hz 
Symmetric 

Mode6 
2825.lHz 
Anti-symmetric 

Figure 6-7: The first six elastic modes of vibration of the unsupported model 
PLASTIC PLATE. 

Based on the deformation results of PIPE SUPPORT, TUNING FORK and 
PLASTIC PLATE, we can make an interesting observation about the nature of 
the modes of vibration. If a model is symmetric and has symmetric restraints ( or 
no restraints at all), then its modal shapes are either symmetric or anti-symmetric. 
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l ist v1odes - Cl -
I 
@) ~ 

Study name: Frequency 1 

( 

Mode No. F requency(R ad/sec) F requency(H ertz) Period(S econds) 
1 0 0 1 e+032 
2 0 0 1 e+032 

• .. . 
3 0 

• 
0 1 e+032 • • • • • • .... . ...... -· .. ·-·-·· 

4 0 0 1 e+032 
5 0.0057588 0.00091654 1091. 1 
6 0.0068185 0.0010852 921.5 
7 2706.7 430. 79 0.0023213 
8 5055.3 804.58 0.0012429 
9 6442.2 1025.3 0.00097531 

10 7095.4 1129.3 0.00088553 
11 15113 2405.3 0.00041574 
12 17751 2825.1 0.00035397 

Close ) [. Save ] [ L Help ] 

Figure 6-8: The List Modes window in the analysis of PLASTIC PART. 

Modes 1-6 are rigid body modes with frequency equal or very close to OHz. 
Modes 7-12 are elastic modes shown in Figure 6-7 where they are numbered 
from 1 to 6. 

Models in this chapter 

Configuration Study Name Study Type 

TUNING FORK.sldprt Default tuning fork Frequency 

tuning fork no supports Frequency 

PLASTIC PART.sldprt Default Frequency 1 Frequency 
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7: Thermal analysis of a pipe 
connector and a heater 

Topics covered 

o Analogies between structural and thermal analysis 

o Steady state thermal analysis 

o Analysis of temperature distribution and heat flux 

o Thermal boundary conditions 

o Thermal stresses 

o Vector plots 

Project description 

So far, we have performed static analyses and frequency analyses, which 
both belong to the class of structural analyses. Static analysis provides results in 
the form of displacements, strains, and stresses, while frequency analysis 
provides results in the form of natural frequencies and associated modes of 
vibration. We will now examine a thermal analysis example. Numerous 
analogies exist between thermal and structural analyses. The most direct 
analogies are summarized in Figure 7-1. 

Structural Analysis Thermal Analysis 

Displacement [ m] Temperature [K] 

Strain [dimensionless] Temperature gradient [Kim] 

Stress [N/m2
] Heat flux [W /m2

] 

Load [N] [Nim] [N/m2
] [N/m3

] Heat source [W] [W/m] [W/m2
] [W/m3

] 

Prescribed displacement [ m] Prescribed temperature [K] 

Figure 7-1: Selected analogies between structural and thermal analysis with 
corresponding units in the SI system. 

A negative heat source is a heat sink. 
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Procedure 

Open part model PIPE CONNECTOR in 01 full configuration. Our objective is 
to find the steady state temperature and heat flux in the part when prescribed 
temperatures are applied to the end faces as shown is Figure 7-2. As indicated in 
Figure 7-1, prescribed temperatures are analogous to prescribed displacements in 
structural analyses. 

80°C 

c: _.> 

100°c 

-

400°C 

....._ _____ __ 
I 

250°C 

Figure 7-2: CAD model of pipe connector. 

Shown are the prescribed temperatures, applied to the end faces as temperature 
boundary conditions. Notice that the units given are in degrees Celsius; however, 
units of degrees Fahrenheit or degrees Kelvin may also be used. 

Since no convection coefficients are defined on any surfaces, heat can enter 
and leave the model only through the end faces with the prescribed temperatures 
assigned. Even though the problem has little relevance to real heat transfer 
problems, it helps us understand the basics of thermal analysis. 
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Study 

x ...... 

Message 

Name 
. . 

crossing pipes 

Type 

I~ I Static 

I Q.8 1 Thermal 

~ 
~ 
l~ 
~ 

Frequency 

Buckling 

Drop Test 

Fatigue 
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The first step in thermal analysis is the study definition. Call this study O 1 
thermal and define it as shown in Figure 7 -3. 

v 

Thermal 

Options Remark 

Solution type 

(f) Transient: 

Total tln1e: 

Tune increment: 

.__I 1 _ __,j sec 

I 0.1 j sec 

O Initial temperatures from thermal study 

=--\.~ Steady state: 

Thermal study: .__ _____ ""'....., Time steps: ..... I 1 __ __,!.: : 
[J Include fluid convection effects from SOUDWORKS Flow Simulation 

Fluid convection option 

I [] 
SOUDWORKS model name • 

• 

Configuration name • 
• 

Flow iteration no. • 
• 

Steady state 

I c() I Pressure Vessel Design 
Solver 

I ~ I Design Study 

~ Submodeling 

I cf I Nonlinear 

I ~ Y I Linear Dynamic 

IC] Automatic Solver Selection 

[ FFEPlus ""' I 

Results folder f:\ fea results [] 

I Advanced Options... J 

( __ o_K __ I [ Cancel J IL=~H=elp==...JJ 

Figure 7-3 : Definition of OJ thermal study (left) and the study properties window 
(right). 

Steady state is the default option in study properties. 

In a Steady state thermal analysis, it is assumed that enough time has passed 
since the thermal conditions have been applied, and therefore all parameters 
characterizing heat flow no longer vary with time. 
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To define the prescribed temperature, right-click the Thermal Loads folder and 
select Temperature to open the Temperature definition window. Define 
prescribed temperatures to the four faces in four separate steps as shown in 
Figure 7-2. 

~ 01 thermal (-01 full-) 

It,' PIPE CONNECTOR (-[SW)Brass-) 

i i Connections 

(Q.8 Th~~~;i Lo~ tl 
~ Mesh 1 & I emperature ... 

ffi' c . <> onvect1on ... 

~ Hegt Flux ... 

I ~ H~at Power ... 

~ Radiation ... 

Qptions ... 

Hide All 

$.how All 

[fl ~opy 

. 

b Create New Folder 

Temperature 

x 

Type [ Split I 
Type 

( Initial temperature 

~ Temperature 

Face<l> 

0 

Select all exposed 
faces 

Temperature 

a 400 ... [ Celsius (°C) ... ] 

Symbol Settings 

Temperature (Celsius {°C)): 400 

Figure 7-4: Defining prescribed temperature on the end face. 

0 

v 

Right-click the Thermal Loads folder and select Temperature from the pop-up 
menu. Define the prescribed temperatures in the Temperature definition window. 
The bottom illustration shows Temperature symbols on the selected face. 
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Mesh the model using the settings shown in Figure 7-5. 

Mesh 

x 

Mesh Density 

0 
Coarse Fine 

[ Reset I 
0 Mesh Parameters 

-L Standard mesh 

@. Curvature-based mesh 

f Blended curi.,ature-based mesh 

[mm 0 

~ js.OOmm 

~A.., 1.66665mm 

Advanced v 

Figure 7-5 : Curvature based mesh is used to assure correct meshing of fillets. 

A 5mm element size gives two elements across the wall of thinner pipe. Sixteen 
elements in a circle are specified to assure low element turn angle. 

After solving the model, notice that only one result folder called Thermal] 
is present. By default, it shows the temperature distribution (Figure 7-6). 
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~ Thermal Plot (i) I Temp (Celsius) 

x ....... 400.0 

373.3 
Definit ion Chart Options Settings 

/ / ~ ~ r· 346.7 

Display Optjons v I _ 320.0 

Position/Format v I 293.3 

Color Options _ 266.7 

[ User defined 
240.0 

o: 12 

[] Flip 

User defined 

DDIJI 

~ Thermal Plot 

• 213.3 
A 

... 186.7 

_ 160.0 

_ 133.3 
A 5 .... 

• 106. 7 

80.0 

Figure 7-6: Thermal Plot window defining temperature distribution and 
corresponding plot. 

As a reminder, notice that the dark blue color has been replaced by a grey color 
to improve appearance of this plot. As explained in chapter 2, this method is 
used in many illustrations throughout this book. 

Create a plot showing resultant heat flux (Figure 7-7). 

HFluxN ~ / m"2) 

605359 

554933 

.._ 504507 

Definition Chart Options Settings _ 454082 

Display "' . 403656 
I 

~ I HFLUXN: Resultant heat flux · I 
J 

,.. 353230 

I] lw/m"2 

Advanced Options 

Property 

· I 302804 

v • 252379 

v • 201953 

• 151527 

. 101102 

. 50676 

_ 250 

Figure 7-7: Thermal Plot window defining a heat flux plot and the corresponding 
plot. 
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(2) 
Adjust 

Vector plot 
options 
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Since heat flux is a vector quantity, it lends itself well to be presented as a vector 
plot. Follow the steps in Figure 7-8 to redefine Figure 7-7 into a vector plot and 
edit it appropriately. 

~ Thermal Plot (1) 

~ x .... 
Definit ion Chart Options Settings 

Display A 

~ ( HFLUXN: Resultant heat flux · ] 
i] (w/mA2 · I 

Advanced Options A 
/~ -~-- •.. •.. • 1 t j 

0 Show as vector plot 

O Sh~':' plot only on selected 
entities 

Property 

Vector plot options 

~ x 

Options 

tTT 900 

10 

[[] Surface only 

:J Match color chart 

@) Single color 

% 

[ Edit Color ... ] 

• • 

v 

• • • 

. -. .. ! __ . -. --. . \ •·,. \ ~ 
... ~ - '""-... .... __ 

.. .. ...:·· ~. ...... ,....... ' ......... \ - ,. ..__ .... _ 
l'·· ... 

~-.._ " · ....... ......... 
.. ' ·. ' ·· ' ' ··~ --. ..... .. "", - / - , 

·..... " ...... .......... - ' ... ...._ _____ - ... _ \ 
- .. ' -- . ..__ - -- -....... " ....._ \ ._,, .::::..::..- -•... 
- . .. . ' .. ... ... ' ....... .... -- ..... 

'"' ~... .... --. ... .... .., , .. ,.... ~ .... A J 

' · ·-. ... ' ..... .... . ...... ............ .. ....... 
:!,· ........ ...... ... - -- I 

--. 

-·- ..... ' ..__ .. - .. -· ... .......... ' ---. .. -.... .. "\.:,,. ...... •. ' ,. ....... ' .. _ 
-.. 

.. ... ...._ .... ...... ..... ... ....._ 
..... ' ........... ........_ ........ .. .. 

:.::. ~. -..._ :......... ... -..... ··-. . ~-~ ~ ... . . ..... ....:...___ .. ----- --

' • 

..... ' . --. . ... '• .... .. 
...._ -· ..._ .... 

t 
...... ~-· ...... ... ~ .. __ _ ·-~ ... _ ...... . ...._ 

. ·-- ... _ 
• •, ' 

... .. ' : .:::,.··· ----=----· ,' 

' 
.. . . 

...._ 

-- .. 
·--

Figure 7-8: Heat flux result presented as a vector plot. 

Proceed as explained below to produce a heat flux vector plot. 

To create a vector plot, right-click the existing heat flux plot and select Edit 
definition to open the Thermal Plot window. In Advanced Options, select 
Show as vector plot (1). Once the vector plot is showing, right-click its icon 
again and select Vector Plot Options to open the Vector plot options window 
(2). Adjust the settings to have a clear plot. In particular, select Surface only in 
Vector plot options. 

The non-uniform temperature field that establishes itself in the model (Figure 7-
6) produces thermal stress due to non-uniform thermal expansion of different 
portions of the model. We will now analyze those thermal stresses. Define a 
static study, thermal stresses, with the properties shown in Figure 7-9. 
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Static Static ~ 

Options Adaptive Flow{Thermal Effects Notification Remark Options J Adaptive Flow/Thermal Effects Notification Remark - . - ------, . . 

Gap/Contact - Thermal options 

CJ Include global friction Friction coefficient: 0.05 
(::> Input temperature 

l!:J Ignore clearance for surface contact 
@ Temperatures from thermal study 

tJ Improve accuracy for no penetration contacting surfaces (slower) jo1 thermal · I • 
Thermal study: Time step: 1 --1 .. 

Incompatible bonding options .._, For each nonlinear time step. use temperature from 

- . \~ J Automatic 
co rl!S ?ond1r ..i t1r e o t d s t!r 1e r " d1dly 1s 

(C) Temperature from SOUDWORKS Flow Simulation 

(; Simplified 

(:) More accurate (slower) 
[] 

SOUDWORKS model name . . 

CJ Large displacement 
Configuration name . . 

0 Compute free body forces 
Temperature from time step • . 

Reference temperature at zero strain: 298 [ Kelvin CK) · I 
Solver 

j';t!Automatic Solver Selection 
Fluid pressure option 

rJ Include fluid pressure effects from SOUDWORJ<S Flow Simulation 
FFEPlus 

[.] Use inplane effect •ci 
SOLIDWORKS model name • • 

!yl Use soft spring to stabifize model 

[J Use inertial relief 
Configuration name 

Flow iteration no. 

. . 

. . -use reference pressure (offset) ,n .fld file M/m"2 

Results folder f:\fea results [] Define reference pressure (offset) [o j 1·1/m" 2 

Run as legacy study (exclude shear stress) 

l.__o_ K __ J [ Cancel j Apply ·- [ Help J 
-[ OK l I Cancel I Apply I Help I 

Options tab: Flow/Thermal Effects tab: 
Select Use soft springs to stabilize the model Select Temperatures from thermal study 

Figure 7-9: Properties of the study intended for analysis of thermal stresses are 
defined under two tabs. 

Proceed as explained below to define Options and Flow/Thermal Effects. 

In the Options tab select Use soft springs to stabilize model. This is because in 
a static analysis, the model will not be subjected to any structural loads or 
restraints. This way the pure effect of temperature is shown. The model is under 
internally balanced loads, but due to numerical errors, would experience rigid 
body movement. Soft springs eliminate those rigid body movements by attaching 
springs of very low stiffness to all nodes. 

In the Flow/Thermal Effects tab specify Temperature from thermal study, 01 
thermal. This will import temperature results from the previously completed 
thermal study 01 thermal. 
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A static study with temperatures imported from a thermal study must use a mesh 
that is identical to the one used in the thermal study. To make sure the mesh is 
identical, copy mesh from the thermal study OJ thermal to the static study 02 
thermal stresses. To copy the mesh, click and drag it from the OJ thermal study 
onto the 02 thermal stresses study tab. 

Run the thermal stresses study and display a von Mises stress plot (Figure 7-10). 

von Mises (N/mm" 2 (MP a)) 

43.0 

39.4 

35.9 

32.3 

28.7 

25.2 

21.6 

18.0 

14.4 

10.9 

7.3 

• 3.7 

_ 0.2 

__,. Yield strength: 239. 7 

Figure 7-10: Thermal stresses develop due to non-uniform temperature 
distribution. 

Notice an irregular shape of fringes in the area of stress concentration. 

Analysis of the results in Figure 7-10 reveals irregularly shaped fringes. This is 
due to a coarse mesh. As it turns out, the mesh was adequate for the analysis of 
temperature and heat flux, but not sufficiently refined for an analysis of thermal 
stresses. 

Repeat thermal analysis (study OJ thermal -fine mesh) and static analysis (study 
02 thermal stresses -fine mesh) with mesh control def med on the fillet ( element 
size 2mm). Comparison of thermal stress results is shown in Figure 7-11. 
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Figure 7-11: Thermal stress results produced by a mesh used in this study (left) 
and by a more refined mesh (right). 

The left plot is a repetition of Figure 7-10. You can use the ''regularity'' of fringe 
plots to decide if a mesh needs to be refined. The original mesh uses a 5mm 
elements size. The refined mesh uses 2mm element size on fillets as defined by 
mesh controls. 

You may append this exercise as follows: 

Review the animated displacement results and notice that in the absence of 
restraints the model expands about its center of mass. 

Repeat this exercise using mesh controls to produce smaller elements in the fillet 
area as shown in Figure 7-11; this will require running new thermal analysis and 
new stress analysis. 

Repeat this exercise using 02 half configuration. Do not define any thermal 
conditions on the faces in the plane of symmetry; this way the symmetry of heat 
flow will be satisfied. 
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We will now conduct a thermal analysis of a pipe with cooling fins. The 
objective of this analysis is to find how much heat is dissipated by a 50mm long 
section (Figure 7-12). Open part model HEATER, make sure it is in 01 full 
model configuration, and create a Thermal study. 

Inside face in 
contact with water 

All outside faces 
in contact with air 

50 

Figure 7-12: Analysis of a pipe with cooling fins is conducted on a section 50mm 
long. 

Hot water at 100°C (373K) flows inside the heater. The coefficient of thermal 
convection between the water and the inside heater face is 1 OOOW /m2K, meaning 
that each lm2 of the inside face exchanges (gains or losses) lOOOJ of heat per 
second if the temperature difference between the face and water is 1 K. The 
coefficient of thermal convection between the outside faces and the air is 20 
W /m2K meaning that each 1 m2 of the outside face exchanges (gains or losses) 
201 of heat per second if the temperature difference between the face and air is 
lK. The ambient air temperature is 27°C (300K). 

Notice that we are using somewhat arbitrary values of convection coefficients. 
Finding convection coefficients that correctly describe the problem is often the 
most difficult part of a thermal analysis. For more information refer to ''Thermal 
Analysis with SOLIDWORKS Simulation'' published by SDC Publications. 
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Define convection coefficients and bulk temperatures as shown in Figure 7-13 
and Figure 7-14. 

Convection 

x ..... 

Type Split 

Selected Entities 

Face<l> 

Units 

0 

Select all exposed 
faces 

fJ [_sI _____ ~ • ] 

Convection Coefficient 

""""' ttt 1000 C> • W/(m"2.K) 

[ Edit... JI Graph ] 

Bulk Ambient Temperature 

a 373 • Kelvin (K) 

() 

Convection Coefficient 0/v/(m" 2.K)): 1000 

Bulk Ambient Temperature (Kelvin (K)): 373 

Figure 7-13: Convection coefficient and bulk temperature on the water side 
(inside the tube). 

152 



Conv. coefficient 
20W/m2K -

Ambient temp. 
300K -

Engineering Analysis with SOLIDWORKS Simulation 2018 

Convection (?) 

./ x ..... 

Type Split 

Selected Entities " 
G;;I Face<l > ,,,.. 

Face<2> @] 
Face<3> 

Face<4> 

Face<S> ,.. 
0 

Select all exposed 
faces -

Units A 
0 

-
(] I SI • I 

Convection Coefficient " 
m 20 • W/{m"2.K) C> 

~ [ Edrt ... ][ Graph ] 

Bulk Ambient Temperature A Convect.ion Coefficient r,N/(m" 2.K)): 20 

& 300 • Kelvin (K) Bulk Ambient Temperature (Kelvin (K)): 300 

Figure 7-14: Convection coefficient and bulk temperature on the air side 
(outside). 

Select all outside faces . Convection symbols on the inside face are not shown. 

Since the model represents a section of a longer pipe, we assume that there is no 
heat exchange through the end faces. Therefore, we do not defme any convection 
coefficients on the end faces, treating them as insulated. 
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Use a Curvature based mesh. Specify a 2.5mm global element size to create 
two elements across the fin thickness. Use 8 for the minimum number of 
elements on a circle to produce a low element turn angle (Figure 7-15). 

Mesh 

0 
Fine 

Reset ] 
0 Mesh Parameters 

-I ) Standard mesh -
ii) Curvature-based mesh 

U Blended curvature-based mesh 

(] [mm 

~ 2.SOmm 

a 
... M> 2.SOmm 

@) 8 

Advanced 

0 

v 

Figure 7-15: A curvature based mesh is used to control the element turn angle in 
fillets. 

Use 2.5mmfor element size and 8 elements over 360~ 

Solve the study and display the resultant heat flux plot. Right-click the results 
folder and select List Heat Power ( 1) from the pop-up menu to open the Heat 
Power window. In the model window select the inside face (water side) (2), then 
click the Update button (3) in the Probe Result window. The total heat entering 
the model through the selected face is shown in the lower portion of the Probe 
Result window ( 4) as shown in Figure 7-16. 
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~ Thermal 1 (-01 fu ll model-) 

~ HEATER (-[SW)1060 Alloy-) 

i i Connections 

~ ~ Thermal loads 

~Mesh 

~ ~ R"" ttr 

x 

Solver Messages ... 

~ Define Thermal Plot ... 

~ Results Equations ... 

l ist Thermal ... 

List Heat Power ... 

Bel Save All Plots as JPEG Files 

«e Save All Plots as ~Drawings 

b Create New Folder 

~ .Copy 

Heat Power 

Selection 

I] [watt 

~ 
~ 

Face <l > 

0 

[ Update J 

• 

Summary A 

Selection Entire Model 
Power In 39.651 39.651 

Power Out 0. 39.651 

Net Power 39.651 0.00017465 

0 

-

""' 

(2) 
Select face 

Power In: 39.7 Watt 

Power Out: -0 Watt 

Net Power: 39. 7 Watt 

Figure 7-16: Total heat exchanged between the water and the model is 39.7W. 

The positive sign of net power indicates that the model gains heat from the water. 
This can be visualized by constructing a vector plot of resultant heat flux. 
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Alternatively we can obtain the same results by selecting all faces on the air side 
(Figure 7-17). 

Heat Power Heat Power 

.,/ x x 

Selection A Selection 

11 [w att ~] 11 [w att 

t5l Face<l> @ Face <33> 

Face <34> 

~ ~ Face <35> 

Face<36> 
. 

Face.c37> . . - -

0 0 

[ Update ] [ Update ] 

-
Summary Summary 

Selection 

Power In 39.651 

Power Out 0. 

Net Power 39.651 

Entire M odel 

39.65 

39.65 

0.0001746 

1 

1 

5 Heat lost 

Selection Entire M odel 

Power In 0. 39.651 

Power Out 39.651 39.651 

Net Power -39.651 0.00017465 

Figure 7-17: Total heat exchanged between water and the model (left), and 
between air and the model (right). 

The heat gained from the water is + 3 9. 65 W. The heat lost by the model to the air 
is -39.65W. 

Since this is a steady state thermal analysis, the amount of heat entering the 
model and the amount of heat dissipated by the model must be equal. Any small 
discrepancies are due to numerical error. 

The analysis can be significantly simplified by noticing that heat flow through 
the model has the property of axial symmetry. Therefore, instead of analyzing the 
entire model, we can analyze just one angular section (Figure 7-18). 
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60° section 30° section 

Figure 7-18: The model can be simplified to a radial section. While a 60° section 
appears the most obvious at first sight, the smallest usable section is 30°. 

You are encouraged to repeat the analysis in model configuration 02 30deg 
section or 03 60deg section. Do not apply any convection conditions on faces 
created by radial cuts and remember to multiply the total heat either by 6 or by 
12 depending on which configuration you use for analysis (Figure 7-18). 

Notice that symmetry boundary conditions in a thermal analysis correlate to no 
heat flow through the plane of symmetry. Therefore, to construct thermal 
symmetry boundary conditions on a face, do not define a convection coefficient, 
prescribed temperature or any other condition. In summary, do not apply any 
conditions to the face where thermal symmetry boundary conditions exist. 
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Heat Power 

x 

Selection 

(I (watt 

~ 
~ 

Face<l> 
I 

Summary 

Power In 

Power Out 

Net Power 

0 

[ Update ] 

Selection Entire Model 

3.3043 3.3043 

0. 3.3043 

3.3043 7.5455E-007 

Selected face 

~] 

Vector plot options 

x 

Options 

tTT 294 

m 30 

l'.tJ Surface only 

(ij, Match color chart 

(t.., Single color 

;. 

-

[

0

Edrt Color ... } 

HFluxN 0/tl/m" 2) 

1.738e+004 

1.604e+004 

1.469e+004 

1.33Se+004 

1.201e+004 

1.067e+004 

9.323e+003 

7.980e+003 

6.638e+003 

_ S.29Se+003 

3.952e+003 

2.609e+003 

1.267e+003 

Figure 7-19: Total heat exchanged between water and the selected face of the 30° 
section. 

Total heat gainedfrom the water by the model is 3.3 x 12 = 39.6W 

Heat flow is presented using a vector plot with the above shown settings. 
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Models in this chapter 

Model Configuration Study Name Study Type 

01 thermal Thermal 

02 thermal stresses Static 

01 full 
PIPE CONNECTOR.sldprt 02 thermal-fine mesh Thermal 

02 thermal stresses -fine mesh Static 

02 half 

01 full model Thermal 1 Thermal 

HEATER.sldprt 02 30deg section Thermal 2 Thermal 

03 60deg section 
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Notes: 
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8: Thermal analysis of a heat sink 

Topics covered 

o Analysis of an assembly 

o Global and local Contact conditions 

o Steady state thermal analysis 

o Transient thermal analysis 

o Thermal resistance layer 

o Use of section views in result plots 

Project description 
In this exercise, we continue with thermal analysis. However, this time we will 
analyze an assembly rather than a single part. Open the assembly HEAT SINK 
(Figure 8-1 ). 

Figure 8-1: Assembly model of a heat sink using a radiator. 

Aluminum 
radiator 

Ceramic 
microchip 

HEAT SINK assembly consists of two components: a ceramic microchip and an 
aluminum radiator. All heat generated by the microchip dissipates through the 
radiator. The two faces of microchip visible in this illustration do not dissipate 
heat. 
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Analysis of an assembly allows assignment of different material properties 
to each assembly component. Notice that the Solids folder contains two icons 
corresponding to the two assembly components with material properties already 
assigned. This is because material has been assigned to each part that the 
assembly consists of: Ceramic Porcelain material to the microchip and 
1060Alloy to the radiator. 

The ceramic microchip generates a heat power of 25W and the aluminum 
radiator dissipates this heat. The ambient temperature is 27°C (300K). Heat 
is dissipated to the environment by convection through all exposed faces of the 
radiator. We assume that the microchip is insulated, meaning it cannot dissipate 
heat directly to ambient air, but only through the face touching the radiator. The 
convection coefficient ( also called the film coefficient) is assumed to be 25 
(W /m2)/K in this model. This value of the convection coefficient corresponds to 
natural convection taking place without a cooling fan. 

Heat flowing from the microchip to the radiator encounters thermal resistance on 
the boundary between the microchip and radiator. Therefore, a thermal resistance 
layer must be defined on the interface between these two components. 

Our first objective is to determine the temperature and heat flux of the assembly 
in steady state conditions ( after enough time has passed 
for temperatures to stabilize). This will require steady state thermal analysis. 

The second objective is to study the temperature in the assembly as a 
function of time in a transient process when the assembly is initially at room 
temperature and the power is turned on at time t = 0. This will require transient 
thermal analysis. 

Procedure 

Create a thermal study called heat sink steady state. Before proceeding, we need 
to investigate the folder called Connectors which is found in study window. By 
default, the Global Contact between parts in an assembly is Bonded. As the 
name implies, all parts in assembly behave as one. We need to change it by 
defining a Contact Set. 

Right-click the Connections folder and select Contact Set to open the Contact 
Set window shown in Figure 8-2. Select Thermal Resistance with Node to 
surface as the contact type. This contact condition overrides the global Bonded 
contact condition. Select the contacting faces and enter Distributed Thermal 
Resistance as 0.001Km2/W. This value is quite high; we use it to demonstrate 
clearly the effect of a thermal resistance layer. The magnitude of thermal 
resistance is usually obtained by testing. Notice that the units of thermal 
resistance are the reciprocals of units of thermal convection. 
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Figure 8-2: Definition of Thermal Resistance Contact Set. 

We need to define a local Contact Set for contacting/aces in order to introduce a 
thermal resistance layer between the contacting faces. This can only be done as 
a local Contact Set using Node to surface option in Advanced settings. Use the 
exploded model view to define the Contact Set. 
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Next, specify the heat power generated in the microchip. To do this, right-click 
the Thermal loads folder to open the pop-up menu. Select Heat Power to open 
the Heat Power window (Figure 8-3), and then from the fly-out menu select the 
MICROCHIP assembly component and define a 25W heat power. This applies 
heat power to the entire volume of the selected component. 

0, heat sink steady state (-Default-) 

~ ~ Parts 

Selected Entities 
• <!!:! HEAT SINK (Defaul t ... 

~ ii) Sensors • i i Connections 

~ ~ Component Contacts 

~ ~ Contact Sets 

[oJl Therrr· ~~ Hide All 

~ Mesh Show All 

& Iemperature ... 

ffl' c . <> onvect1on ... 

m Heat Flux ... 

.b Heat Power ... 

~ Radiat ion ... 

~ Create New Folder 

Qptions ... 

~ ~opy 

() 

Select all exposed 
faces 

~ Per item 

Total 

Heat Power 

E1 [..__s1 _____ __,"' ) 

J.. 25 • W 

rJ Reverse direction 

I ~ I I Edit... JI Vie\v ] 

~ 00 Annotati ons 

~ Front 

hl Top 

hl Right 

~ Origin 

Select microchip 
assembly component 
from the fly-out menu 

I 

~ ~ (f) radi ator<l > ( .. . 
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Figure 8-3: The SOLIDWORKS fly-out menu is used to make a selection of the 
part (here a microchip) necessary to define Heat Power. 

Notice that MICROCHIP-I appears in the Selected Entities field. 

So far we have assigned material properties to each component and also defined 
a heat source and a thermal resistance layer. In order for heat to flow, we must 
also establish a mechanism for heat to escape the model. This is accomplished by 
defining convection coefficients. 

Right-click the Thermal Loads folder to open a pop-up menu and select 
Convection ... to open the Convection window (Figure 8-4). Select all faces of 
the RAD IA TOR except the one touching the MICROCHIP. Do not select any 
face of the MICROCHIP. Enter 25 (W /m2)/K as the value of the convection 
coefficient for all selected faces and enter the Bulk Ambient Temperature as 
300K. 
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Figure 8-4: Definition of convective boundary conditions; it consists of definition 
of Convection Coefficient and Bulk Ambient Temperature. 

Use this window to specify both the Convection Coefficient and the Bulk 
Temperature. Do not select any faces of the microchip; we assume that the 
microchip exchanges heat only with the radiator. 
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The last step before solving is creating the mesh. Use the mesh settings shown in 
Figure 8-5. 
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Figure 8-5: Use standard mesh and define mesh controls on all three fillets 

Use element size setting as shown above. Notice low alb ratio in mesh control 
window to produce gradual transition f rom small elements in fillets (1 mm) to 
large elements (2.5mm). 
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Once the solution is ready, examine the two plots: temperature and resultant heat 
flux. The temperature plot is created automatically in the Results folder. The 
required choices for both plots are shown in Figure 8-6. 

~ Thermal Plot ~ Thermal Plot 

x 

Definition Chart Options Settings Definit ion I Chart Options j Settings I 
Display A Display A 

I ~ [ TEMP: Temperature ~] ~ [ HFLUXN: Resultant heat f lux ~] 
[] [ Celsius ~] [] [w / m" 2 ~] 

Advanced Options v Advanced Options v 

Property v Property v 

Temperature Heat flux 

Figure 8-6: Thermal Plot definition window for temperature distribution plot 
(left) and heat flux plot (right). 

Both temperature and heat flux result plots are more informative if presented 
using section views. SOLIDWORKS Simulation offers a multitude of options 
for sectioned plots which are easier to practice than to read about. Here we 
describe the procedure of creating a flat section result plot using one of the 
default reference planes in SOLIDWORKS, but any reference plane can be used. 

To show the section view of the temperature distribution plot, right-click the plot 
icon and select Section Clipping from the pop-up menu to open the Section 
window. By default, the cutting surface is aligned with the Front reference plane. 
To select another cutting plane select it from the SOLIDWORKS fly-out menu. 
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Select plane as section type 

. 
~ heat sink steady state (-Default-) • (ff (i) ,on . Sect 
• ~ Parts x 
• i i Connections 

• ~ Thermal Loads 

<! Mesh 

Section 1 

[J @] 
[TI 

A 

ft!] Lo 
..... ft) Results Right 

IS& Thermal! f rfJ. 
------., ~ .t!ide 

I 

~ 0 .OOmm 
;.. 

Select 
Right plane 

~ ,Edit Definition ... 

1 .... ~nimate ... 

~ Section ,Clipping ... 

~ Jso Clipping ... 

~ Mesh Sectioning ... 

I Co Chart Options ... 

• 

tl'. 0 

ti O 

.OOdeg 

.OOdeg 

0 1 2.12435588mm 

!CJ Secti on 2 

Options 

... 

... 

.... 

A 

.... 

1: 
v -
A 

~ 

Temp (Celsius) 
I!'[;] Settings ... 

,' Probe ~~ 
117.0 

113.6 

,__ _ 110.1 

• 106. 7 

103.3 

99.9 

96.5 

93.1 

89.7 

86.3 

82.9 

79.5 

76.0 

\ 
~ 

ID 
D 
D 

[[] 

o 

Show section plane 

Show mesh on section plane 

Plot on section only 

Show contour on the uncut 
portion of the model 

Explode after clipping 

.z , [ Reset j 

Figure 8-7: A section plot of the temperature distribution in the assembly using 
an exploded view. Color legend is not shown. 

The cutting plane is aligned with the Right reference plane. The position of the 
cutting plane can be modified in a way similar to modifying a SOLID WORKS 
section view. Experiment with Options in the Section window. 

Now, construct a plot of heat flux shown as a vector plot. Follow the steps 
described in chapter 7 to create a heat flux vector plot. In addition to using a 
vector plot, use the exploded view to produce a heat flux plot similar to the one 
shown in Figure 8-8. 
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Figure 8-8: Fringe plot (top) and vector plot (bottom) of heat flux in the assembly 
using exploded view. 

Notice that arrows ''coming out '' of the microchip visually represent where heat 
leaves the microchip. Vectors are tangent to faces where no convection 
coefficients have been defined. 

Some irregularities in vector display are attributed to irregularities in the mesh. 
The maximum heat flux magnitude has been capped at JOOOOW/m2 to mask these 
irregularities. 

Try repeating the analysis with a more refined mesh. 
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Total time 3600s 

Time increment 
360s 

Engineering Analysis with SOLIDWORKS Simulation 2018 

This completes the steady state thermal analysis of the HEAT SINK assembly. 
We now proceed with a transient thermal analysis. Copy the study heat sink 
steady state into a new study named heat sink transient. Right-click the study 
heat sink transient folder and select Properties to open the window shown in 
Figure 8-9. 

Select Transient analysis (Steady state is the default option). Our objective is to 
monitor temperature changes every 360 seconds during the first 3600 seconds. 
Enter 3600 as the Total time and 360 as the Time increment. 

Thermal 
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Figure 8-9: The Transient thermal analysis is specified in the thermal study 
Options tab. 

Analysis will be carried on for 3600 seconds in 10 steps. Results will be reported 
every 360 seconds. 
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Transient thermal analysis requires that the initial temperature of the 
model be defined in addition to the already defined Heat Power and Convection 
coefficients which have been copied from the heat sink steady state study 
together with Contact conditions and the Mesh. 

We assume that both components have the same initial temperature of 300K. 
Right-click the Thermal Loads folder in the heat sink transient study and select 
Temperature to open the window shown in Figure 8-10. Select Initial 
Temperature and enter 300K. From the fly-out menu select both assembly 
components. 
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Figure 8-10: Initial Temperature specified for both assembly components. 

Assembly components can be selected from the SOLIDWORKSfly-out menu. 

Now run the analysis and display the temperature plot for step 10 (the last step) 
by right-clicking the plot icon, selecting Edit Definition and setting the Plot 
Step to 10 (Figure 8-11). 
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Figure 8-11: Temperature distribution after 3600 seconds (step 10) from when 
the microchip was turned on. 

Temperature results shown in degrees Celsius at the 10th time step. 

Irregular fringes on the contacting faces seen in Figure 8-11 indicate the need for 
a more refined mesh. We use this coarse mesh to shorten the solution time of the 
transient analysis. 

Since we have not specified heat power as function of time, it is assumed that the 
full power is turned on at time t=O, when the assembly is at an initial temperature 
of 300K. Figure 8-11 shows the temperature distribution after 3600 seconds. 
Notice that this result is very close to the result of steady state thermal analysis, 
meaning that after 3600 seconds, the temperature of assembly has almost 
stabilized. 

To see the temperature history at selected locations of the model, proceed as 
follows: make sure the temperature plot is displaying the full model, and not just 
the section as in Fig 8-11. This can be done by right clicking the temperature plot, 
selecting Section Clipping ... , and turning off Clipping under the Options menu. 
Next, right-click the temperature plot icon, and select Probe to probe 
temperature in the location shown in Figure 8-12. 
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Figure 8-12: Temperature is probed in the indicated location. 

v (3) 
Select 
Response graph 

(2) 
Select 
Show Value 

Since the temperature of radiator is almost uniform, you may probe at any 
location on the radiator face. Only Show value is selected in annotations. The 
response plot is shown in Figure 8-13. 
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Select Response in the Probe Results window (Figure 8-12) to display a graph 
showing the temperature at the probed location as a function of time (Figure 8-
13). 
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Figure 8-13: Temperature as a function of time in the probed location. 

I 

To produce a response graph (here temperature as a function of time), you may 
probe temperature from any of the 10 performed time steps. It does not have to 
be the last step. Experiment with different plot Options. 

An examination of the Response Graph in Figure 8-13 proves that after 3600 
seconds the probed location has almost achieved its steady state temperature. 

To conclude the thermal analysis of the HEAT SINK assembly, we will study 
the effect of the thermal resistance layer. Switch to the exploded view and show 
any Temperature plot. Here we use the plot from the last step of the transient 
thermal analysis. Probe temperatures in corresponding locations on two 
contacting faces separated by the layer of thermal resistance and notice that a 
temperature gradient exists due to the presence of the thermal resistance layer 
(Figure 8-14 ). The temperature gradient is required to ''push'' heat through the 
layer of thermal resistance. Temperature time history in two locations 
corresponding to the microchip and radiator can be seen on the graph shown in 
Figure 8-14. 

174 



Engineering Analysis with SOLIDWORKS Simulation 2018 

® I Probe Result 

Temp (Celsius) 

)ptions 

~ ) At location 

-.) From sensors 

'==') On selected entities 

) At Node number 

115.3 

111.9 

108.6 

\ 105.2 

101.8 

98.4 

~esults A 95.1 

Node 1Value {Ce~ us) X (mm) Y (mm)_ Z Node: 40320 
• 91.7 

40320 76,4 0291052 :ioooooo s. 
32192 82.9 2682445 :ioooooo 51 

II I 

itatistical Data 

~eport Options 

~nnotations 

[{] Show Node/Element Number 

:J Show X. Y,Z Location 

rt:J Show Value 

0 

Value: 76.4 Celsius 

Node: 32192 
<r----.:::~ 

~ Value: 82.9 Celsius 

iiiiiia~:--------= 

88.3 

_ 84.9 

_ 81.6 

78.2 

74.8 

90.00 · · · · · · · · · · · · · · ·: · · .. · · · · · · · · · · ·:- · · · · · · · · · · · · · · · 
: Microchip side \ 

; ; ~:~,~~: 80.00 ··········· ·· · ·: ···············:-··················· ~·······~·· · · ··· ······ ·· : . . . 
• • • . 
• . . 

~70.00 ··············· f ........................... ( ... \ ··· ·· : 
·-
~ : : Radiator side : 
U . . . - : : : 
0. . 
E : : . : : 
~ 60.00 ··· · ······· ···~· · · ······· · ··:···············:···············:···············: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
50 00 ... ....... ... : .... ...... ..... : .. .... ......... . : ..... .. ......... ~ ............... ~ . . . . . . . . . . . . 

• • • . . . . . 
. . . . . . . . 40.00~ ----+------+----+----+----+----+----+-----i 

360.00 1008.00 1656.00 2304.00 2952.00 3600.00 
Time (sec) 

Node 40320 Node 32192 

Figure 8-14: Temperature difference on two contacting faces separated by the 
layer of thermal resistance. 

The presence of the thermal resistance layer creates a temperature gradient 
shown in the probed results and in the temperature time history graph. The step 
size is 3 60s, therefore the graph starts at t= 3 60s. 

Rotated exploded view is used in this illustration to show both contacting/aces 
where the layer of thermal resistance is defined. 
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Models in this chapter 

Model Configuration Study Name Study Type 

HEAT SINK.sldasm Default 
heat sink steady state Thermal 

heat sink transient Thermal 
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9: Static analysis of a hanger 

Topics covered 

o Global and local Contact conditions 

o Hierarchy of Contact conditions 

Project description 

In this exercise we introduce structural analysis of assemblies. To begin, we 
review different options available for defining the interactions between assembly 
components (we began exploring this topic in the previous exercise). 

Open the HANGER assembly and create a Static study. Right-click Global 
Contact in the Components Contact folder to open the Component Contact 
window (Figure 9-1). 

Fixed restraint to 
the back face 

3 

1 

2 

Figure 9-1: HANGER assembly consisting of three parts. 

lOOON 

A 1 OOON load is applied to the round face; restraint is applied to the back face of 
the vertical component. Balloons indicate assembly components. 
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Right-click the Connections folder to invoke a pop-up menu that offers two types 
of contact: Contact Set and Component Contact. The same menu also offers 
different types of connectors that will be discussed in later chapters. Use the pop­
up menu to open the Contact Sets window, and then select Component Contact 
(Figure 9-2). Review options found in these two windows. 

~ Static 1 (-Default-) 

., ~ Parts 

..,, i i Connections r. 
..a I [§: Advisor 

., ~ Component -

1$ Fixtures ~ Contact Set ... ( 1) Contact Set 

!! External Loads c!> CQmponent Contact ... - (2) Component Contact 

~Mesh 
~ Contact Visualization Plot ... 

[] Result Options 
Find .Underconstrained Bodies ... 

11 Spring ... 

~ Pin .. . 

1J Bolt .. . 

C Bearino ... 

Contact Sets 

Contact 
,-

~ ) Manually select contact sets 

-l ) Automatically find contact sets 

Type "' 

[ No Penetration ,r ] 
- ...----------

(jjJ Face <l >@hanger_l-1 

0 

[D Self-Contact 

----

--------------------0 

-

Component Contact 

Message 

Contact Type 

-

( 1 No Penetration 

~ Bonded 

(' l Allow Penetration 

Components 

0 Global Contact 

HANGER.SLDASM 

--------------------0 

Options 

~ 1 Compatible mesh 

-U Incompatible mesh 

rJ Non-touching faces 

Figure 9-2: Types of contact available in the Connections folder. 

Global contact 

0 

A Contact Set defines contact conditions between faces. Component Contact 
defines contact between selected assembly components. If Global Contact is 
selected then the contact condition specified in Component Contact applies to all 
assembly components. 
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The differences between Component Contact and Contact Sets are as follows: 

o Component Contact - affects selected components (it may be only one 
component) or all components if Global Contact is selected. 

o Contact sets - affects only two specified areas. 

More detailed descriptions are given in the following tables: 

COMPONENT CONTACT 

Option Description 

No penetration The auto mesh er will create compatible meshes on 
overlapping areas of touching faces. The nodes 
associated with the two parts on the common areas are 
coincident but different. The program creates a gap 
element connecting each two coincident nodes. This 
option is available for static, nonlinear, and thermal 
studies. For static studies, a gap element between two 
nodes prevents part interference but allows the two 
nodes to move away from each other. 

Bonded The automesher will bond common areas of the selected 
components at their interface with all other components. 
This option is available for structural (static, nonlinear, 
frequency, buckling) and thermal studies. 

Allow 
penetration 

This contact condition comes with two options: 
Compatible mesh and Incompatible mesh (not 
available for Global Contact). Using the Compatible 
mesh option, the two components are just meshed 
across the touching faces. Nodes located on touching 
faces are shared by elements on both sides. 
If a Compatible mesh causes meshing difficulties then 
an Incompatible mesh option can be used. Meshes on 
each face are then created independently but are 
automatically constrained to each other. 

The automesher will treat the selected components as 
disjointed from the rest of the assembly. This option is 
available for structural ( static, frequency, buckling) and 
thermal studies. For static studies, the loads can cause 
interference between parts. Using this option can save 
solution time if the applied loads do not cause 
interference. 
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CONTACT SETS 

Option Description 

No penetration Available for static, drop test and nonlinear studies only. 
This contact type prevents interference between source 
and target entities but allows gaps to form. 

Bonded The source and target entities are bonded. The entities 
may be touching or within a small distance from each 
other. The program gives a warning if the distance 
between bonded entities is larger than the average 
element size of the associated elements. Only source and 
target entities are required to define this contact type. 

Allow The selected faces are disjoined and can freely go 
Penetration through each other with no interaction. 

Shrink fit Valid for faces from two components which show 
interference. This interference is eliminated after 
solution. 

Virtual wall This contact type defines contact between the source 
entities and a virtual wall defined by a target plane. 
The target plane may be rigid or flexible. You can 
define friction between the source and the target plane. 

Insulated Available for thermal studies only. This option is similar 
to the Free option for structural studies. The program 
treats the source and target faces as disjointed and 
the ref ore prevents heat flow due to conduction through 
the source and target entities. 

Thermal Specifies thermal resistance between source and target 
resistance faces. 
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A No penetration contact set can be defined as a Node to Node or Node to 
Surface or Surface to Surface condition. We will now discuss the important 
differences between Node to Node and Surface to Surface conditions. 

A Node to Node condition can be applied to faces that overlap. The faces do not 
have to be the same size, but they do need to share some common area. Node to 
Node conditions can be specified between two: 

o Flat faces 

o Cylindrical faces of the same radius 

o Spherical faces of the same radius 

With these options, the mesh on both faces in the area where they overlap is 
created in such a manner that there is node to node correspondence ( nodes are 
coincident) on both touching surfaces - hence the name Node to Node. 

Surface contact may be specified between two faces of different shape and can 
only be specified as a local condition. Initially, faces can either touch or not 
touch but are expected to come in contact once the load has been applied to the 
model. The Surface to Surface condition is more general but less numerically 
efficient than the Node to Surface condition. Any contact could be defined as a 
Surface to Surface condition, but this would unnecessarily complicate the 
model. 

The difference between Node to Node and Surface to Surface conditions is 
illustrated in Figure 9-3. 
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Contact Sets (i) 

Message 

Contact 

@ Manually select contact sets 

(E) Automatical ly find contact sets 

Type 

I No Penetration 

0 

[] Self-Contact 

- -

Face<2>@PLATE-1 

Properties 

!El Advanced 

~) Node to node 

1?_1 Node to surface 

U Surface to surface 

0 

v 

Contact Sets (i) 

~ x 

Type 

I No Penetration 

(Q Face<l>@PUNCH-1 

0 

D Self-Contact 

Face 1 
(not visible) 

Face 2 

Face 1 

Face 2 

Face 2 © Face<2>@PLATE-1 

Properties 

0 Advanced 

~ Node to node 

O Node to surface 

~ Surface to surface 

0 

v 

Figure 9-3: The contact between a flat end punch and a plate (top) is defined as a 
Node to Node contact. The contact between a spherical punch and a plate 
(bottom) is defined as Surface to Surface contact. 

Faces in Surface to Surface contact conditions don 't have to touch initially, but 
they are expected to come in contact under the load. 

The model shown in Figure 9-3 is the assembly CONTACT DEMO. It is 
unrelated to the exercise in this chapter; however, it is presented here for clarity. 
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Global Contact is by default set to Bonded. This can be overridden by contact 
conditions defined at the component or local (Contact Set) level. For example, 
using the default Global Contact conditions, we request that all faces be bonded. 
Next, we locally override this condition and define Contact Set for one or more 
pairs as No penetration. The hierarchy of Global, Component, and Local 
contact conditions is shown in Figure 9-4. 

Contact Set 

Component Contact 

Global Contact 

Figure 9-4: Hierarchy of Contact conditions. 

Contact Set overrides Component Contact, Component Contact overrides Global 
Contact. 

To access Contact Set and Component Contact you may right-click either the 
Connections folder or the Component Contacts folder (Figure 9-5). 

qt Static 2 (­

• ~ Parts 
Advisor 

... i l Conne~ ~ Contact Set. .. 

• ~ Co ~ CQmponent Contact ... 

l$ Fixtures 
0 

~ Contact Visualization Plot ... 
!o Extern 
.Cl!i'.I Find !lnderconstrained Bodies ... 
'll Mesh 

[] Result i Spring ... 

~ Pin ... 

11 Bolt. .. 

O Bearing ... 

$ Spot Welds .. . 

Jh, Edge Weld .. . 

/ Link .. 

~ Rigid Connection ... 

qt Static 2 (-Default-) 

• ~ Parts 

.... i 3 Connections 

• <!> Cor 
-- ~ ~ Advisor 

1$ Fixture! ........ -

I 

!A Extern~ ~ Contact Set ... 

~ Mesh ~ Component Contact ... 

.., 

(D Result ~ Contact Visualization Plot .. 

Find !l.nderconstrained Bodies ... 

t:, Create New Folder 

Delete ... 

Hide All 

Show All -
Ql ~opy 

Figure 9-5: Two ways of accessing Contact Set and Components Contact. 

Right-clicking on the Connections folder invokes a menu that contains Contact 
Set and Component Contact as well as Connectors (left) . Right-clicking on the 
Component Contacts invokes a smaller menu with Contact Set and Component 
Contact (right) . 
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Contact conditions are a very important part of FEA modeling. Please spend 
enough time reviewing the contact conditions options. 

Procedure 

Having reviewed contact conditions we may now continue with the analysis of 
the HANGER. Notice that the HANGER assembly model is adequate for 
analysis of displacements. However, due to stress singularities in the sharp re­
entrant edges, it is not suitable for analysis of stresses in these edges. 

The assembly HANGER, material (AISI 304), is assigned to all assembly 
components. Create study 01 bonded and apply loads and restraints as shown in 
Figure 9-1. 

If you do not modify the contact conditions, then by default all touching faces are 
bonded because the Global Contact is set to Bonded. In this case, the assembly 
will behave as one part. A sample result is shown in Figure 9-6. 

~ Static 1 (-Default -) 

• ~ Parts 

• i i Connections 

• ~ Component Contacts 

..J, Global Contact (-Bonded-) 

• ®, Fixtures 

,~ Fixed-1 

• !! External Loads 

.!_ Force-1 (:Per item: 1000 N:) 

c'.! Mesh 

[] Result Options 

• (ti Results 

~ Stres.sl (-vonMises-) 

~ Displacementl (-Res disp-) 

~ Strainl (-Equivalent-) 

Figure 9-6: Displacement plot for a model with all touching faces bonded. 

Since no Contact Sets or Component Contact conditions have been defined, the 
assembly behaves as one part. 

Now, we modify the contact conditions on selected touching faces. Copy study 01 
bonded into study 02 free . We leave the global conditions as Bonded, but locally 
we override them by defining a local Contact Set. One of the three pairs of 
touching faces (Figure 9-7) will be defined using the Allow Penetration option, 
meaning that there is no interaction between the faces. These faces will be able to 
either come apart or penetrate each other with no consequences. 
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~ Static 1 (-Default-) Contact Sets 

• ~ Parts x ....... 
• i i Connections 

~ ~ Compon ""* r - .-+--'"* ... • Contact 

Advisor -
t.,~ 1 Manually select contact sets 

• ~ Fixtures 

' Fixed-1 ~ Contact .$et ... 
( 1 Automaticall~, find contact sets (2) 

Select 

the Component 
Contacts­

folder, then select 
Contact Set 

from the pop-up menu • ! ! External Loa <5, CQmponent Contact ... Type ;... Allow 

........ Force-1 ( 
l'ilf <:O:J Contact Visualization Plot ... 
~Mesh 
rn Find .Underconstrained Bodies ... 
lLJ Result Optic 

• ~ Results 1c:J Create New Folder 

Qelete ... 

(3) 

Hide All 

.$how All 

Select the two faces 
Face 1 

(not visible) 
Face 2 

[~A-llo_w_P_e-ne-tr-at-io-n~~~~-------

0 

. . . 

Face<2>@HANGER 3-2 '. , -

• 

Figure 9-7: Touching Faces: Allow Penetration. When faces are defined as 
Allow Penetration, there is no interaction between them. 

An exploded view of the HANGER makes it easier to define a local Contact Set. 

Once a Contact Set has been defined, a symbol is placed in the Connectors 
folder, as shown in Figure 9-8. 
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Warning sign -

Contact Set -

Warning - -
• 

signs 
............... 

~ M Static 1 (-Default-) 

• ~ Parts 

• i i Connections 

• ~ Component Contacts 

• ~ Contact Sets 

~ Contact Set-1 (-Allow Penetration· 

• lS1;, Fixtures 

• !A External Loads 

(! & Mesh 

[I] Result Options 

• 00 & Results 

0 

Figure 9-8: Any change in Connections invalidates the mesh and requires 
remeshing. 

Remeshing deletes the previous results. This exclamation sign beside the mesh 
folder indicates that the model needs to be remeshed. In this case, a new mesh is 
required because previously bonded faces must be disconnected. The same 
symbol also indicates that Results copied from study 01 bonded are invalid. 

The lack of interference between faces in a Contact Set, locally defined as Allow 
Penetration, is best demonstrated by showing the deformed results, which are 
displacement plots with colors deselected (Figure 9-9). 

Load down - penetration Load up - separation 

Figure 9-9: Displacement results in a pair defined as Allow Penetration. 

The plot on the left shows results for a load directed downwards and the plot on 
the right has the load direction reversed. 
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Copy study 02 f ree to 03 no penetration and change the local contact conditions 
between the faces shown in Figure 9-7 from Allow Penetration to No 
penetration using the Node to node or Node to surface option. Remesh the 
model, and run the solution again. Notice that the solution now requires much 
more time to run because the contact constraints must be resolved (Figure 9-10). 
No penetration contact conditions represent nonlinear problems and require an 
iterative solution procedure. This takes longer to complete than the linear 
solutions of studies O 1 bonded and 02 free. 

~ no penetration 03 

Solving: 

Memory Usage:37, 160K 

Elapsed Time: 2s 

18.2% 

[:{) AltNays show solver status when you run analysis 

Current Task: Solving contact constraints 

10% 
Study 

Degrees of Freedom:38,427 
Number of Nodes: 13,530 
Number of Elements: 7,804 

Solver 
Type:Iterative 

VlJ arnings: 

[ Convergence Plot ] [ Solver Parameter ] 

[ Pause ] [ Cancel ] [ Less<< ] 

Figure 9-10: Iterative solution progress window for the HANGER assembly 
using a No Penetration condition. 

The display of the solution status window can be toggled between more and less 
detail by selecting More > > and Less < <. 
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The displacement results, displayed in Figure 9-11, show that the two faces 
defined as No Penetration now slide when a downward load is applied (left) and 
separate when the load is applied upward (right). 

Load down - sliding Load up - separation 

Figure 9-11: Displacement results for the model with a No Penetration contact 
condition. 

With a downward force, the two faces de.fined as No penetration slide against 
each other (left). With an upward force they separate (right). 

Compare Figure 9-9 and Figure 9-11 and notice that the shapes in the upward 
load cases are identical in Allow Penetration and No Penetration contact 
conditions. 

188 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Closer examination of the displacement results for the sliding faces 
(Figure 9-12) shows that the sliding faces partially separate. 

Figure 9-12: Partial separation of the sliding faces. 

Only a portion of face 2 contacts face 1. The mesh in the contact area is 
too coarse to allow for the analysis of contact stresses. 

While the mesh is adequate for the analysis of displacements, the mesh is 
not sufficiently refined for the analysis of the contact stresses that develop 
between the two sliding faces. 

Also notice the sharp re-entrant edges in the model. The presence of sharp re­
entrant edges combined with a coarse mesh makes this model good enough for 
displacement analysis, but not for stress analysis. 

We will now contact the visualization tool. Right-click Connections folder and 
select Contact Visualization Plot from the pop-up menu to open Contact 
Visualization Plot window (Figure 9-13). 
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~ 03 no penetr.-: tio.n.1:.Def a ult:) 

• ~ Parts i i ~onnections Advisor ... 

· i i Connectio 
• ~ Contac ~ Contact .$.et ... 

• ~ Compc i!> CQmponent Contact ... 

,.. ~ Fixtures 
~ Contact ~isualization Plot. .. 

{}! Fixed-. 

Contact Visualization Plot 

-

Show Contact Underconstrained Bodies 
- _.....__ 

• !! External L1 

..! Force- ~ 

----i---tlllli• Select Components 
Find !J.nderconstrained Bodies... . --. -------

HANGER.SLDASM 

~ Spring ... 
<! Mesh 

([) 
~ Pin ... 

: Result Op 
• ~ Results Tr jiolt. .. 

t!j Stress] 0 ~earing ... 

~ Displa $ Spot Welds .. . 

$ Strain] Jh, fdge Weld .. . 

/ .Link. .. 

~ Bigid Connection ... 

IV' Hide All 

tV' .Show All 

[{} ~opy 

~ Create New Folder 

[CJ Include solver generated contacts (mesh 
required) 

[ Calculate j ----Calculate 

Results 

rn:;,J l " I Sh 
~

1--,--1 -----------i:~ ow geometry 

8 Manual Contact 

8 Manual Contact 1 

HANGER_l-1 

HANGER_3-2 

8 Global Contact 

8 Global Contact 1 

HANGER_3-2 

HANGER_2-1 

· 8 Global Contact 2 

HANGER_2-1 

HANGER_l-1 

8 Show a ll contacts 

[J ShoY. unselected bodies 

Bonded contact 

No Peneteration 

based contact 

Figure 9-13: Contact Visualization window showing contacts in the assembly. 

The appearance of Contact Visualization Plot window has been modified to show 
all contacts without scrolling. 

Review: Manual Contact, Global Contact, Show all contacts. 
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Models in this chapter 

Model Configuration Study Name Study Type 

OJ bonded Static 

HANGER.sldasm 
Default 

02/ree Static 

03 no penetration Static 

OJ flat 

CONTACT DEMO.sldasm 

02 round 

191 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Notes: 
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10: Thermal stress analysis of a 
bi-metal loop 

Topics covered 

o Thermal deformation and thermal stress analysis 

o Eliminating rigid body motions 

o Converting Sheet Metal bodies to Solid bodies 

o ''Parasolid round trip'' 

o Saving model in deformed shape 

Project description 

The temperature of the loop shown in Figure 10-1 increases uniformly from an 
initial 298K to SOOK. We need to fmd the deformation induced by this increase 
in temperature. 

Procedure 
Open the LOOP assembly and notice that it consists of the same part twice. 
Therefore, material properties must be assigned in the Simulation study since 
two different material properties cannot be assigned to the same part in 
SOLIDWORKS. Create a Static study and assign material properties as shown 
in Figure 10-1. Notice that material properties can't be applied to a 
SOLIDWORKS part because the assembly consists of two instances of the same 
part. 

Plain Carbon Steel 
Coefficient of thermal 
expansion 1.3xl0-5/K 

1060Alloy 
Coefficient of thermal 
expansion 2.4 xl o-5/K 

Figure 10-1: Loop consisting of bonded steel and aluminum parts. 

Bolts connecting two parts are not modeled. Contact condition on touching faces 
is default Bonded. Therefore parts are bonded along touching faces . 

When temperature is increased, the loop will deform because of the different 
thermal expansion coefficients of steel and aluminum. 
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The LOOP assembly consists of two identical parts created as Sheet Metal. 
They can be analyzed using shell elements or they can be converted to solids and 
analyzed with solid elements. In this exercise we decide to use solid elements. 

Create a Static study and follow steps in Figure 10-2 to convert assembly 
components from shell bodies to solid bodies and then to assign material 
properties. 

~ Static 1 (-Default-) 

... ~ Parts ----
~ ~ HALF----

~ ~ HALF Apply/Edit Material ... 

... i i Connecti 

... ~Com 

..;;tG 
G, Fixtures 

!& External 

Apply Favorite Material 

Create Mesh ... -
Edit Definition ... 

Treat selected bodies as solids -

~ Mesh I ! CJ Exclude from Analysis 

[] Result O 
Make Rigid 

Fix 

Add to New Eolder 

~ ~opy 

(1) 
Select both sheet metal bodies and 
right-click to open the pop-up menu. 

From the pop-up menu select 
Treat selected bodies as solids. 

(3) 
Assign material properties as 
shown in Figure 10-1. 

~ Static 1 (-Default-) 

... ~ Parts 

(2) 

~ (tJ HALF-1 

~ lt:J HALF-2 

... i i Connections o 

... ~ Component Contacts 

Ji Global Contact (-Bonded-) 

1$ Fixtures 

!& External Loads 

~Mesh 

[B Result Options 

The parts folder now contains two solid 
bodies. Symbol changes from a sheet 
metal to a solid. Material properties are 
not yet assigned. 

~ Static 1 (-Default-) 

... ~ Parts 

~ ~ HALF-1 (-1060 Alloy-) 

~ ~ HALF-2 (-Plain Carbon Steel-) 

~ i i Connections 

®, Fixtures 

!& External Loads 

~Mesh 

[j Result Options 

Figure 10-2: Material properties applied in Simulation study. 

Since two different material properties cannot be assigned to the same 
SOLID WORKS part, the assignment of material properties must be done in a 
Simulation study. 
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To account for thermal effects go to Flow/Thermal Effects in Static study 
properties and make sure that the option Input temperature is selected (Figure 
10-3). 

Static 

Options Adapt ive Flow/Thermal Effects Remark ..._ __ _._ ______________________ ~ 

Input 
temperature --

Thermal options 

1._ij) Input temperature 

Reference 
temperature 

__.) Temperatures from thermal study 

Thermal stud,•: I ----------- __ • .... ] Time step: 

C For each nonlinear time step use temperature from 
cor'"e"pond ., 1 ·,me o ran ,ert hern- -• 'n 3'ys1s. 

(!..) Temperature from SOUDWORKS Flow Simulation 

SOLIDWORKS model name 

Configuration name 

Temperature from time step: 

• 
• 

• 
• 

[] 

Reference temperature at zero strain: 298 - [ ..... K_el_vin_ (_Kl ___ •__,] 

Fluid pressure option 

[] Include fluid pressure effects from SOLIDWORKS Flow Simulation 

f 
SOUDWORKS model name 

Configuration name 

Flow iteration no. • 
• 

______ _,I l ... 

• 
• 

(;, Use reference pressure (offset) in .fld file N/m" 2 

Define reference pressure (offset) ..... Io ________ ...,! f•J/m" 2 

D Run as legacy study (exclude shear stress) 

[.___o_K __ j [ Cancel ] [ Apply j [..____H_elp _ __,] 

Figure 10-3: The Flow/Thermal Effects tab in the Static study properties window. 
We instruct the solver to account for the effect of an Input temperature and 
define the reference temperature at zero strain as 298K. 

Input temperature is the default selection. 
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Before proceeding, let' s take this opportunity to review all thermal options 
available in the study window. 

Thermal Option 

Input temperature 

Temperature from thermal 
study 

Temperature from 
SOLIDWORKS Flow 
Simulation* 

Definition 

Use if prescribed temperatures will be 
defined in the Load/Restraint folder of the 
study to calculate thermal stresses. This is 
our case. 

Use if temperature results are available from 
a previously conducted thermal study. 

Use if temperature results are available from 
a previously conducted SOLIDWORKS 
Flow Simulation. 

See the book ''Thermal Analysis with SOLIDWORKS Simulation'' for more 
information on transfer of temperature from SOLIDWORKS Flow Simulation 
to SOLIDWORKS Simulation. 
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An important part of this exercise is the issue of restraints. Restraints should 
eliminate rigid body motions but should allow the model to deform freely. To 
accomplish that, we do not apply any restraints at all and use the solver option 
"Use soft springs to stabilize model" (Figure 10-4). This applies a very low 
stiffness to all nodes in the model in all directions thus eliminating rigid body 
motions. 

Notice that in the absence of restraints, there is no reference point from where to 
measure displacements. 

Static 

Options Adaptive Flow(Thermal Effects Remark 

Gap/ Contact 

D Include global friction Friction coefficient: 0.05 

L] Ignore clearance for surface contact 

O Improve accuracy for no penetration contacting surfaces {slower) 

incompatible bonding options 

-~ Automatic 

) Simplified 

) More accurate (slower) 

D Large displacement 

[t] Compute free body forces 

Solver 

IC] Automat ic Solver Selection 

[ FFEPlus • ] 

[] Use inplane effect 

--IJli• [{) Use soft spring to stabilize model 

[O Use inertial relief 

Results folder f:\ fea results 

[ __ o_K __ J [ Cancel ] I Apply ! [ ....._ _ H_elp_~j 

Figure 10-4: The solver option. Use soft springs to stabilize model applies an 
artificial stiffness to all nodes in the model. 

Use inertial relief is another option used to stabilize the model. It is mainly used 
when loads come from Motion Simulation. 

197 



Engineering Analysis with SOLIDWORKS Simulation 2018 

To apply a temperature load, right-click the External Loads folder and select 
Temperature. This will open the Temperature window. From the fly-out menu, 
select both assembly components and enter a temperature of SOOK. This means 
that assembly temperature will be increased by 202K from the initial 298K 
(Figure 10-5). 

~ Static 1 (-Default-) 

... ~ Parts 

., ~ HALF-1 (-1060 Al loy-) 

., ttr HALF-2 (-Plain Carbon Steel-) 

., i i Connections 

($ Fixtur -

0 
,. Advisor 

!o Exter1 -

~ Mesh .!. force ... 

[] Resul1 §, TQrque .. . 

W: Press_yre .. . 

I o ,Gravity ... 

~ C~ntrifugal. .. 

:»> Begring Load .. . 

! Iemperature .. . 

(k Prescribed Dispf acement 

;@l Flow Effects ... 

Thermal Effects ... 

... 
~ Remote .Load/ Mass ... 

~ Distributed Mass ... 

b Create New Folder 

Hide All 

Show All 

0 

Temperature 

x ...... 

Type Split 

Type 

Initial temperature 
-
~ Temperature 

HALF-l @LOOP 

0 

Select all exposed 
faces 

Temperature 

a soo ... [ Kelvin (K) ... ] 

... ~ LOOP (Defaul t<Default ... 

., ~ History 

0 

., [Al Annotations 

b.! Front 

)! Top 

N Right 

L Origin 

., ,~ (f) HALF<l> (Defaul. .. , 

., ,~ HALF <2> (Default< ... ! 

., @@ Mates 

Temperature defined 
for both assembly 
components 

Figure 10-5: A temperature of SOOK is applied to both assembly components, 
which are most conveniently selected from the SOLIDWORKS fly-out menu. 

Select both components from the fly-out menu. 
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Mesh the model with a Standard Mesh using 5mm element size and run the study. 

Displacement results are shown in Figure 10-6. 

URES (mm) 

1.48 

1.37 

,___ _ 1.27 

Undeformed shape 
. 1.16 

1.06 

0.95 

0.85 

~ 0.74 

_ 0.64 

t-------or O, 5 3 

0.43 

0.32 

0.22 

Figure 10-6: Displacement results for the bi-metal beam. 

Due to the different thermal expansion ratios of steel and aluminum, thermal 
strains develop and bend the loop. The scale of deformation is 5 0: 1. 

Even though numeric values of displacement are reported, the absence of 
restraints makes the interpretation of results difficult because there is no fixed 
reference system to measure the displacements from. Furthermore, the error of 
discretization produces uncontrollable displacement. Try changing the mesh size 
to see that displacements will be different. 
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Von Mises stress results are shown in Figure 10-7. Because of the different 
materials, stresses should not be averaged across the boundary separating these 
two components. 

van Mises (N/mmA2 (MPa)) 

rsl Stress plot 
501 

459 

Definition I Chart Options Settings I 417 

_ 376 

250 

Display 

~ -[v-ON- :-vo_n_M-ise_s _Str-es-s~~~.-J 

I] [ N/mm" 2 (MPa) • J 

- 334 
N/mm"2 (MPi) I 

292 

Value: 484 N/ mm" 2 (MP a) 

Advanced Options "' 209 
ID Show as tensor plot 

-

[J Show plot only on selected entities - 167 

~ Node Values - 125 
Value: 454 N/MM"2 (MPi) 

~ Element Values _ 83 

[]Average results across boundary 
0 

NJmm" 2 (MPa) 
for parts _ 42 

IC] Deformed shape v 0 

Property v 

Figure 10-7: Von Mises stress results for the LOOP assembly. Make sure that the 
option ''Average results across boundary for parts'' is not checked. 

Global element size is 5mm; exploded view is used. Results are probed in four 
corners of the flat face. 

Notice the unavoidable stress singularities along the connections between two 
assembly components. Stress singularities are present because of the rapid change 
in the material properties across the touching faces and because of the sharp re­
entrant edge; remember that two assembly components are bonded and act as one 
part. 

Because of stress singularities along the edges of the touching faces, the 
maximum stress strongly depends on the mesh size. You are encouraged to repeat 
the analysis with different mesh densities to see this effect. 

200 



Engineering Analysis with SOLIDWORKS Simulation 2018 

The deformation caused by thermal stress can be assessed by saving the model in 
the deformed shape. 

To save the model in the deformed state, follow the steps explained in Figure 10-
8. 

qt Static 1 (-Default-) 

~ ~ Parts 

• i i Connections 

1$ Fixtures 

• ! A External Loads 

<! Mesh 

[[] Resu · 
• ~ R ~ Results Advisor ... 

~ Solver Messages ... 

~ Stress Hot Spot Diagnostics ... 

~ Define factor Of Safety Plot ... 

~ Define .$tress Plot ... 

~ Define Qisplacement Plot ... 

~ Define Strain Plot ... 

~ Define Qesign Insight Plot .. . 

~ Define Fatigue Check Plot .. . 

~ Results Equations ... 

List Stress, Displacement, Strain 

~ List Result Force ... 

~ ~ompare Results ... 

-

(1) 
Right-click the Results folder 

and select Create Body 
from Deformed Shape 

Create Body from Deformed Shape... =i 
~ Save All Plots as JPEG Files 

te Save All Plots as gDrawings 

~ Create New Folder 

I Efl ~opy 

Body from Deforme·d Shape (V 

x 

Message v 

Save Body 

Save Body as 
(2) CJ Configuration in this model 
Select a new 

--, model and 
1~ New part file 

Part name: 

LOOP DEFROMED 

Save file to: 

f :\ fea results 

Advanced Export 

Export as 

0 SOUDWORKS body 

t] Tessellated body 

t] Surfaces 

le] Mesh 

[] 
A e 

enter a name 

(3) 
Select 
SOLID WORKS 
body 

Figure 10-8: Saving a model in the deformed shape. 

Here, we save the deformed model as a new part called LOOP DEFORMED. 

Examine the part model LOOP DEFORMED to see the deformed shape saved as 
a solid model. 
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Models in this chapter 

Model Configuration Study Name Study Type 

LOOP.sldasm Default Static 1 Static 

LOOP DEFORMED.sldprt Default 
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11: Buckling analysis of an I-beam 

Topics covered 

o Buckling analysis 

o Buckling load safety factor 

o Stress safety factor 

Project description 

A curved I beam is compressed with a 3500N load, as shown in Figure 11-1. Our 
goal is to calculate the factor of safety related to the yield stress and the factor of 
safety related to buckling. We wish to find out what is the deciding mode of 
failure: yielding or buckling? 

Procedure 

Open the part file I BEAM. The beam material is Alloy Steel with yield strength 
of 620MPa. 

Fixed restraint 

5000N 

Figure 11-1: The I-beam assembly model. 

A curved I-beam is loaded by a 5000N force uniformly distributed over the end 
face. A fixed restraint is applied to the opposite end face. 
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Before we run a buckling analysis, let us first obtain the results of a static 
analysis based on the load and restraint shown in Figure 11-1. The I-beam is 
defined in SOLIDWORKS as a structural member and by default is meshed 
with beam elements (see chapter 17). We wish to use solid elements instead; 
therefore, we must instruct Simulation to treat the I-beam as a solid. Create a 
static study 01 static and follow the steps indicated in Figure 11-2 to convert the 
Simulation model to solid geometry. 

Right-click Cut list and select 
Delete from the pop up menu qt 01 static (-Default <As Machined>-) 

~ I BEAM (-[SW"" " ' 
Apply/Edit Material ... 

Apply Favorite Material 

qt 01 static (-Defau t <As Machined>-) 

~ E:j Cut ,..._... ""'-L--' 

~ Joint group 

i i Connections 

[$ Fixtures 

! & External load 

Edit Definition ... 

Ireat as Solid 

(2) 
Right click 
I-BEAM and select 
Treat as Solid 
from the pop up 
menu 

)?/. Join .Qelete ... 

~ Mesh O . l Exclude from Analysis 
[] Result Option 

i i Con Apply/Edit Material ... 

~ Fixt -·- Apply Favorite Material 

6.?z Details ... 
! A External loads 

~ Mesh 

[] Result Options 

b Add to New folder 

rtl ~opy 

Define Beam Neutral Axis 

qt 01 static (-Default <As Machined>-) 

~ I BEAM (-[SW]Alloy Steel-) 

i i Connections 

1$ Fixtures 

! A External loads 

~ Mesh 

[] Result Options 

0 

(3) 
The I-BEAM is now 
recognized as a Solid 

Figure 11-2: Follow these steps to convert the structural member to solid 
geometry. 

Notice the change of symbol from a structural member to a solid. 

Apply restraints and load as shown in Figure 11-1, and mesh the model using a 
Standard Mesh with 5mm element. This element size produces poor element 
shape in fillets ( too high turn angle). We accept this mesh because those poorly 
shaped elements will be far from the highest stress. You may want to repeat the 
analysis with a more refined mesh to see that mesh refmement highlights the 
unavoidable singularities at the supports but does not significantly affect stress 
levels in the flanges. 
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Run the solution and review the stress results shown in Figure 11-3. 

The results of the static analysis show the maximum von Mises stress is around 
230MPa, which is below the yield strength of 620MPa. Notice that the highest 
stress 292.3MPa as shown in Figure 11-3 is ca·used by stress singularity at 
support. 

van Mises (N/mm" 2 (MP a)) 

Stress,..., 232MPa 

Undeformed 
shape 

292.3 

268.0 

- - 243.6 

. 219.3 

194.9 

170.6 

146.2 

121.9 

97.5 

73.2 

48.8 

24.5 

0.1 

~ Yie ld strength: 620.4 

Figure 11-3: Von Mises stress results shown in a deformed shape. 

The plot shows the undeformed shape superimposed on the stress plot. Notice 
that the deformation takes place in the plane of curvature of the mode. 

Von Mises stress in the probed location ( away from the singularity) is 
approximately 232MPa (Figure 11-3). Therefore, the factor of safety to yield is: 

yield strength 620MPa 
FOS · = = = 2.7 

y ield max van Mises stress 232MPa 

meaning that the beam' s material is below yield. Therefore, the results of static 
analysis indicate that the beam is safe. 
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General Simulation 

Design Insight 

Advanced Simulation 

I~ I Thermal 

----...... I ~ I Buckling 

I~ I Fatigue 

I <t" I Nonlinear 

I ~ Y j Linear Dynamic 
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As is always the case with slender members, the factor of safety related to 
material yield strength may not be sufficient to describe the structure's safety. 
This is because of the possible occurrence of buckling. We need to calculate the 
factor of safety related to buckling, which requires performing a buckling 
analysis. Define a buckling study as shown in Figure 11-4. 

Buckling 

Options Flow/Thermal Effects Notification Remark 

v 

Number of buckling modes: 5 -~ Specify 5 modes 

Incompatible bonding options 

® Automatic 

l ) Simplified 

v () More accurate (slower) 

Solver 

0 Automatic Solver Selection 

0 

[[] Use soft sprinq to stabilize model 

Results folder f:\ fea results [] 

Specialized Simulation v ["'--_o_K __ J [ Cancel j [ Apply j ..__[ _ H_elp _ __,] 

Figure 11-4: Definition of a Buckling study and the Buckling study properties 
window. 

Defining a buckling study requires specifying the number of desired buckling 
modes. Here we ask for five buckling modes. 

When defining a buckling study, we need to decide how many buckling modes 
should be calculated. This is a close analogy to the number of modes 
in a frequency analysis. In most practical cases, the first buckling mode 
determines the safety of the analyzed structure. The reason why we specify five 
modes and not just one will become clear once the results are analyzed. 

Convert the structural member to solid geometry, copy loads, restraints and mesh 
from the completed static study to the buckling study and run the analysis. 
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Once the buckling analysis has been completed, right-click the Results folder to 
review the list of Buckling Load Factors (BLFs ). The BLFs correspond to the 
five calculated buckling modes. 

~ 02 buckling (-Oefault <As Machined>-) 

lef I BEAM (-[SW]Alloy Steel-) 
list Modes = [o] 

i i Connections Study name:02 buckling 

.. ~ Fixtures 

'rC Fixed-1 
Mode No. Buckling Factor of Safety 

1 -10.951 

.. ! & External loads 
2 -6.9307 r··-·----·-...---·--·--·-·-·1 3 I 0.71271 I The first positive buckling 

load factor: 0. 71 .!. Force-1 (:Per item: 5000 N:) 

~Mesh 

'"·-··- ·-·-··-·-·-··- ··--··----··· 
4 3.8464 
5 9.0789 

.. [tl Results 
~ Amplitu ~ Solver .Messages ... 

~ Amplitu ~ Define Mode Shape/Amplitude Plot .. 
~ Amplitu 

~ Amplitu fil list Amplitude ... 

~ Amplitu [§t- list Buckl ing Factor of Safety 

~?IJ ,Compare Modes ... 

~ Save All Plots as JPEG Files 

(e Save All Plots as eOrawings 

~ Create New Folder 

[ Close ] [ Save J [ Help J 

Figure 11-5: Summary of Buckling Load Factors (BLF) corresponding to five 
calculated buckling modes. 

We calculated five buckling modes to introduce the concept of negative BLFs. If 
only one BLF is requested, Simulation reports the first positive BLF. 

The BLF is a number by which the applied load has to be multiplied in order for 
b·uckling to take place for a given buckling mode. If the BLF is negative the load 
direction must be reversed. The list in Figure 11-5 shows two negative BLFs. 
The third BLF is therefore the first real BLF=0.83. 

The buckling load ca.n now be calculated as follows: 

Buckling Load 
BLF = = 0.71 

Applied Load 

Buckling Load= Applied Load x BLF = 5000N x 0.71 = 3550N 

The BLF is lower than 1, meaning that the I-BEAM will buckle under the 
applied load. Our conclusion is that buckling is the deciding mode of failure. 
Also notice that high stresses affect the beam only locally, while buckling is 
global. The onset of yielding does not necessarily mean a structural failure, while 
buckling does. 
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We will now review a displacement plot to study the shape of the first positive 
buckling mode. 

Even though displacement results can be shown in color, they do not provide any 
useful information. In a buckling analysis, the magnitude of the displacement is 
meaningless, just like in a frequency analysis. The Mode Shape plot is shown in 
Figure 11-6. Remember that numerical values on the color legend are 
meaningless just like in modal analysis. ''Name view orientation'' mvl is used. 

~ Mode Shape/ Amplitude Plot 

x ...... 

Definition Chart Options Settings -
Message 

The numeric values for a mode shape/ amplitude 
plot show the relative and unitless values for 
amplitude of vibration in each mode. 

Display "' 
~ 1,-A-M-PR-E-S:-R-es-ult-a-nt_A_m-pl-itu_d_e --·I 
Advanced Options 

Plot Step 

~ 0.7127 
,._ 
T 

y# 3 
,._ 

T 

0 Deformed shape 

A Automatic 

Ciro 6.8348074 I 
r,:-, True scale 

-·~ User defined 

Ciro 12 

l'.i] Show colors 

Property 

D Include title text 

[{] As~ocia~e plot with name view 
onentat,on 

[ .._ mv_l __ ___,• J ~ 

v 

"' Cl 

~ Mode Shape/ Amplitude Plot 

x ...... 

Definition Chart Options Settings 

Message 

Fringe Options 

[ Discrete 

Boundary Options 

[ Model 

"' 
· I 

Edit Color ... 

Deformed Plot Options 

• 
• • 
. \ ! . " •• . .. 

,. •. \ •• ,. ·; 
\' .. ,. 

\' 

" ' 

0 Superimpose model on the 
deformed shape 

[ Translucent (Single color) 

I Edit Color ... ] 

Transparency: 

0.5 
0 

\ ,· 
\ 
\ 

Superimpose 

Transparency 

Undeformed 
/ shape 

Deformed 
shape 

Figure 11-6: The deformation plot provides visual feedback on the shape of the 
buckled structure. 

This plot shows the buckled shape along with the undeformed model. Color 
legend is not shown. 
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Figure 11-7 presents an important comparison of the deformed shapes obtained 
from the static and buckling analyses; displacement plots are used . 

\ • ~. 
• 

• • 
. l! 
.• •, 't 
• •• 

\ 
.. . , 

,. ··.' • • 
\-.. .. 

\ • 
\ • 
• '\° 

.... . 
•• 
'. 
\ ·. 

Static deformation Deformation in the first 
positive buckling mode 

Figure 11-7: A comparison of deformed shapes found in the static and buckling 
analyses. The model deforms in-plane in the static analysis. The same model 
deforms out of plane in the buckling analysis. 

Undeformed shape is identified by load symbol; deformed shape is identified by 
colors. 

A side-by-side comparison of the deformed shapes from the static and buckling 
analyses shown in Figure 11-7 reveals a very important difference in the nature 
of these deformed shapes. The static analysis predicts in plane bending for which 
the I-beam is well designed. The buckling mode plot shows that the I-beam will 
twist. An I-beam is poorly designed to resist torque, and in fact, the low torsional 
stiffness of the I-beam is what makes b·uckling the deciding mode of failure. 

The out of plane deformation may be counterintuitive, making it easy to forget 
that the I-beam will fail in buckling rather than in yielding. 
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It should also be noted that the calculated value of the buckling load is 
non-conservative. It does not account for the always-present imperfections in 
real world. geometry, materials, loads, and supports. Also, it does not account for 
the fact that the meshed model is stiff er than the corresponding model before 
meshing. With this in mind, the real buckling load may be significantly lower 
than the calculated 3700N. 

As opposed to an I-beam which is designed to take bending but not torsion, a 
tube would be suitable for both types of loads. Therefore, you may wish to run a 
similar analysis on a curved tube to see what will be the deciding mode of failure. 

A more detailed analysis of buckling phenomenon requires nonlinear analysis 
with arc-length load control which is available in a Nonlinear study. 

Models in this chapter 

Model Configuration Study Name Study Type 

01 static Static 
I BEAM.sldprt Default 

02 buckling Buckling 
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12: Static analysis of a bracket 
using adaptive solution 
methods 

Topics covered 

o h-adaptive solution method 

o p-adaptive solution method 

o Comparison between h-elements and p-elements 

Project description 

A bracket shown in Figure 12-1 is supported along the backside. A lOOOON load 
is uniformly distributed over the face surrounding the hole as shown in Figure 
12-1. We need to find the location and magnitude of the maximum von Mises 
stress. Open the part BRACKET with material AISI304 already assigned. 

Fixed support to 
the back face ~ 

1 OOOON load uniformly 
distributed over the blue 
face 

Figure 12-1: Hollow cantilever bracket under a bending load. 

Due to the symmetry of the BRACKET geometry, loads, and supports, we 
could simplify the geometry by cutting it in half along the plane of symmetry but 
decide against it because the work involved would not save much time overall. 

We use this simple problem to introduce two new solution methods: the 
h-adaptive and the p-adaptive solution methods. Both are available only for 
Static studies using solid elements. 
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We start with a description of the h-adaptive solution method. On several 
previous occasions, we performed mesh refinements to investigate the effect of 
mesh density on results. We also added mesh controls to analyze stresses more 
accurately in ''difficult'' locations. In this chapter we demonstrate that the h­
adaptive solution method automates the mesh refinement process and to some 
extent relieves users from having to make meshing decisions such as selecting 
element size and applying mesh controls. 

Figure 12-2 shows the properties of an h-adaptive study. Target accuracy, 
Accuracy bias and Maximum number of loops control the iterative process of 
mesh refinement. 

Static 

Options Adaptive Aowffhermal Effects Remark __. __ .....,_ _______ ----. 
.Adaptive method 

,-1 None 

1Q i h-adaptive 

LI p-adaptive 

h·Adaptive options 

Low High 

Target accuracy: 
-------,·, 99 % 

Local {Faster) Global (Slo.,..,er) 

Accuracy bias: .~--fj----

Maximum no. of loops 5 

IE] Mesh coarsening 

p·Adaptive options 

Stop v.,ihen( Total Strain Energy y] change is LJ % or less 

Update elements voJith relative Strain Energy error of D % or more 

Starting p·order 

~.·1aximurn p·order 

t\·la;:imum no. of loops 

D: 
[]: 
DEE 

[ OK I [ Cancel ] [ .Apply ] [ Help ] 

Target accuracy 99% 

- Accuracy bias: middle 

- 5 loops 

Figure 12-2: The Adaptive tab in the Static study properties window with the h­
adaptive solution method selected. 

The selection ''h-adaptive '' made in the Adaptive tab in the Static study 
properties window (selectable by right clicking the Static study and selecting 
Properties .. . ) activates the use of the h-adaptive solution method. For the h­
adaptive solution presented in this chapter, we use the settings as shown in this 
illustration. 
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The h-adaptive solution options are explained in the table below. 

Setting 

Target accuracy 

Accuracy bias 

Maximum no. of 
loops 

Mesh coarsening 

Definition 

Sets the accuracy level for the strain energy norm. This is 
NOT the stress accuracy level. However, a high level of 
accuracy indicates more accurate stress results. 

You can move the slider towards Local to instruct the 
program to concentrate on getting accurate peak stress 
results using a fewer number of elements. You can also 
move the slider towards Global to instruct the program to 
concentrate on getting overall accurate results. 

Sets the maximum number of loops allowed when you run 
the study. The maximum possible number of loops is five. 

Check this option to allow the program to coarsen the mesh 
in regions with low error during the adaptive loops. The 
number of elements in consecutive loops may increase or 
decrease depending on the model and the initial mesh. If 
this option is not checked, the program does not change the 
mesh in regions with low errors. 

The h-adaptive solution method is called ''adaptive'' because mesh refinement is 
''adapted'' to the stress pattern and the mesh is refined only where it is necessary 
to produce results satisfying accuracy requirements specified in the Study 
properties. h-elements retain their order; they cannot be upgraded. to a higher 
order. 

Now review the p-adaptive solution method. If you recall, in chapter 1 we 
mentioned that SOLIDWORKS Simulation can use either frrst order elements 
( called draft quality), or second order elements ( called high quality). 
Furthermore, recall that frrst order elements model a linear ( or first order) 
displacement distribution and constant stress distribution, while second order 
elements model a parabolic (second order) displacement distribution and linear 
stress distribution. We now have to amend the above statements. 
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Aside from first and second order elements, SOLIDWORKS Simulation can 
also work with elements of ''floating'' order which can change order during the 
iterative solution process. The highest available order is five. These elements of 
''floating'' order are called p-elements and are available when the p-adaptive 
option is selected as the solution method in the Study properties window under 
the Adaptive tab (Figure 12-3). This option is available only for static studies 
using solid elements. 

Static 

Options .AJ:iaptive Aow/Thennal 8f ects Remark 

.AJ:iaptive method 

,- None -
( h·adaptive 

"~ p-adaptive 

h·iAdaptive options 

Target accl11ai.::y 

.0.CCtHdC,Y bias. 

... ov.i High 

..-. -----, t- 98 % 

Local (F~ster) Global (Slower) 

,-, ---1(;..---

tv1aximum no of loops 

0 !vtesh coarsening 

p·Maptive options 

Stop when [Total Strain En~ • j change is 1 - , . or less 

Update elements v.1ith relative Strain Energy error of 2 %or more 

Starting p-order 2 ~] 
~ 

Maximum p-order s -EE 
Maximum no. of loops 4 EE 

[ OK ) [. Cancel ] [ .Apply ] [, Help ] 

~ Strain energy change 1 % 

...+-- Strain energy error 2% 

-- Starting p order 

- Max. p order 

++-- Max. number of loops 

Figure 12-3: The adaptive tab in the Static study properties window with the p­
adaptive solution method selected. 

The selection ''p-adaptive '' made in the Adaptive tab in the Static study 
properties window activates the use of the p-adaptive solution method. 
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The p-adaptive solution options are shown in Figure 12-3 and explained in the 
table below: 

Setting 

Stop when 

Update elements with 
relative Strain 
Energy error of ... 

Starting p-order 

Maximum p-order 

Maximum no. of 
loops 

Definition 

Iterations (looping) increase element order until the 
change in Total Strain Energy ( or other measures like 
RMS resultant displacement or RMS von Mises stress) 
between the two consecutive iterations is less than the 
specified value ( default is 1 % ) shown in the p-adaptive 
options area. If this requirement is not satisfied, then 
looping will stop when the elements reach the fifth order; 
this will be the fourth loop. 

This setting controls which elements are upgraded during 
the iterative solution. By default, elements with relative 
Strain Energy error of2% or more are updated. 

The initial order of elements. Usually the starting p-order 
is set to 2, which means that all elements are defined to 
start as second order elements. 

The actu.al highest order to be used in p-adaptive solution. 
The highest order available in SOLIDWORKS 
Simulation is the fifth order. 

Sets the maximum number of iterations (loops) allowed 
when the p-adaptive study is run. The maximum possible 
number of loops is four. 

Let us pause for a moment and explain some terminology. Ref er to Figure 2-16 
which explains that h denotes the characteristic element size. While the mesh is 
refined during the convergence process, the characteristic element size h 
becomes smaller. Therefore, the mesh refinement process that we conducted in 
chapters 2 and 3 is called the h-convergence process, and the elements used in 
this process are called h-elements. Anh-adaptive solution is an iterative solution 
where the h-element mesh is automatically refmed in several iterations. 
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When p-elements are used, the iterative process does not involve mesh 
refinement. While the mesh remains unchanged, the element order changes from 
second all the way to fifth order elements. The iterations may also stop sooner if 
the convergence criterion (here the change in Total Strain Energy) is satisfied 
before the fifth order is reached. 

The order of any element is defmed by the order of polynomial functions that 
describe the displacements in the element. Because the polynomial order 
experiences changes in the p-adaptive solution, the process of consecutive 
element order upgrade is called a p-convergence process (p stands for 
polynomial), and the upgradeable elements used in this process are called p­
elements. 

Not all p-elements are upgraded during the solution process. Which elements are 
updated depends on the selection made in the field Update elements with 
relative Strain Energy error of 0/o or more. Here we set it to 2%, meaning 
that only those elements that do not satisfy the above criterion will be upgraded 
(investigate other criteria as well). Therefore, we say that the element upgrading 
is ' 'adaptive," or driven by the results of consecutive iterations. 

The p-adaptive solution process is analogous to the process of mesh refinement, 
which also continues until the change in the selected result is no longer 
significant. 
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Procedure 

We will solve the same problem in five different ways: 

1. Using one mesh of h elements ( study standard) 

2. Using one mesh of h elements with mesh controls added ( study standard 
with mesh control) 

3. Using the h-adaptive solution method (study h adaptive) 

4. Using the p-adaptive solution method with default p-adaptive solution 
settings ( study p adaptive O 1) 

5. Using the p-adaptive solution method with modified p-adaptive solution 
settings (study p adaptive 02) 

First, solve the model using second order solid tetrahedral h-elements using the 
default element size. Name the study standard. Von Mises stress results with 
superimposed mesh are shown in Figure 12-4. 

van Mises (N/ mmA 2 (MP a)) 

67.8 

62.2 

56.5 

. 50.9 

. 45.2 

~ 39.6 

33.9 

'+- 28.3 

_ 22.6 

_ 17.0 

_ 11.3 

_ 5.7 

0.0 

~• Yield strength: 206.8 

Figure 12-4: Von Mises stress results obtained in a standard study. 

The maximum von Mises stress is 68MPa. 
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Now, repeat the analysis using a mesh with default mesh controls applied to both 
fillets (top and bottom). A default mesh control produces elements the size of 
one half of the default global element size. Name the study standard with mesh 
controls. Von Mises stress results produced by this study are shown in Figure 
12-5. 

von Mises (N/mm" 2 (MPa)) 

74.5 

68.3 

62.0 

55.8 

_ 49.6 

43.4 

37.2 

31.0 

_ 24.8 

_ 18.6 

_ 12.4 

_ 6.2 

0.0 

____.. Yield strength: 206.8 

Figure 12-5: Von Mises stress results obtained in study standard with mesh 
controls. 

The maximum van Mises stress is 7 4. 5MPa. Notice that the decision of adding 
mesh controls was made based on results from the previous study. 

Now, create a new study h adaptive identical to standard study (the one without 
the mesh control) except in the study properties window under the Adaptive tab, 
select h-adaptive. Use the settings shown in Figure 12-2: Target accuracy 99°/o, 
no Accuracy bias (slider in the middle), Maximum no. of loops 5. Do not use 
any mesh controls. 

As we have previously mentioned, the finite element mesh is refined during the 
h-adaptive solution. The results are reported for the mesh from the last 
performed iteration (the most refined one). Run the solution of the h adaptive 
study and display the results as shown in Figure 12-6. 
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von Mises (N/mm11. 2 (MP a)) 

78.5 

72.0 

65.5 

\ 
_ 58.9 

_ 52.4 

45.8 

39.3 

32.7 

_ 26.2 

_ 19.6 

_ 13.1 

_ 6.6 

0.0 

~ Yield strength: 206.8 

Figure 12-6: Von Mises stress results obtained with an h-adaptive solution (top). 
The automatically refmed mesh is also shown (bottom). 

Notice that the mesh has been automatically refined as compared to the initial 
mesh visible in Figure 12-4. The maximum von Mises stress is 78.5MPa. 

Now, create a study called p adaptive O 1. In the study window under the 
Adaptive tab, select p-adaptive. Use all defaults for a p-adaptive study 
defmition as shown in Figure 12-3. Restraints and Loads can be copied from any 
of the two previous studies. 
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Considering that the p-adaptive solution will be used, we can manage with a 
mesh without bias (no controls need to be applied). Therefore, copy the mesh 
from the standard study. Using higher order elements, which is equivalent to 
refinement of an h-element mesh, our mesh without bias will still deliver results 
with acceptable accuracy. 

Having solved the study with p-elements, the stress plot produced is shown in 
Figure 12-7. 

von Mises (N/mm"' 2 (MP a)) 

71.6 

65.7 

- - 59.7 

53.7 

_ 47.8 

r 41.8 

• 35.8 

_ 29.9 

• 23.9 

_ 17.9 

_ 12.0 

_ 6.0 

0.0 

--.. Yield strength: 206.8 

Figure 12-7: Von Mises stress results obtained using the p-adaptive method (top) 
and mesh (bottom) which remains unchanged during the p-adaptive solution. 

The mesh is identical to the mesh visible in Figure 12-4. The maximum von 
Mises stress is 71 . 6 MP a. 
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To illustrate the iterative nature of h-adaptive and p-adaptive solutions, create 
convergence graphs which are available for both types of adaptive solutions. To 
create a convergence graph, right-click the Results folder and select Define 
Adaptive Convergence Graph. For both adaptive studies select Maximum von 
Mises Stress in the Convergence Graph window (Figure 12-8). Later try 
experimenting with other Convergence Graph options. h-adaptive and p­
adaptive convergence graphs are shown in Figure 12-9. 

~ h adaptive (-Default-) Convergence Graph 

~ BRACKET (-(SW]AISI 304-) 

i i Connections 

• 1$ Fixtures Options 

• ! & External Loads 

~ Mesh 

[jrarget accuracy 

0 Maximum von Mises Stress 

• ~ Results if Advisor ... 
ICJ Maximum Resultant Displacement 

C]Total Strain Energy 

(1) 
Select 

Define Adaptive 
Convergence Graph 

(3) 
Save as Excel file 

Solver .Messages ... 

cg.'I Define factor Of Safety Plot. .. 

~ Define Stress Plot. .. 

!$' Define Displacement Plot. .. 

C, Define Strain Plot. .. 

~ Define Qesign Insight Plot. .. 

$ Define Fa1igue Check Plot ... 
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Figure 12-8: Defming a convergence graph for h-adaptive or p-adaptive solution 
methods. 

Automatically created graphs can be modified using Graph Options or saved as 
a .csv file and formatted in Excel. In the graphs to follow we'll use the second 
method. The graph window shows h adaptive convergence results,· it has been 
trimmed to fit this page. 
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Max. von Mises 
stress [MPa] 

80.0 ...------------------. 80.0 ...------------------. 

68.0 

1 
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76.0 -------------------! 

74.0 -------------------! 

72.0 ------------------; 

68.0 -------------------! 

66.0 ---------------

2 3 4 5 1 2 

Iteration number Iteration number 

h adaptive solution p adaptive solution 

Figure 12-9: Convergence graphs of maximum von Mises stress results obtained 
in the adaptive solutions. 

The h-adaptive convergence graph shows that five iterations were performed 
during the h-adaptive solutions. The p-adaptive graph shows that only two 
iterations were performed during p-adaptive solutions. 

The maximum number of iterations in the h-adaptive process is five and as 
Figure 12-9 indicates, all five iterations were performed because we used a very 
demanding 99% Target accuracy specified in the settings of the h-adaptive 
study. Target accuracy indirectly controls the number of iterations performed 
during the h-adaptive solution. Try experimenting with a less demanding Target 
accuracy to observe that the solution will stop without using up all available 
iterations. 
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The maximum number of iterations in a p-adaptive study is four. Figure 12-9 
shows that only two were performed, so the iterative solution must have stopped 
due to the convergence requirements being satisfied before all available iterations 
were used. 

Create the last study and call it p-adaptive 02 (you may copy study p adaptive 
01). Define much more demanding convergence requirements to force the solver 
into using all available iterations and reaching the highest available element 
order (Figure 12-10). 

Static ,~ 
Options Adaptive Aow/Thennal efects Remarlc 

Adaptive method 

,- None 

O h-adaptive 

~ p·adaptive 

h-Adaptive options 

Low High 

T argel accuracy 
I t- 98% 

Local (Faster) Global [Slower) 

Accuracy bias· • • 
. I I 

tvia:-:1mt1m no of loops IJ IEE 
D l"lesh coarsening 

p-Adaptive options 

Stop "''hen [Total Strain Energy • ] change is 0.01 %or less - 0.01% 
Update elements •,vith relative Strain Energy error of 2 %or more 

Starting p-order 2 l~ 
[!] 

Maximum p-order 5 ~ 
Maximum no. of loops 4 EE 

[ OK I ( Cancel ) ( ~~· ) ( Help ] 

Figure 12-10: p-adaptive solution settings for studyp-adaptive 02. 

A very demanding convergence requirement forces the solver to go up to the 
highest available p order (fifth order) and hence to perform the maximum 
possible number of iterations (fourth iteration). 
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Von Mises stress results of study p adaptive 02 are shown in Figure 12-11. 

von Mise s (N/mm" 2 (MPa)) 

72.4 

66.4 

r-----·- 6 0. 3 

54.3 

_ 48.3 

_ 42.2 

36.2 

30.2 

_ 24.1 

_ 18.1 

_ 12.1 

6.0 

0.0 

--.... Yie ld stre ngth: 206.8 

Figure 12-11: Von Mises stress results of studyp-adaptive 02 (top) and mesh 
(bottom) which remains unchanged during the p adaptive solution. 

The maximum von Mises stress is 72. 4MPa. 
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Convergence ofvon Mises stress results obtained in the p adaptive 02 study is 
shown in Figure 12-12. 

Max. von Mises 
stress [MP a] 

1 2 3 4 

Iteration number 

Figure 12-12: Convergence ofvon Mises stress results obtained in thep-adaptive 
02 study. 

The p-adaptive convergence graph shows that four iterations were performed. 

When the maximum number of iterations is performed as shown in Figure 12-12, 
we get no feedback as to whether the solution stopped because the specified 
accuracy in study properties was achieved, or because the maximum allowed 
number of iterations was reached. In the h-adaptive solution the maximum 
number of iterations is 5 whereas in the p-adaptive solution, the maximum 
number of iterations is 4 and coincides with the highest available element order 5. 
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A summary of results obtained in all studies is shown in Figure 12-13. These 
graphs were prepared outside of SOLIDWORKS Simulation based on data 
exported from the SOLIDWORKS Simulation graphs. 

h ad.aptive solution 

80.0 l 
78.0 

76.0 ~ 
I 

74.0 • 

72.0 • 

70.0 

" 68.0 • 

660 • • • • 

1 2 3 4 5 

Iteration number 

p adaptive solution 

80.0 1 

78.0 • 

76.0 • 

74.0 1 
72.0 • 

70.0 ~ n 
68.0 • 

66.0 • • I 

1 2 3 4 

Iteration number 

Figure 12-13: Summary of all results. 

Solution of study 
Standard with mesh controls 

Solution of study 
Standard 

Solution of study 
Standard with mesh controls 

Solution of study 
Standard 

Top : The results of two non-adaptive studies shown with horizontal lines, and 
the results of the h-adaptive study repeated from Figure 12-9 shown with vertical 
bars. 

Bottom: The results of the two non-adaptive studies shown with horizontal lines, 
and the results of the p-adaptive study shown with vertical bars repeated from 
Figure 12-12. 
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Examine the bottom graph in Figure 12-13 and notice that the first two iterations 
are the results of study p-adaptive 01 . All four iterations 1,2,3,4 are the results of 
study p-adaptive 02. The difference between studies p-adaptive OJ and p­
adaptive 02 is that in study p-adaptive 02, two more iterations were performed 
because of the more demanding accuracy requirements. 

You are encouraged to repeat both h and p convergence studies using an initially 
more refined mesh and different convergence criteria. 

Which one of the three solution methods is preferred? The ''regular'' method 
using h-elements (here studies standard and standard with mesh controls), the h­
adaptive solution (h adaptive study), or the p-adaptive solution (p adaptive OJ 
and p adaptive 02 studies)? 

Experience indicates that second order h-elements offer the best combination of 
accuracy and computational simplicity. For this reason, the SOLIDWORKS 
Simulation automesher is tuned to create h-element meshes. This makes h­
elements preferable over p-elements. Also, a p-adaptive solution is much more 
computationally intensive than a standard or adaptive h-element solution. For 
these reasons, the p-adaptive solution should be reserved for special cases where 
solution accuracy must be known according to the settings available in the p­
adaptive study. 

This leaves us with the choice between standard and h-adaptive solution 
methods. The h-adaptive solution is more computationally demanding and more 
time-consuming than the standard solution. At the same time, it offers a very 
important advantage: it relieves users from the need to exercise judgment over 
meshing choices. In a standard solution, the user must decide if a default mesh is 
acceptable and how it should be modified by specifying mesh controls and/or 
global refinement. The h-adaptive solution automatically takes care of refining 
the mesh (both globally and locally). 

With increasing computational power and the decreasing cost of computer 
hardware, the h-adaptive solution is becoming the preferred solution method in 
SOLIDWORKS Simulation. 

Both h-adaptive and p-adaptive methods are great learning tools, leading to a 
better understanding of element order, the convergence process, and 
discretization error. For this reason, readers are encouraged to repeat some, if not 
all, of the previous exercises using both of the adaptive solution methods. 
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Models in this chapter 

Model Configuration Study Name Study Type 

BRACKET .sldprt Default standard Static 

standard with mesh control Static 

h adaptive Static 

p adaptive 01 Static 

p adaptive 02 Static 
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13: Drop test 

Topics covered 

o Drop test analysis 

o Stress wave propagation 

o Direct time integration solution 

Project description 

A ceramic porcelain part RING is dropped from a height of 500mm and lands on 
a flat and horizontal rigid floor (Figure 13-1 ). We will simulate the impact using 
a Drop Test analysis. 

-~ -
• 

----

----:-----------

Figure 13-1 : The RING dropping on a rigid floor. 

The direction of 
gravitational acceleration 

The target plane is 
500mm below the center 
of mass of the RING 

The direction of gravitational acceleration is normal to the target plane. 
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Procedure 

../ x 

Message 

Name 

Open the part called RING. It has ceramic porcelain material properties already 
assigned. Notice the split lines added to the RING geometry. 

Create a Drop Test study with default name Drop test 1. SOLIDWORKS 
Simulation creates two folders in the Drop Test study: Setup and Result Options 
(Figure 13-2). 

Study 
• • cy Drop Test 1 (-Default-) 

~ RING (-[SW]Ceramic Porcelain-) 

i i Connections 

~ Mesh 

© Setup 
• I 

Setup 

Drop Test 1 q:, Result Options Results Options 
• 

General Simulation v 
Drop Test 

Options Remark 
Design Insight v 

Advanced Simulation v 

Specialized Simulation 

Submodeling 0 Results folder f:\ fea results GJ 
--11-• I~ j Drop Test 

I cCl I Pressure Vessel Design 

IC'.] Large displacement 

I l I l 
-
I OK Cancel Apply Help 

Deselect Large displacement 

Figure 13-2: Drop Test study definition (left), Drop Test study window with 
Setup and Result Options (top right) and Drop test properties window (bottom 
right). 

Displacement in the model will not be large. To speed up the solution process, 
you may deselect the Large displacements option in the study properties. 

Right-click the Setup folder and select Define/Edit to open the Drop Test Setup 
window. Select Drop height and From centroid and enter 500mm as the drop 
height. From the fly-out SOLIDWORKS menu (not shown in Figure 13-3), 
select the Top Plane to define the line of action of gravitational acceleration as 
normal to the Top Plane. Enter the magnitude of gravitational acceleration as 
9.81m/s2

. Finally, select Normal to gravity as Target Orientation. 
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Drop height 
500mm 

Gravity normal to 
the Top Plane. 

Reverse direction to -
make it point down. 

Target plane normal 
to gravity 
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After completing the exercise, try experimenting with a different Target 
Orientation using the Parallel to Ref. Plane option in the Drop Test Setup 
window (Figure 13-3). 

Drop Test Setup (1) I 
x I 

Specify 

~ Drop height 

- Velocity at impact OA) Pia o,, 
Height 

(.) From centroid 

'- From lowest point 

~ 500 [mm · ] 
Gravity 

Top .P.lane I w ·-----
b 9.81 [ m/sec" 2 

Target 

Target Onentation 

~ · Normal to gravity 

_ Parallel to ref. plane 

No friction !:!. o 

Rigid target 

No damping on 
contact 

Target Stiffness 

-~ Rigid target 

Flexible target 

Contact Damping 

lv O 

x 
Symbol Settings v 

Figure 13-3: Drop Test Setup window. 

RING landing perfectly square on a rigid floor may not be a realistic scenario 
but allows for an illustrative review of a Drop Test. 
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Having defined all the required entries in the Drop Test Setup window, we now 
need to define sensors under the Sensor folder. This is done in SOLIDWORKS 
Feature Manager, as shown in Figure 13-4. 

% RING (Oefault<<Oefault> _Display State 1> 

• [iru Sensors I,___ 
Add Sensor ... 

• 00 Annotat 

~ Surface Notifications ... 

• ~ Solid B Hide/Show Tree Items ... 
o-i=o CeramiG 

b.! front Pl 

b-,! Top Plane 

hl Right Plane 

L Origin 

• ~ Extrudel 

• ® Extrude2 

• @ Extrude3 

1>~<1 CirPatternl 

• ® Split line2 

CiJ Target plane 

Collapse Items 

Customize Menu 

Sensor 1 

Sensor 2 

Sensor 

... ~ x ...,_ 

Sensor Type 

la [ Simulation Data 

Data Quantity 

la Workflow Sensitive 

Properties 

0 Link to selection 

I 

-~-
' 

Figure 13-4: Simulation Data sensors defined in two locations. 

(?) 

A 

· I 

(2) 
Select 
Simulation 
Data as the 
Sensor type 

(3) 
Select 
Workflow 
sensitive 
as the 
Data Quantity 

Locations of the sensors used in the Results Options. Sensors are placed on 
vertices created by split lines in the SOLID WORKS model. 

The above explanation of sensor definition is for your reference only. The RING 
model comes with sensors already defined. 
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Referring to Figure 13-4, sensors are defined where the highest Pl stresses are to 
be expected. Notice that the maximum principal stress relates to the failure of 
porcelain, which is a brittle material. Von Mises stress is not applicable as a 
failure criterion for brittle material. 

Right-click the Result Options folder to open the Result Options window. 

Solution Time after 
impact 60µs 

Sensor list 
These are sensor defined in 

the SOLIDWORKS 
model 

Result Options 

x 
-
Solution Time After Impact 

(9 60 
. ..,. m,crosec 

Save Results 

~ 0 • m,crosec 

25 

~ [ All Tracked Data Sensors 

20 

Figure 13-5: Result Options window. 

,... 
..... 

..... ] 
;,,. 

.... 

To monitor what occurs to the ring during the first 60 microseconds after first 
impact, enter 60 as the Solution time after impact. See SOLIDWORKS 
Simulation help for more information. 

In the Save Results area of the Result Options window, accept the default O 
(microseconds) meaning that results will be saved immediately after the first 
impact. Also, accept the default 25 for the No. of plots. This means that the 
solution time is divided into twenty five intervals and full results (available as 
plots) are saved only for these intervals. 

Notice that full results are saved for the 25 plots spaced out evenly over a 60 
microseconds time period. 

Since the impact time is very short, it is measured in microseconds. The 
maximum displacement or stress may occur during the first impact, or later when 
the model is rebounding. A sufficiently long solution time needs to be specified 
to capture maximum displacement and stress results. 

Mesh the model with the default element size and run the solution. Upon 
completion of the solution, SOLIDWORKS Simulation creates the following 
result folders: Stress, Displacement and Strain. To view a time history graph, 
right-click the Results folder and select Define Time History Plot (Figure 13-6). 
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I 

st 1 (-Default-) 
.... , 

qi:i Drop Te Time History Graph 

(- [SW]Ceramic Porcelain-) 

ections 

~ RING 

i i Conn 

~ Mesh 
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df, Resu It Options 

..... } 
I Solver Messages ... 
I 
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~ Define Stress Plot ... 

~ Define Displacement Plot ... 

C!?/ Define Strain Plot ... 

IC Define Time History Plot ... 

~ Results Equations ... 
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-

I Create Body from Deformed Shape ... 

~ Save All Plots as JPEG f iles 

te Save All Plots as gDrawings 
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[Oa Copy 
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-

~ x 

Response 
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I nodes Al 
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Figure 13-6: Define Time History Graph creates graphs of stress, displacement, 
velocity and acceleration as functions of time. 

Graphs are created for locations defined by sensors; see Figure 13-7. 
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Figure 13-7: Time history graphs for sensor 1 and sensor 2 indicate that the 
highest Pl stress happens for sensor 1 at time 24µs. 
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Based on the review of the Time History Graph, we find that the highest Pl 
stress occurs at a time of 24 µs ( move the cursor over the plot to find this time 
value). Therefore, we can create a Pl stress plot that approximately corresponds 
to this time point (Figure 13-8). 

~ Stress plot 

Definit ion Chart Options Settings 

Display A 

cg, [ Pl: 1st Principal Stress ""' j 
[] [ N/ mm " 2 (MP a) ""' j 

Advanced Options 

Plot Step 

EJ§] 
~ 23.9947 

,. . 
m1crosec -

~ 10 
0 

-..... 

Pl (N/mm/\2 (MPa)) 
IE] Deformed shape 

- 209.6 

180.4 

- - 151.2 

122.1 

. 92.9 

63.7 

34.5 • 
-~ -

• 
5.4 

L · 23.8 

· 53.0 

-82.1 

·111.3 

· 140.5 

Max: 209.6 

Figure 13-8: Pl stress plot for time step 24µs showing Pl =204.7MPa in Sensor 1 
location. This is found based on temporal data from the graphs in Figure 13-7. 

Location of the maximum Pl = 209.6MPa is also shown. 
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Sensors have been located arbitrarily and do not necessarily coincide with the 
location of the maximum stress. We may use plot settings shown in Figure 13-9 
to find the maximum stress value d·uring the analyzed period of impact. 

~ Stress plot 

x 

Definition Chart Options Settings 

Display A 

l'.!i, [ Pl: 1st Principal Stress .., ] 

[] [ N/mm" 2 (MPa) • J 

Advanced Options v 

(1) 
Plot Step 

Plot bounds 
across all steps , .... (.> 

'Q) Maximum -
(2) ~; Minimum 0 Pl (N/mm"2 (MPa)) 

Maximum ) Absolute Maximum 
263.5 

liJ Deformed shape v 
239.9 

-
216.2 

192.5 

168.9 

145.2 

• 
-~ -

121.5 

• 
97.9 

74.2 

50.6 

26.9 

_ 3.2 

Max: 263.5 -20.4 

Figure 13-9: Selection of plot bounds across all time steps finds the highest Pl 
stress 263.SMPa. 

Notice that stress concentration is much smaller than element size. 

The default element size used in this study is not adequate to analyze the 
maximum Pl stress across all time steps. Repeat this analysis with significantly 
more refined mesh in the area of contact but be prepared for a long solution time. 
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Will the ring break? The Drop Test analysis does not directly provide pass/fail 
results. It is best used to compare the severity of impact for different drop 

. 
scenarios. 

The magnitude of the maximum principal stress calculated in the sensor is 209.6 
MPa. The magnitude of the maximum principal stress across all time steps is 
even higher, but this result requires a much more refined mesh. 

Considering that the ultimate strength of ceramic porcelain is 172 MPa, damage 
to the ring is likely. 

To see the ring bouncing off the floor as well as the stress wave propagating in 
the model, repeat the study using a longer solution time and animate the stress 
plot. If a long enough solution time is used for the analysis you will see the ring 
bouncing off the floor more than once. In fact, bouncing would last forever, 
because there is no mechanism of energy dissipation in the study setup. 

The Drop Test is an analysis intended to model the dynamic impact force of 
very short durations, since this is when damage is most likely to occur. The 
Drop Test analysis takes into consideration inertial effects but not damping. The 
Drop Test analysis uses a numerically intensive but stable direct ( explicit) time 
integration method. 

Models in this chapter 

Model Configuration Study Name Study Type 

RING.sldprt Default Drop Test 1 Drop Test 
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14: Selected nonlinear problems 

Topics covered 

o Large displacement analysis 

o Analysis with shell elements 

o Membrane effects 

o Following and non-following load 

o Nonlinear material analysis 

o Residual stress 

In all previous exercises we assumed that the model stiffness did not change 
significantly when the model deformed due to the applied load. Consequently the 
stiffness only needed to be calculated once, before any load had been applied. 
Since this stiffness adequately described model behavior during the entire 
loading process, the model stiffness did not have to be updated and the load 
could be applied in one single step. The only time we departed from these 
assumptions was in the analysis of the contact problem. 

We will now discuss a few problems where the stiffness changes globally rather 
than locally, as was the case in the contact problem. 

If a change of stiffness during the process of load application is caused by a 
change in model geometry, the problem may be solved with the Large 
displacement option selected in a Static study. Other types of nonlinear 
behavior require a Nonlinear study (Figure 14-1). 
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~ 

Remark 

-
Friction coefficient: 0.05 

Nonlinear • Static 

Solution Flow/Thermal Effects Remark 

Stepping options 

Start time O Restart 

End time IJ ..{,, Save data for restarting the analysis 

Time increment: 

~ Automatic (autostepping) 

Initial time increment 0.01 

Min le-008 Max 0.1 No. of adjustments 5 

[j Ignore clearance for surface contact 
FIXed 0.1 J 

r 1mprove accuracy for no penetration contacting surfaces (slower) 
Note: For nonlinear static analysis (except time dependent material like 
creep) pseudo time steps are used to apply loads/fooures in small 
increments. For creep, time steps represent real bme in seconds to 
associate loads/fixtures. Incompatible bonding options 

~J Automatic 

) Simplified 

Start time and End time are not used by the Arc length control method defined 10 

Advanced options. 

_) More accurate (slower) 
Geometry nonlinearity options Large 

./ Use large displacement formulation displacement 
tiJ Large displacement Update load direction with deflection (Applicable only for normal uniform 

Cl Compute free body forces 
pressure and normal force) 

['I Large strain option 
Solver 

::::J Automatic Solver Selection 
Solver 

I FFEPlus 

Incompatible bonding options 

<t Simplified 
[ ffEPlus · ] More accurate (slower) 

.::J Use rnplane effect 

_J Use soft spnng to stabilize model 

"] Use inertial rehef 

Results folder 

[ 

Results folder f:\fea results CJ 
f:\fea results CJ 

j Advanced Options... j 

• 

][ J = 
. 
I I OK Cancel App~· Help . l OK j L Cancel j j Help J 

Static study Nonlinear study 
not used in NL002 exercise 

Figure 14-1: Nonlinear analysis option in Simulation studies: Static study (left), 
Nonlinear study (right). 

The above options do not describe all nonlinear analysis capabilities of either 
study. Contact analysis is available in both Static and Nonlinear if Contact Sets 
are defined. Nonlinear material is available in a Nonlinear study. 

In NL002 exercise both linear analysis and nonlinear analysis will be run as 
Static studies. The Nonlinear study window shown above is for information only. 

Nonlinear problems caused by a change of model geometry can be solved either 
in a Static study with the Large displacement option selected, or in a 
Nonlinear study. All nonlinear problems may be solved in a Nonlinear study, 
which is available in SOLIDWORKS Simulation Premium. 

Some limitations apply to a nonlinear geometry analysis conducted in a Static 
study. You may always select the Large displacement option in a Static study, 
whether it is necessary or not. However, this significantly increases solution time. 
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There is a common misconception that nonlinear analysis is the analysis of 
nonlinear material only. Remember that material nonlinearity is just one of the 
many types of nonlinear behavior, some of which will be reviewed in this 
chapter. 

Open model NL002 and review the SOLIDWORKS Feature Manager. Notice 
that the model contains only surface geometry. Simulation will recognize it and 
will mesh the model with shell elements. 

Create two Static studies: linear and nonlinear. Check the Large displacement 
option in the properties of the nonlinear study. This is the only difference 
between these two studies. 

When a study is created using a model with surfaces only, we need to define 
shell thickness. Notice that this was not required in chapter 4 where a sheet metal 
model was analyzed. This was because shell thickness was taken from solid 
model geometry. Right-click the shell folder and select Edit Definition from the 
pop-up menu. In the Shell Definition window, select Thin as the shell element 
type and enter 2mm for the shell thickness, and accept O as the shell offset 
(Figure 14-2). Material properties are transferred automatically from the 
SOLIDWORKS model. 

~ lif linear (-Default-) 

I~ NL002 (-Thickness: not er.£- ~ .. -'._._: . . 
e :i . ' Apply/Edit .Material ... 
v I Connections 

~ Fixtures 

! A External Loads 

(s, Mesh 

Apply Favorite Material 

'- Shell Manager 

Edit Definition ... 

Shell Definition ® I 

Type 
-g Thin 

Thick - . 
~ Composite 

[D Result Options Define Shell By Selected Faces ... 

! 0 Exclude from Analysis 

Create Mesh ... 

@ 2.000mm ; l ..... m_m __ ... __,J 

Make Rigid 

Fix 

Details ... 

~ Add to New [older 

4l ~opy 

Figure 14-2: Shell Definition window. 

C Flip shell top and bottom 

( Full preview 

g No preview 

= Top face of shell 

= Bottom face of shell 

0 

The offset value is defined as a 
fraction of the total thickness 
measured from the midsurface to 
the reference surface. 

Thin shell and thick shell models, respectively, have a constant and parabolic 
transverse shear stress distribution across their thickness. Refer to Simulation 
help for information on Composite shells. 
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Apply a Fixed restraint to the edge of the wide end and ION normal force to the 
round split face (Figure 14-3). 

--

Fixture 

Example 

Standard (Fixed Geometry) 

10' I Fixed Geometry 

I ~ Immovable (No translation) 

j ~ I Roller/Slider 

I [;II I Fixed Hinge 

0 

Force/Torque 

v 

Fixed Geometry: 

0 

Force Value (N): 10 

Force --
Force/Torque 

I ± I Force 

Normal -

j i, J Torque 

Face<l> 

0 

-tf! Normal 

l. Selected direction o 

~ [s1 · I 
± 10 • N 

D Reverse direction 

~ Per item 

Total 

[] Nonuniform Distribution v 

Symbol Settings v 

Figure 14-3: Restraints (top) and load (bottom) definition, arrows indicate the 
required selection. 

Notice that the Fixture window offers the choice ''Immovable'' which is due to 
the shell elements being analyzed. In our case, defining the restraint as 
Immovable would result in a hinge support. 
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Now mesh the model with shell elements using the default element size and 
notice the shell element orientation (Figure 14-4). 

Shell Definition 

"" x 

Type 

@ Thin 

(;Thick 

() Composite 

@ 50.000mm ;. ['-"m_m __ ... _,J 
ID Flip shell top and bottom 

Bottom of shell elements 

Full preview --+-
-~ ) Full preview 

Top of shell elements 
('') No preview 

Preview shows shell thickness and 
offset. 

= Top face of shell 

= Bottom face of shell 

0 

Figure 14-4: The shell mesh orientation in NL002 is such that the bottoms of 
shell elements are on the load side. 

The mesh is orange on the side where the load is applied. As you remember in 
chapter 4, the bottoms of shell elements are by default marked with the color 
specified in study Options. The default color is orange. 

Exaggerated thickness 5 Omm is used in this illustration for clarity. Experiment 
with different thicknesses to see how that changes the plot, and then return to the 
correct thickness 2mm. 

Solve the study named linear and notice that the solution of this study without 
the Large displacement option displays a warning message (Figure 14-5) that 
must be acknowledged to complete the solution process. 
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Simulation· (Automatically dismissing in 37 seconds)" 

Decision Solver Message 

Excessive displacements were calculated in this model. If your system is 
properly restrained, consider using the large Displacement option to 
improve the accuracy of the calculations. Otherwise, continue with 
current settings and review the causes of these displacements. 
Click 'Yes' to solve with the Large displacement flag activated. 
Click 'No' to solve with small displacement 
Click Cancel to end the solution. 

Select NO to proceed 
with linear solution 

[ Yes ) No ) 

Follow this link to access SOLIDWORKS Knowledge 
base for more information on this message 

15 SOLIDWORKS 
One Account I All SOLIDWORKS 

A SOLIDWORKS ID gives you access to a wide range of resources 
and content. 

Email: 

Ema 

Password: 

"'::iss o ·a 

Login Cancel 

J Remember Me 

English El 

3DEXPERIENCE 

Forgot your password? 

Create a SOLIOWORKS 10 

Learn about the benefits of joining 

Figure 14-5: A warning message displayed by the solver if large displacements 
are detected and the Large Displacement option is not checked (top) and access 
to SOLIDWORKS Knowledge Base (bottom). 

Once displacements are calculated and before calculating stresses, solver checks 
the maximum displacement among the total number of the nodes and then 
compares it to the characteristic length of the model. If the ratio of (maximum 
displacement)/(characteristic length) > 10%, the solver will prompt the 
message: ''Excessive displacements were calculated ... ''. 

Refer to the online SOLIDWORKS Knowledge Base for more information. You 
need an account to access the SOLID WORKS Knowledge Base. 
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Next solve the study nonlinear with the Large displacement option selected. 
Solving with the Large displacement option is a nonlinear solution, which 
progresses in iterations. The load is increased in automatically determined steps 
while the model stiffness is updated according to the progressing displacement 
(Figure 14-6). 

~ nonlinear 

Solving: Load Step Number (Large displacement):8 

Memory Usage:48,%0K 

Sapsed Tune: 25s 

• •• 

[i Al•Nays sho•N solver stab.Js when you run analysis 

Current Task: Equilibrium iterations 

'"' Sb.Jdy 

Degrees of Freedom: 16,806 
Number of Nodes: 2,822 
Number of Elements: 1, 289 

Solver 
Type:Iterative 

\n/arnings: 

[ Convergence Plot ] [ Solver Parameter ] 

[ Pause ] [ Cancel ] [ Less<< ] 

Figure 14-6: The nonlinear solution (with the Large Displacement option) 
progresses in iterations while the load gradually increases and the stiffness is 
updated. 

Due to the iterative nature of the Large Displacement solution, the solution time 
is much longer in comparison to the corresponding linear solution. 
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Create displacement plots obtained from the linear and nonlinear solutions 
(Figure 14-7). Use a 1: 1 scale of deformation for both plots. 
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• 232 
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285 

259 

• 233 

• 208 

_ 182 

156 

130 

. 104 

_ 78 

• 52 

Correct nonlinear solution - 26 

_o 

Figure 14-7: Incorrect linear solution (top) and correct nonlinear solution 
(bottom) obtained with the Large displacement option. 

The undeformed model is superimposed on both plots. Notice that the linear 
solution produces an incorrect shape of deformation. This is seen by following 
the tip of the beam which travels along a straight line through deformation (the 
beam appears to be stretching out). 
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Now create two stress plots based on the nonlinear solution using a 1: 1 scale of 
deformation. Create a von Mises stress plot for the bottoms of shell elements and 
for the tops of shell elements. 

~ Stress plot 

Definition Chart Options Settings ..._ ______ ___._ -

Display ,.. 
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f I True scale 
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Figure 14-8: Von Mises stress results for element Bottoms (top illustration) and 
element Tops (bottom illustration). 

Both plots show similar stress magnitudes because von Mises stress is always a 
positive, scalar value. Tensile and compressive stresses equally contribute to von 
Mises stress. 
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Examine the plots in Figure 14-8 to notice that the maximum von Mises stress on 
the bottom side ( tensile side) is 282MPa, and that the maximum von Mises stress 
on the top side ( compressive side) is 265MPa. Both values are above yield which 
is 22 lMPa for Plain Carbon Steel. Even though we ran a nonlinear analysis, the 
only source of nonlinear behavior is the large displacement. Material yield is not 
modeled. SOLIDWORKS Simulation Professional can model nonlinear 
behavior due to Large displacement but not due to nonlinear material and even 
this is performed with limitations; the load is ' 'ramped up' ' linearly (there is no 
other option) and local strain must remain small even though it may add up to 
large model displacements. Also, the load cannot change direction during the 
process of load application. To account for other sources of nonlinear behavior 
( e.g. material yielding) and to be able to apply a load with a time history, we 
need a Nonlinear study available in SOLIDWORKS Simulation Premium. 

Now create two more stress plots also based on the nonlinear solution using a 1: 1 
scale of deformation. Create a Pl stress plot for the bottoms of shell elements. 
Since the bottoms of shell elements correspond to the top side of the beam, this 
plot shows tensile stress. Next create a P3 stress plot for the tops of shell 
elements. These results are summarized in Figure 14-9. 
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~ Stress plot 
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Figure 14-9: Pl stress results for element Bottoms (top illustration) and P3 stress 
results for element Tops (bottom illustration). 
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Figure 14-9 clearly illustrates the shell element capability to model bending. The 
highest Pl stress (tensile) is found on the bottom side of elements and the 
numerically lowest P3 stress (compressive) is found on the top side of elements; 
both are in the same location along the beam. The above discussion is of course 
applicable to both linear and nonlinear analyses. 

The load in example NL002 was a non-following load; it retained its original 
direction and did not follow the deforming structure. A following load requires a 
Nonlinear study and will be used in the CLIP and SPRING examples in this 
chapter. The difference between following and non-following load is explained 
in Figure 14-10. 

Model before 
deformation 

Model after 
deformation 

Non-following load 

Model after 
deformation 

Model before 
deformation 

Following load 

Figure 14-10: A non-following load retains its original direction. A following 
load follows the deforming model retaining its original orientation relative to the 
model. 

A following load is not available in a Static study; it is available in a Nonlinear 
study. 

This illustration has been prepared using model NL002 solid. 
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The next example introduces the analysis of large displacements combined with 
a contact problem, illustrated by the plastic part CLIP (Figure 14-11). 

Load 5N in direction normal 
to the highlighted face 

Fixed restraint 

Figure 14-11: The CLIP model complete with load and restraint. 

Fixed restraint is applied to the bottom face. 

Two surfaces, defined in a contact pair, will experience large displacement ( even 
though not quite as large as in the NL002 example) before contacting each other. 
There are two sources of nonlinear behavior we have to account for: large 
displacement and contact. 

Two studies are used in this exercise: Static study called small displacements 
and Nonlinear study called large displacements. We use Static study without 
large displacement options only to show an incorrect solution. 
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In Static study O 1 small displacements define a local contact set between the two 
surfaces likely to come in contact as No penetration (Figure 14-12). Notice that 
we say ''likely'' because this depends on the load magnitude. 

Having defined No penetration contact for faces that are not touching activate 
Contact Visualization Plot as shown in Figure 14-12. 

Contact Sets 

x ~ 

Message 

Type 

[ No Penetration 

C(l Face<l > 

IC] Self-Contact 

Face<2> 

Properties 

[]Advanced 

n Node to node 

@ Node to surface 
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0 

v 

0 

v 

Contact Visualization Plot 

x 
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Show Contact 

Select Components 
. -- -- -· 

CUP.SLOPRT 
c • - • • • • < 

0 

D Include solver generated contacts 
(mesh required) 

[ Calculate 

-----------
Results 

8 Manual Contact 

? 8 Manual Contact 1 

CUP 

• ·8 Manual Contact 2 

CUP 

;Cr.Show all contacts. 
- _. ~·-----~ ... :-~ ·-·~-· _____ .... ___ . 

No Peneteration 

-- Face 1 

--Face2 

0 

Figure 14-12: Definition of the Contact Set. Node to surface contact does not 
require that the faces are initially touching. 

Split lines in the SOLID WORKS model define small faces that may come in 
contact. The smaller size of the contacting faces shortens the solution time. 
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Mesh the assembly with the default element size, and then obtain solution. Do 
not follow solver's warning and do not switch to Large displacement solution. 
Next, create Nonlinear study 02 nonlinear with large displacement and following 
load; use study properties shown in Figure 14-38. Compare the displacement 
results obtained from these two studies (Figure 14-13). 

Simulation " (Automatically dismissing in 52 seconds)" 

8 Decision Solver Message 

Excessive d isplacements were calculated 
properly restra ined, consider using the l 
improve the accuracy of the calculation 
current settings and review the causes of 
Click 'Yes' to solve w ith the large displace 
Click 'No' to solve w ith small d isplacement. 
Click Cancel to end the solution. 

ise, continue • ..__ 
~ nlacements. 

, ....._~-~ted. 

[ Yes J [ No ] [ Cancel J 

Select No to obtain 
small displacement solution 
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28.3 
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. 18.8 

. 14.1 

. 9.4 

, 4.7 

- 0.0 

---.11- Yield strength: 139.0 

Deformed model correctly 
shows gap closure. 

Figure 14-13: Incorrect displacement results produced without Lar2e 
displacement option (top) and correct displacement results produced with the 
Large displacement option selected (bottom). The Gap did not close properly 
in the solution executed without the Lar1:e displacement option. 

Both plots show von Mises stresses and use 1: 1 scale of deformation. Nonlinear 
study allows for correct modeling of large displacements and gap closing. 
Additionally, it models following load. 
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Notice that the element size in the contact area is much too large to produce 
meaningful contact stress results (Figure 14-14). 

"/ 
// 

// 

Ii::'.: _\ " \ 

' ........ '' ~ 
" ' " \, 

Figure 14-14: The large element size in the contact area does not allow a 
meaningful analysis of contact stresses. 

Color fringes show displacement results. 
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Having solved the problem we may now review solver generated contacts using 
Contact Visualization Plot as shown in Figure 14-15. 

Contact Visualization Plot ® 

x ....... 

Show Contact Underconstrained Bodies 

Message 

Select Components 

[2] lnclu?e solver generated contacts (mesh 
required) 

[ Calculate 

Resu lts 

8 Manual Contact 

8 Manual Contact 1 

CUP 

CUP 

I 

c:i Show all contacts-, -----
- ' . .· . , . 

0 

Figure 14-15: Visualization of contact based on mesh. 

No Peneteration 

The Contact visualization plot shows two faces. These two faces are connected 
by invisible gap elements. 

Solver generated contacts are identical to those defined in Figure 14-12 because 
contact did take place. 
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The deformed shape can be saved as another configuration in the same model or 
as another part (recall chapter 11 ). To save the deformed shape as a different 
model, follow the steps in Figure 14-16. 
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Figure 14-16: A model can be saved as a new part or a new configuration can be 
added to the existing model. 

Examine the new SOLID WORKS part model CLIP DEFORMED. 
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The two previous exercises (NL002 and CLIP) required the Large displacement 
option because the displacements were indeed large. However, problems may 
exist where displacements are small, but they significantly change the model 
stiffness. These problems still require solutions with the Large displacement 
option selected. In fact, the term Large displacement may be misleading 
because it implies that this option should only be used if displacements are large. 

We will demonstrate that displacements do not have to be large in order to 
require a solution with the Large displacement option selected. Open the model 
ROUND PLATE, which is a thin plate subjected to pressure. Switch to 
configuration 02 section of the SOLIDWORKS model, as shown in Figure 14-
17. 

Configuration O 1 full model Configuration 02 section 

Figure 14-17: The full ROUND PLATE model (left) and a section obtained by 
switching to configuration 02 section. 

Since there is axial symmetry in the geometry, loads, and restraints, an arbitrary 
slice with applied symmetry boundary conditions correctly represents the plate's 
response to pressure. 

Radial faces in the section model must remain flat during the process of 
deformation. Roller-slider boundary conditions applied to radial faces in the 
section model will enforce flatness of those faces. 
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Create a static study linear and apply Roller-Slider restraints to both flat faces 
created by the cut. Next, apply a Fixed Geometry restraint to the cylindrical 
face on the plate circumference and a pressure of 0.4MPa to the top face (Figure 
14-18). 

Roller-Slider restraint 
to flat face 

Pressure 0.4MPa 
to top flat face 

Fixed restraint to 
cylindrical face 
(symbols not shown) 

Roller-Slider restraint 
to flat face 

Figure 14-18: Load and restraints applied to the ROUND PLATE model. 

The pressure is applied to the entire top face. Roller/Slider restraints enforce 
flatness of the faces created by the cut while the model deforms. 

Mesh with element size 2mm to avoid an excessive turn angle in fillets and 
obtain solution without Large displacement option checked. Next, copy study 
linear into nonlinear with Large displacement option checked and compare 
displacement results (Figure 14-19). 
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7.9 
Simulation • (Automatically dismissing in 4S seconds)" ~ URES (mm) 
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Figure 14-19: Displacement results obtained without the Large displacement 
option ( top) and displacement results obtained with the Large displacement 
option (bottom). The nonlinear model is stiffer. 

The decision whether to change to the Large displacement solution is left up to 
the user. 
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A flat plate under pressure is a classic case where the assumption of small 
displacements leads to erroneous results. The analysis requires the use of the 
Large displacement option even though displacements may be small in 
comparison to the size of the model. 

The need to use the Large displacement option is due to the change of shape 
( from flat to curved) altering the mechanism resisting the load; a deformed. plate 
is able to resist pressure with membrane (tensile) stress additionally to the 
original bending stress (Figure 14-20). 

A 

A . . 

~ 

Stresses in cross section A-A are bending stresses with linear variation across plate 
thickness: compressive stress is on top and tensile on bottom of plate. The magnitude of 
compressive stress on top is equal to the magnitude of tensile stress on the bottom. 

Deformed plate 

Resultant stresses in cross section 
A-A may still have linear 
distribution across the thickness but 
stress magnitudes on the top and on 
the bottom are different. 

A 

A 

-- + 

Bending stresses have linear 
variation across thickness: 
compressive on top and 
tensile on bottom; the same 
as in flat plate. 

Membrane 
stresses are 
constant and 
tensile across 
the thickness. 

Figure 14-20: Load resisting mechanism in an undeformed plate (top) and in a 
deformed plate (bottom). 

The stress distribution across the plate thickness does not have to be necessarily 
linear. 
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To account for the change of plate stiffness that takes place due to deformation 
( even though the deformation is small), the stiffness must be updated during the 
deformation process. This is only possible if a nonlinear analysis is executed. 
The linear analysis only takes into account the initial bending stiffness, which is 
the reason why the linear model is softer than the corresponding nonlinear model. 

We will illustrate the same problem with one more example, similar to LINK 
described in chapter 5. Open the model LINK02 and notice that the material 
properties of ABS have been assigned to this model. Due to this material's low 
stiffness, the model will experience large displacements which will make it easy 
to show the difference between the correct nonlinear (Large displacement) 
solution and incorrect linear solution. Use 02 half configuration and apply a 
150N load to the top face and hinge restraints to the ''eyes'' (Figure 14-21). 

We will define and solve two studies: linear without the Large displacements 
option and nonlinear with the Large displacement option. Both studies use 
default solid element mesh. 

150N load 

300N load 

Fixed hinge 

~ Symmetry boundary 
conditions 

Figure 14-21 : Loads and restraints on LINK02 model. 

Symmetry boundary conditions may be defined as Symmetry, Roller/Slider, On 
Flat Faces or Use Reference Geometry. 
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Ignore the solver's message about large displacements and obtain linear solution. 
Next, obtain nonlinear solution and compare von Mises stress results from both 
solutions as shown in Figure 14-22. 

Linear solution 

Von Mises stress distribution across~ 
beam thickness is symmetric about 
the neutral plane. 

Only bending stresses are modeled. 
This is incorrect. 

~ 
Nonlinear solution 

Von Mises stress distribution 
across beam thickness is not 
symmetric about the neutral plane. 

Bending and membrane stresses 
are modeled. 

von Mises (N/mm"2 (MPa)) 

von Mises (N/mm"2 (MPa)) 

7.39 

6. 77 

r----------.. 6 .16 

_ 5.54 

4.93 

4.31 

3.69 

3.08 

2.46 

1.85 

_ 1.23 

_ 0.62 

0.00 

6.09 

5.58 

5.08 

_ 4.57 

... 4.06 

3.56 

3.05 

2.54 

2.04 

_ 1.53 

- 1.03 

_ 0.52 

0.01 

Figure 14-22: Von Mises stress results for the same problem treated as linear 
( top) and nonlinear (bottom). 

Top: the absence of membrane (tensile) stresses in the linear solution is 
illustrated by the symmetric distribution of von Mises stresses in the section 
stress plot. 

Bottom: the von Mises section plot obtained in the nonlinear (large 
displacement) solution shows a non-symmetric distribution of stress proving the 
presence of membrane (tensile) stresses. 
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Another way to demonstrate the presence of membrane stress is to examine a 
graph of the SX stress distribution across the height of the link. To create a plot 
of SX stresses, follow the steps in Figure 14-23 and Figure 14-24. 

qt nonlinear (-02 half model-) 

~ UNK02 (-[SWJABS-) 

i i Connections 

• ~ Fixtures 

• ::l:A External l oads 

~ Mesh 

[] Result Options 

... It) Results I~ .!::!ide 

~ Stressl ( lt.t... Ed.t D t· .t . v I e 1n1 ,on ... 
~ Displacer ..... ~ . t .....- _n1ma e ... 
tr/ Strainl (- 19.. s . ci· . "" ect1on _ 1pp1ng ... 

~ Iso Clipping ... 

IQ, .Mesh Sectioning ... 

go Chart Qptions ... 

IT@ Settings ... 

~ Probe 

e} !,ist Selected 

~ Deformed Result 

~ ~ompare Results ... 

~ £rint .. 

l'ia Save As ... 

~ Add to New Folder 

I Cll ~opy 

X .Qelete ... 

SX (N/mm" 2 (MPa)) 

6.09 

5.25 

4.41 

• 3.56 

2.72 

1.88 

1.04 

0.20 

~ ·0.64 

·1.49 

·2.33 

- ·3.17 

Probe Result 

x ...... 

Options 

(' At location 

From sensors 

-~~) On selected ent ities 

Results 

Edge<l> 

IC] Flip edge plot 

I Update I 

N ode Value (N/ mm " 2 (M Pa)) X (mm• 

223 6.09 00000(1 
10567 4.83 00000< 

224 3.57 00000( 

10563 2.31 00000(1 = 
225 1.05 00000( 

10557 0.21 00000(1 
226 1.47 00000( 

10550 2.73 00000( .,. 
--- . -- -----· • j 111 l ... 

Summary 

Value 

Sum 26.269 N/ mm" 2 (M 

Avg 2.9188 N/ mm"2 (M 

M ax 6.0899 N/ mm" 2 (M 

M in 0.20656 N/ mm" 2 (M 

RM S 3.4208 N/ mm" 2 (M 

Report Options "' 

Annotations v 

------ -
(4) 

(2) 

Figure 14-23: Distribution of SX stress component across the thickness can be 
graphed by following the steps explained in this Figure. 

(1) Right-click SXstress plot and select List Selected. 

(2) Select the vertical edge (or split line if you are using the full model). This 
opens the Probe Result window. 

(3) In the Probe Results window click Update and ( 4) Graph to produce a graph 
of the SX stress distribution along the entity selected in (2). 
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Top of 
beam 

Bottom 
of beam 

Top of 
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Bottom 
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-4 -2 0 2 4 

Linear solution 
Bending stress only 

6 8 

-, ~~,~~-,~~~___.O-+-~----.~~-r--~~ ~~~ 

-8 -6 -4 -2 0 2 4 6 

Non-linear solution 
Superposition of bending 
and membrane stress. 

8 

Figure 14-24: Top: distribution of SX stress across the thickness in the linear 
model. Bottom: distribution of SX stress across the thickness in the nonlinear 
model. 

Refer to Figure 14-25 for an explanation of the differences between linear and 
nonlinear solutions. 
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The difference between a nonlinear and linear solution is schematically shown in 
Figure 14-25. 

Immovable hinge Immovable hinge 

Floating hinge Immovable hinge 

Figure 14-25: The nonlinear solution correctly models displacements and stresses 
in a hinge supported link where the distance between hinges cannot change (top). 
The linear solution can only model the configurations where one of the hinges is 
floating (bottom). A linear model cannot distinguish between the two 
configurations shown in this illustration. 

The floating hinge support is illustrated here by a roller support. You may review 
this model in LINK02.sldasm. 

The nonlinear solution correctly models displacements and stresses in a 
hinge supported link as shown at the top of Figure 14-24. The linear solution 
cannot model membrane stresses that develop during the deformation, so this 
link is modeled as if one of the hinges had a floating support (symbolically 
shown in Figure 14-25 as rollers). Notice that horizontal displacements are not 
modeled in a linear solution, even if the floating support is modeled. 

All nonlinear problems presented in this chapter owe their nonlinearity to 
changes in geometry and contact taking place during the loading process. They 
can be solved using a Static study with the Large displacement option selected. 
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simplification 
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Now, we present a problem where nonlinear behavior is caused by nonlinear 
material. This example requires SOLIDWORKS Simulation Premium. 

Open part file BRACKET NL, which is almost identical to the model analyzed in 
chapter 12. The differences are that the assigned material is aluminum 1060Alloy, 
there is an added cut along the plane of symmetry to work with one half of the 
model, and split faces exist in the area where we detected stress concentrations in 
chapter 12. Use the 02 half model configuration. Since an h-adaptive solution is 
not available in a Nonlinear study, we draw on our past experience with the 
model and use these split faces to define mesh controls. 

Open a Nonlinear study with the Static option and define its properties as shown 
in Figure 14-26. 

Study Nonlinear - Static 

Solution In-mold stresses Flow/Thermal Effects Remark l 

Stepping options 
Message v 

Start time o__J n Restart 

Name 

Nonlinear 1 

General Simulation 

Design Insight 

Advanced Simulation 

~ Thermal 

~ Buckling 

~ Fatigue 

~ Nonlinear 

~ ~ 
[EJ Use 20 Simplification 

I ~ Y I Linear Dynamic 

Specialized Simulation 

v 

v 

0 

v 

-
End time 1 rt] Save data for restarting the analysis 

Time increment: 

O Automatic (autostepping) 

Initial time increment I 0.01 I 
I 

Min l ie-008 Max [ 0.1 I No. of adjustments --
~ Fixed 0.1 -

5 ~ 

Note: For nonlinear static analysis (except time dependent material like 
creep) pseudo time steps are used to apply loads/fixtures in small 
increments. For creep. time steps represent real time in seconds to 
associate loads/fixtures. 

Total analysis 
time l s 

Fixed time step 
O. l s 

Start time and End time are not used by the Arc Length control method defined in 
Advanced options. 

Geometry nonlinearity options 

D Use large displacement formulation 

D Update load direction with deflection (Applicable only for normal uniform 
pressure and normal force) 

[] Large strain option 

Solver 

[ FFEPlus 

Results folder f:\ fea results 

Incompatible bonding options 

1~ Simplified 

r I More accurate (slower) 

[ Advanced Options... J 

D 

Do not use large 
displacement 
formulation 

Do not update 
load direction 

Do not use large 
strain option 

[ ...... _ o_K _ __,] [ Cancel j ~[ _ H_elp_ ~J 

Figure 14-26: Nonlinear study definition and study properties. 

Make selections as shown above. We do not expect large displacements so load 
direction does not need to be updated during the load application process, and a 
fixed time step can be used. Nonlinear material is the only source of nonlinear 
behavior in this model. 
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Following the selections shown in Figure 14-26, the load application will take ls. 
Considering the fixed time step of 0.1 s, the load will be applied in 10 steps. It is 
important to remember that in our case of static analysis, time is only used to 
define the shape of the load history curve. The same results are obtained if the 
analysis time is 1 s and the time steps are O .1 s or if the analysis takes 1 OOOs and a 
time step of lOOs. To differentiate it from ''real'' time used in a dynamic analysis, 
the time used to define the load history curve is called ''pseudo time.'' The 
BRACKET NL can be also solved with automatic time stepping. 

The ability to control the load time history is an important difference between a 
Static study executed with the Large displacement option and a Nonlinear 
study. In a Static study executed with Large displacement, a load can only be 
increased linearly in automatically determined steps. Without the Large 
displacement option, a load in a Static study is applied just in one step. 

Now we define a nonlinear material. We use the simplest type of nonlinear 
material called the elastic-perfectly plastic material model, von Mises type. Its 
stress-strain curve is shown in Figure 14-27. 

Stress (J 

Yield strength --------------- ,.---------

a 
(5 

E = - = tan a 
E 

Strain€ 

Figure 14-27: Stress-strain curve of an elastic-perfectly plastic material. 

According to an elastic-perfectly plastic material model, stress is proportional to 
strain until von Mises stress reaches yield strength. After that, stress becomes 
constant, regardless of the magnitude of strain. 

The modulus of elasticity of material in the linear elastic range is E = tan a. 
When stress reaches the yield strength, the modulus of elasticity of the material 
becomes zero; material becomes perfectly plastic. 

To define an elastic-perfectly plastic material model, we need to know the 
material modulus of elasticity describing its behavior in the elastic range and the 
magnitude of the yield strength. We also need to decide how to determine if yield 
strength has been reached. In this example we compare von Mises stress to yield 
strength. Once von Mises stress reaches yield strength, the material modulus of 
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(1 ) 
Right-click 

Solid folder, 
Select 

Apply/Edit 
Material 

(2) 
Select 1060Alloy 

in SOLIDWORKS 
Materials 

Aluminum Alloys 
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elasticity becomes zero. In SOLIDWORKS Simulation this material is called 
Plasticity - von Mises. 

Edit the material properties of the 1060Alloy assigned in the SOLIDWORKS 
model and change it to Plasticity - von Mises (Figure 14-28). 

, 

IC1 Nonlinear 1 (-02 half model-) 

~ BRACKET NL (·[SW]lO' - A •• 

I 

i i Connections 
Apply/Edit .Material ... (3) 
Apply Favorite Material ~ Select Plasticity von Mises ~ Fixtures 

!A External Loads Create Mesh ... as material Model Type 

~ Mesh I reat as Beam ... 

[[) Result Options Treat as Remote Mass ... 

-- Shell Manager 

Material ~ 

A fl::] SOUDWORKS Materials • Properties Tables & Curves Appearance CrossHatch Custom Application Data ~ 
!!§) Steel Material properties 

~ Iron 
Materials in the default library can not b ~ edited. You must first copy the material to 
a custom library to edit it. 

A fi=I Aluminium Alloys ---
O Include creep effect o- Model Type: Plasticity • von Mises ..... i= 1060 Alloy 

o- Units: [ SI · N/ mm" 2 (MPa) ..... I ~= 1060·Hl2 • 

8::: 1060·Hl 2 Rod (SS) I Categor;: I Aluminium Alloys Create stress-strain curve 

o-
~= 1060·Hl4 

11060 Alloy I f-Jan1e: 
o-i= 1060·Hl 6 

i::: 1060-HlS 
Default failure ( Max von Mises Stress ..... J 
cntenon: 

o-:= 1060·Hl8 Rod (SS) Descnpt,on: 
o-
~= 1060·0 {SS) 

Source: L I !:: 1100·Hl2 Rod {SS) I Defined g::: 1100·Hl6 Rod {SS) Susta1nab1ht-;: 

o-
&= 1100·H26 Rod (SS) 

8::: 1100·0 Rod {SS) 
Property Value Units 

Elastic Modulus 69000 N/mm" 2 
o-
g= 1345 Alloy Poisson's Ratio 0.33 N/A 
o-
~= 1350 Alloy Tensile Strength 68.9356 N/mm" 2 
o- • -i= 201.0·T43 Insulated Mold Casting {SS) Yield Strength 27.5742 N/mm" 2 ~= 201.0· T6 Insulated Mold Casting {SS) Tangent Modulus 

. 
' 

1
N/mm" 2 

• 
o-:= 201.0·T7 Insulated Mold Casting {SS) Thermal Expansion Coefficient 2.4e-005 JK 

• 
o-i= 2014 Alloy Mass Density 2700 lcgJm"3 

o-
~= 2014·0 

Hardening Factor I N/A 

o-
o- 2014-14 < - .... 
o-

Click here to access more materials using 
[ Open ... J Apply I Close I I I Config ... I Help I Save 

the SOUDWORKS Materials Web Portal. 

(4) 
Select Apply then select Close 

Figure 14-28: Plasticity - von Mises material definition. Follow the above steps 
to define a custom material. 

Yield strength of 27.57MPa is the highest von Mises stress that the model will see. 
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(1) 
Define normal load 

-
2500N as shown 

(2) 
Select load variation 
with time as a Curve­

and click Edit to open 
the Time curve 

(4) 
Click View to display 

the load time history 
curve (5) 
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Define a Fixed restraint on the back side and a Symmetry restraint to the faces 
created by the symmetry cut. The total load on the model is 5000N (see chapter 
12). Here, remember to apply only 2500N because we are working with one half 
of the model geometry. The load application requires definition of the load time 
history. We want to ''ramp-up'' the load to the maximum value to see the 
maximum stresses, then we will drop it back down to zero to examine the 
residual stresses. The load definition is shown in Figure 14-29. 

Force/Torque 

Type Split 

Force/Torque 

j .!. [ Force 

I i, I Torque 

"ij Normal 

0 

:'.} Selected direction 

IJ ......_[SI _____ __,• ] 

± 2500 ... N 

I[] Reverse direction 

~ Per item 

l.JTotal 

Variation with Time 

~ Linear 

~ Curve 

Edit ... 
. 
1ew 

v 

• 

Force Value (N): 2500 

(3) 

Time curve 

Curve information Preview 

Name Time curve 

Shape I User defined 

Curve data 

units [..._se_c __ ... _] I..._N_/A __ ... __,] 

Points X 

1 0 
.s 

1-1--.I 

1 

y 

0 [ Get curve ... j 

[ View j 

[ OK ] [ Cancel j [ Help ] 

Double-click the last row in Points column to open the third 
row and enter coordinates 1, 0. Y coordinates are multipliers. 
To load defined in Force/Torque window. 
Click OK to close the Time curve window. 

Force 
N 

2500 · · · · · · · · · ·: · · · · · · · · · ·:· · · · · · · · · ·:· · · · · · · · · ·: · · · · · · · · · ·: . . . . . . . . . . . . . . . . . . . . 
2000 · · ········:····· · ·· · ···· ·· ··· · · · ·.··· · ·· ····:··· · . . . . 

(5) . . . . . . . . . . . . . . . . 
1500 ··········:···· ·····:········· · ·:····· · ···: ··· · Load time 

history curve . . . . 
1000 · · · · · · · · · · · · · · · · · · · · -:· · · · · · · · · · ·:· · · · · · · · · · · · · · · . . . . . . . . . . . . . . . . 

500 
. . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . 

o ~ -+---4--+--t--+--+---4--+--+---'4 

0.00 0.20 0.40 0.60 0.80 1.00 
Time (sec} 

Figure 14-29: Load definition. 

Load definition includes load time history. The maximum load 2500N takes place 
at time t=0.5s. At t= 1 s, the load is back to zero. 
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In the SOLIDWORKS Feature Manager, define a Sensor in the location 
indicated in Figure 14-28. Return to the Simulation study; right click the Result 
Options folder to open the Results Option window. Select For all solutions 
steps, and specify Response Plots as Workflow Sensitive. This links the Result 
Options to the Sensor (Figure 14-30). 

~ BRACKET NL (02 half model<<Defau Sensor 

• ~ History x ...... 

Add Sensor ... Sensor Type A. 

lttJ Sensors J I 
(1) -----I ~ ' 

In SOLIDWORKS • lAJ Annotatio 

Feature Manager • ~ Solid Bod Notifications ... 

Right-click ~ Surface B Hide/ Show Tree Items ... 
Sensors folder to 

add sensor 
Collapse Items 

o-
g::; 1060 Allo) 

\! Front 

~ Top 

~ Right 

L Origin 

• aSil Base-Extrude 

~ Fi lletl 

• ~ Extrudel 

Customize Menu 

ICJ Nonlinear 1 (-02 half model-) 

~ BRACKET NL (-[SWJ1060 Alloy-) 

i i Connections 

.... ~ Fixtures 

Fixed-1 

[W Symmetry-1 

.... ! & External loads 

( 4) .!.. Force-1 (:Per item: 2500 N:) 

In Simulation study ~ Mesh 

Right-click -----1[]- R-es_u_lt_O_p-tio_l"'_; __ J -
Result Options folder - ' Define/ Edit ... 

to define Results 
Options .Copy 

-
0 

-

• 

-
0 

-

• 

~ 

kl [ Simulation Data 

Data Quantity 

kl [ Workflow Sensitive 

Properties 
. 

Vertex<l>. 
' - -

0 

~ Link to selection 

Result Options 

x 

Message 

Quantities to save into file 

[{] Stresses and strains 

Save Results 

1~ For all solution steps 

· ] 

· I 

( _J For specified solution steps 

Response Plots 

(2) 
Select Sensor type: 

A. 
Simulation Data 

Data Quantity: 
W orkflow Sensitive 

(3) 
Select Vertex 

v 

(5) 
Save results 
For all solution steps 

kl [ Workflow Sensitivel • ]-- (6) 
Response Plots 
W orkflow Sensitive 1 

Figure 14-30: Sensor definition (1), (2), (3) and Results Options definition ( 4), 
(5), ( 6). 

In step (3), select the vertex as indicated. This is where we expect to see high 
residual stresses. 

Explanation of steps in sensor definition is for your reference only; models in 
this book have sensors already defined. 
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Apply mesh controls as shown in Figure 14-31 . Defining these mesh controls 
requires knowledge of where stress concentrations are located. We investigated 
this in Chapter 12. 

Mesh Control ® 

x ...... 

Selected Entities 

Face<l > 

Face<2> 

Face<3> 

Face<4> 

Face<S> 

ID Use per part size 

[ Create Mesh J 

Mesh Density 

• 
Coarse 

[ Reset l 
Mesh Parameters 

---

0 
Fine 

~ [~m_m __________ __,• ] 

~ 1.00mm ... 

% 1.5 

Figure 14-31: Mesh controls definition. 

Element Size (mm): 1 

Ratio: 1.5 

Mesh controls (element size 1 mm) applied to four faces on the top and four faces 
on the bottom. Use the default element size to mesh the rest of the model. 
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Execute the solution of the nonlinear study and observe the solution progress in 
the Solver window. Be prepared for a solution time much longer than a typical 
linear analysis. The nonlinear solver window is shown in Figure 14-32. 

SOLJDWORKS 

You have chosen to show intermediate results while running this 
nonlinear simulation. For this reason, the nonlinear simulation 
will terminate if you switch to another SOUDWORKS document 
or close the active model. 

[ OK 

~ Nonlinear 1 

SoMng: Time Step Number:9 

] 

.....i-.-- Current time step 

Acknowledge this 
message displayed at the 
beginning of solution 

Memory Usage:1,080,468K 

Elapsed Time:lm:16s 

rt] Always show solver status v.rhen you run analysis 

Ii] Show Intermediate results upto current step 

You may watch intermediate 
results while solver performs 
time steps 

Current Task: Equilibrium iterations 

10% 

Study 

Degrees of Freedom:152,101 
Number of Nodes:51,691 
Number of Elements:35,584 

Solver 
Type: llerative 
Total Solution Steps: 10 
Current Solution Time: 9Steps 

neration Step: 1 

Warnings: 

[ Pause ] [ cancel j 

-- Total solution steps: 10 

.... 

[ Less<< ] 

Figure 14-32: Nonlinear solver window. 

The above nonlinear solver window shows the solution progress for time step 3 
of 10. 
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Von Mises stress results for the maximum load (time step 5) are shown in Figure 
14-33 . 

crl Stress plot 
von M ises {N/mm" 2 {MP a)) 27.6 

25.3 x ..... 

/ r---.J 
,...____ _ 23.0 

Definition Chart Options Settings Max. stress 27.6MPa ,...._ ______ __. -
_ 20.7 

Display 

~ [~v -ON- :-vo_n_M- is-e-sS-tr-es-s--~. ] 
18.4 

(] [ N/ mm" 2 (MP a) • ] 
16.1 

,. _ 13.8 

I Advanced Options "' 
11.5 

Plot Step 

• 6.9 

9.2 EJ@J 
---

~ 0.5 / sec .... 
_ 4.6 

rg 5 ... - 2.3 
-
IEJ Deformed shape "' ~ Yield strength: 27.6 _ 0.0 

-

Figure 14-33: Von Mises stresses under the maximum load, time step 5. 

Notice that the maximum van Mises stress magnitude is 27.6MPa, which is the 
yield stress of the elastic-perfectly plastic material we used in the analysis. 

Yielding occurs in the portions of the model where stress reaches the maximum 
magnitude. A large size of the yield zone indicates that the mesh controls were 
not necessary to produce these results . 
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Von Mises stress results for zero load (time step 10) are shown in Figure 14-34. 
These are residual stresses left there after completing the load cycle. 

~ Stress plot 

x ...... 

Definition Chart Options Settings -------- -
Display A 

~ [ VON: von Mise s Stress 

ti [ N/ mm" 2 (MPa) 

Advanced Options 

Plot Step 

8~ 
~ 1 

,.. 
.... 

r!J 10 

rJ Deformed shape 

-

v 

sec 

"' .... 

l3 

I 

0 / 

vo n Mise s (N/ mm" 2 (MP a)) 12.0 

Max. residual stress 
12.0MPa 

11.0 

10.0 

_ 9.0 

8.0 

7.0 

6.0 

5.0 

4.0 

_ 3.0 

_ 2.0 

- 1.0 

0.0 

Figure 14-34: Residual von Mises stresses after the load has been removed at 
time step 10. 

Residual stresses reach 12. OMPa in the area that experienced plastic 
deformation (yield). The small size of the high stress zone indicates that the mesh 
controls were necessary to produce these results. 

Follow the steps in Figure 14-35 to display the maximum von Mises stress as a 
function of the time step number. 
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lq Nonlinear 1 (-02 half model-) 
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Figure 14-35: Maximum von Mises stress as a function of time. 

The maximum stress is 27.57MPa, which is the yield strength. 

The only location 
available to 
display the graph 
has been defined 
by the sensor 

(2) 
Select von 
Mises stress 

Try running the same analysis with 20 time steps to see a more detailed graph, 
especially a ''dip'' in stress between step 8 and 10. 
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To continue with the theme of elastic-perfectly plastic materials, open the model 
SPRING, and create a nonlinear study. Apply loads and restraints as shown in 
Figure 14-36. 

8500N to top face 

Fixed restraints to 
bottom face / 

(Symbols not shown) 

------

Figure 14-36: Restraint and load of SPRING model. 

Radial and 
circumferential 
displacements 
restrained on the 
cylindrical face 

Use Linear variation with Time in the load definition. Linear variation means 
that the load is a linear function of time. Top plate is restrained using On 
Cylindrical Faces restraint; circumferential and radial translations are 
restrained. The top plate can only move in the direction of load; it can 't tilt. 

276 



Material 

Engineering Analysis with SOLIDWORKS Simulation 2018 

The model has material properties of stainless steel assigned. Modify them to 
make it into an elastic-perfectly plastic material with a yield strength of 620MPa 
(Figure 14-37). 

~ U=l SOUDWORKS Materials 

~ ll§) Steel 

El 
. 

Properties Tables & Curves 

Material properties 

Appearance CrossHatch Custom Application Data •Pl 

~ I 

g::: 1023 Carbon Steel Sheet (SS) 

o-i = 201 Annealed Stainless Steel (SS) 
o-:= A286 Iron Base Superalloy 
o-
i = AISI 1010 Steel, hot rolled bar 
o-f = AISI 1015 Steel, Cold Drawn (SS) 
o-
f = AISI 1020 

!::: AISI 1020 Steel, Cold Rolled 

!= AISI 1035 Steel (SS) 
o-t= AISI 1045 Steel, cold drawn 
o-
i = AISI304 
o-:= AISI 316 Annealed Stainless Steel Bar (S 
o-
8= AISI 316 Stainless Steel Sheet (SS) 

o-f= AISI 321 Annealed Stainless Steel (SS) 

:= AISI 347 Annealed Stainless Steel (SS) 
o-:= AISI 4130 Steel, annealed at 865C 
o-
i = AISI 4130 Steel, normalized at 870C 
o-
i = AISI 4340 Steel, annealed 
o-t= AISI 4340 Steel, normalized 
o-
i = AISI Type 316L stainless steel 
o-
i = AISI Type A2 Tool Steel 
-o-:= Alloy Steel 
~ 

o-
o- b.llnv <::t eol !C::C::\ 

Ill 

---

Materials in the default library can not be edited. You must first copy the material to 
a custom library to edit it. 

Model Type: I Plasticity - von Mises • I D Include creep effect 

Units: I SI - N/ mmA2 {MPa) · I 
r 

Category: I Steel Create stress-strain curve 
l 

f\Jame: I Alloy Steel 

Def a ult f a1lure [ Max von Mises Stress · I 
cntenon: 

Descnptton: 

Source: 

Susta1nab1lity: I Defined I 
Property Value Units 

Elastic Modulus 210000 N/ mm"2 

' • 
Poisson's Ratio 0.28 N/A 

' ~ -

723.8256 N/ mm" 2 Tensile Strength 
• • 

Yield Strength 620.422 N/ mm"2 
• • 

Tangent Modulus N/ mm"2 
• • 

Thermal Expansion Coefficient 1.3e-005 JK 
• I 

Mass Density noo kg/m" 3 
- - - -- -1- -

Hardening Factor I IN/A 

Click here to access more materials using 

the SOUDWORKS Materials Web Portal. 
[ Open ... ] [ ~ ply ] [ Close ] I Save J Config... [ Help J 

Figure 14-37: Elastic-perfectly plastic material definition in the SPRING model. 

The materials yield strength is 620MPa. 

Notice that the material's yield strength shows both in the linear and nonlinear 
material definitions. In case of a linear material, the yield strength is used only 
for results interpretation such as making a plot of the factor of safety to yield. 
Stress results are not affected in any way by the yield strength value. In a 
nonlinear material definition, yield strength plays a crucial role. In the case of the 
Plasticity-von Mises ( elastic-perfectly plastic) material model, once von Mises 
stress reaches the yield strength, the modulus of elasticity is changed to zero in 
that location. 
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Auto stepping -

Large displacement - 1 
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Mesh the model with a Curvature Based mesh, with default element size 
(7.42mm); make the minimum number of elements in a circle 16. In study 
properties select the option Use large displacement formulation (Figure 14-38). 
There is no need to update load direction with deformation. 

Nonlinear - Static 

Solution In·mold stresses Flow/Thermal Effects Remark 

Stepping options 

Start time O _J ,.... Restart 

End time 1 10 Save data for restarting the analysis 

Time increment: 

@' Automatic (autostepping) 

Initial time increment 0.01 

Min le-008 Max 0.1 No. of adjustments 5 

(, Fixed I 0.1 

Note: For nonlinear static analysis (except time dependent material like 
creep) pseudo time steps are used to apply loads/fixtures in small 
increments. For creep, time steps represent real time in seconds to 
associate loads/fixtures. 

-

Start time and End time are not used by the Arc Length control method defined in 
Advanced options. 

Geometry nonlinearity options 

[t] Use large displacement formulation 

O Update load direction with deflection (Applicable only for normal uniform 
pressure and normal force) 

lc] Large strain option 

Mesh 

x 

Mesh Density 

r 0 
Coarse 

I Reset 

['.{] Mesh Parameters 

f' Standard mesh 
-

~ ) Curvature-based mesh 

I 

<......, Blended curvature-based mesh 
Solver 

[ FFEPlus 

Results folder f:\fea results 

I 

Incompatible bonding options 

@" Simplified 

(' More accurate (slower) 

I Advanced Options ... I 

OK I I Cancel ] [ 

[] 

Help l 

Figure 14-38: Study properties and Mesh parameters. 

(] Imm 
~ 7.42460109mm 

A 
~ It 2.47484228mm 

@) [ 16 

•AA 1.5 -

When Automatic time steps are used, the load increment is selected 
automatically by the solver. 

Use a default maximum element size with a Curvature-based mesh and 16 as the 
minimum number of elements in a circle. 
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Run the nonlinear solution and review the displacement results; notice the large 
displacement that the model has experienced under the load (Figure 14-39). Next, 
review the von Mises Stress and examine the portions of the model that reached 
yield strength (Figure 14-40). Display both plots for the last performed time step 
(this is step 13). Because the load has a Linear Variation with time, the last step 
has the highest load magnitude. 

URES (mm) 

28.9 

Undeformed - 26.5 

24.1 

• 21.7 

• 19.3 

• 16.9 

14.5 

~ 12.1 

• 9.6 

7.2 

4.8 

2.4 

0.0 

Figure 14-39: The displacement results plot in 1:1 scale of deformation shows 
that the model has experienced a large displacement under the applied load. 

The undeformed model is superimposed on the deformed plot. 
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von Mises (N/mm"2 (MPa)) 

--------"---- 620.4 

568.7 

..........._ 51 7. 0 

. 465.3 

• 413.6 

361.9 

310.2 

• 258.5 

206.8 

• 155.1 

. 103.4 

. 51.7 

_ 0.0 

_.., Yield strength: 620.4 

Figure 14-40: Avon Mises stress plot shows that large portions of the model 
have yielded. 

Section plot reveals large areas with stress equal to the yield strength of 620MPa. 

You may want to experiment with the model by increasing the load until the 
solution crashes, meaning that the entire spring cross section has yielded and it is 
no longer capable of resisting the applied load. 
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Models in this chapter 

Model Configuration Study Name Study Type 

linear Static 
NL002.sldprt Default 

nonlinear Static 

non-following Nonlinear 
NL002 solid.sldprt Default 

following Nonlinear 

small displacements Static 
CLIP .sldprt 

Default 
large displacements Nonlinear 

CLIP 
Default DEFORMED.sldprt 

01 full model 

ROUND PLATE 
linear Static 

02 section 

nonlinear Static 

01 full model 

LINK02.sldprt linear Static 
02 half model 

nonlinear Static 

01 no rollers 

LINK02.sldasm 
02 rollers 

01 full model 
BRACKET NL.sldprt 

02 half model Nonlinear 1 Nonlinear 

SPRING .sldprt 
Default Nonlinear 1 Nonlinear 
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Notes: 
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15: Mixed meshing problem 

Topics covered 

o Using solid and shell elements in the same mesh 

o Mixed mesh compatibility 

o Manual and automatic fmding of contact sets 

o Shell Manager 

While in previous exercises we used different types of meshes such 
as solid and shell meshes, they have never been used together in the same model. 
This exercise introduces the use of different mesh types within the same model 
and different ways of connecting solid and shell element meshes. 

Open the part model FLYWHEEL O 1. Notice that the ''bulky'' hub and rim are 
connected by thin spokes. Since the spokes are thin, meshing them with solid 
elements would require a large number of small solid elements. Therefore, to 
reduce the problem size, the hub and rim will be meshed with solid elements and 
the spokes with shell elements. To accomplish this, the model geometry must be 
prepared in SOLIDWORKS. Start the exercise by examining the features of the 
FLYWHEEL 01 part shown in Figure 15-1; make sure the model is in 02 shells 
configuration. 

Configuration O 1 solids 
This is for illustration only 

Configuration 02 shells 
Use this one for analysis 

Figure 15-1: Spokes modeled as solid bodies (left) and as surface bodies (right). 

In preparation for analysis, mid-surfaces have been placed in the middle of each 
spoke thickness and bodies defining spokes have been deleted. The model in 02 
shells configuration has two solid bodies: hub (small ring) and rim (large ring) 
and three surface bodies modeling spokes. 
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(1) 
Select all three 
surface bodies 
and right-click 

(3) 
Select Thin 

shell 

Enter shell 
thickness 

2mm 

Select Full 
. 

preview 

Leave 
offset at O 
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Create a Frequency study and notice that the parts folder contains two types of 
geometry: Solids and Shells. Since surfaces do not contain information on 
thickness we must define this parameter. Select all surfaces in the wheel folder, 
right-click, and select Edit Definition to open the Shell definition window. Use 
a Thin shell formulation and enter 2mm as the shell thickness, which is the 
thickness of the spokes (Figure 15-2). 

~ y .it Frequency 1 (-02 shells-) 

.... ~ FLYWHEEL 01 

~ ~ Solid Body 4(rim) (-[SWJ1060 Alloy-) 

~ ~ SolidBody S(hub) (-[SWJ1060 Alloy-) 

~ " SurfaceBody l (spoke 1) (-Thickness: not defined. 

~ <1 SurfaceBody 2(spoke 2) (-Thickne,.,.. ""+ ,.,,...,",..,., ~ 
~ <:j5 SurfaceBody 3(spoke 3) (-Thickn~ := Apply/ Edit Material. .. 

~ i i Connections 
I 

Apply Favorite Material 

~ Fixtures 

!! External Loads 

~ Mesh 

Shell Definition 

x 

Type 

@ Thin 
~ . 
) Thick 

,.. . 
....) Composite 

@ 2.00mm "" l_m_m ___ .... .....,J 

IE] Flip shell top and bottom 

~ Full preview 

~ No preview 

Preview shows shell thickness and 
offset. 

= Top face of shell 

= Bottom face of shell 

Offset 

0 

The offset value is defined as a fraction 
of the total thickness measured from 
the midsurface to the reference surface. 

() 

Create Mesh ... 

Edit Definition ... 

! Cl Exclude from Analysis 

Make Rigid 

Fix 

Add to New £older 

~ Copy 

spoke 1 

.. 

-

-

spoke 3 

Figure 15-2: Defining shell thickness of spokes: 2mm. 

(2) 
Select 
Edit Definition 

Offset equal O means that shell thickness is symmetric about the surface. Surface 
bodies are named: Spoke 1, Spoke 2, Spoke 3. 
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Mesh the model with mesh 4mm and examine the incompatible shell and solid 
element meshes shown in Figure 15-3. 

Nod.es are misaligned 
along the connection 
between shells and solids 

Figure 15-3: Mixed mesh: rim and hub are meshed with solid elements. Spokes 
are meshed with shell elements. The shell element mesh is not correctly 
connected to the solid element mesh. 

Nodes along lines connecting shells to solids are misaligned. This applies to all 
six locations in the model. No mesh controls have been used to prepare this 
illustration. 

The lack of correct connectivity between shell and solid element mesh causes 
discontinuity of displacement between the solid and shell mesh. This is called 
mesh incompatibility. Mesh incompatibility shown in Figure 15-3 must be 
eliminated by defining contact conditions that will enforce compatibility between 
both types of elements. 
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Edge of 
surface body 

Engineering Analysis with SOLIDWORKS Simulation 2018 

Therefore, a very important part of this exercise is the definition of contact 
conditions. Define Contact sets manually (Figure 15-4) or automatically (Figure 
15-5). 

Face of 
solid body 

Contact Sets 

x ..... 

Contact 

Type 

@ Manually select contact sets 

:) Automatically find contact sets 

!sonded 

I (i) j Edge<l> 

0 

Face<l> 

0 

Contact Sets 

x ..... 

Message 

Contact 
,-:::-. 
~Q) Manually select contact sets 

O Automatically find contact sets 

Type 

!sonded 

~ Edge<l> 

Edge<2> 

Edge<3> 

Edge<4> 

Edge<S> 
0 

(0 I Face<3> 

Face<4> 

Face<l> 

Face<S> 

Face<6> - 0 

Figure 15-4: Manual definition of contact set. 

0 

• 

v 

A 

~) 

---
0 

....... 

---

Definition of 
individual contact set: 

(1) 
Select 
Manually select 
contact sets 

(2) 
Select edge 

(3) 
Select the 
corresponding face 

Definition of six 
contact sets in one 
step: 

(1) 
Select 
Manually select 
contact sets 

(2) 
Set 1 entities 
Source 

(3) 
Set 2 entities 
Target 

A contact set is defined between an edge of the surface and a face of the solid 
(top) . This definition has to be repeated six times for all six locations (top). 

Alternatively, rather than opening the Contact Sets window six times, you may 
select all edges as source entities and all surfaces as target entities (bottom). 
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(1) 
Select 

Automatically 
find contact sets 

--

(2) _ 
Select 

Find shell edge -
solid/shell pairs 

(5) 
Click 

Find contact sets 

(6) 
Review six contact sets 
that have been found in 

step ( 5) and click + 
six times to accept 

all six contact 
conditions 

-

--
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Contact Sets 

~ x 

Contact 

<:.._., Ma 

@ Aut 

nually select contact sets 

omatically find contact sets 

Options 

fl 
A 

... It 

... 
... It 

( Tou ching faces 

n-touching faces (.:_ ,.1 No 

~ Find shell edge - solid/ shell face pairs 

[mm 

l 0.007 

0.76 

Componen ts 

~ 

Results 

~ 

~ 

Type: 

. 
nm 

hub 

spo 

spo 

spo 

ke 1 

ke 2 
l, - - -

11.e 3 · 

[ Find contact sets ] 

Cont act Set-1 (-FL VWHEEL 01-) 
Cont 
Cont 
Cont 
Cont 
Cont 

act Set-2 (-FLYWHEEL 01-) 
act Set-3 (-FLYWHEEL 01-) 
act Set-4 (-FLYWHEEL 01-) 
act Set-5 (-FL YVt/HEEL 01-) 
act Set-6 (-FLYWHEEL 01-) 

[ Bonded 

0 

~ FLYWHEEL 01 (02 sh ... 

• ~ History 

~ Sensors 

• IA) Annota tions 

... 00 Solid Bodies(2) 

QJ rim 

QJ hub 

... ~ Surface Bodies(3) 

I spoke 11 
I spoke 21 

I spoke 31 
o-
g=o 1060 Al I oy 

h! Front 

'\.J T"',.... 

(3) 
Select two 
solid bodies 

(4) 
Select three 
surface bodies 

A o_.Y fir Frequency 1 (-02 shells-) 

• ~ Fl YWHEEL 01 

... i i Connections 

• ~ Component Contacts 

... ~ Contact Sets 

Jr Contact Set-1 (-Bonded <FLYW.HEEL 01>-) 

Jr Contact Set-2 (-Bonded <FLYWHEEL 01>-) 

Jr Contact Set-3 (-Bonded <FLYWHEEL 01>-) 

Ji Contact Set-4 (-Bon ed <FLYWHEEL 01>-) 

Jr Contact Set-5 (-Bon ed <FLYWHEEL 01>-) 

Ji Contact Set-6 (-Bon ed<FLYWHEEL 01>-) 

($ Fixtures 

!A External Loads 

~ Mesh 

(7) 
Six bonded contact 
sets that have been 
created 

Figure 15-5: Automatic definition of contact sets. 

Follow the above steps to create contact set automatically. Solid bodies and 
Surface bodies have been renamed in SOLID WORKS Feature Manager to give 
them meaningful names. 
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When bonding a shell edge to a solid or shell target face, Simulation rigidly 
bonds each node of the edge to the nearest element's face on the target. 
The stiffness of the connection depends on the element size near the interface. 
The element size on the target face should be equal to the thickness of the shell. 
This is the reason for the split faces where the spokes connect to the rim and hub. 
Define a mesh control size of 2mm for these split faces and mesh the model with 
4mm element size. The mixed mesh is shown in Figure 15-6. 

Nodes are still misaligned along 
the connection between shells 
and solids but mesh 
compatibility is enforced by 
bonded Contact Sets 

Figure 15-6: Mixed mesh: rim and hub are meshed with solid elements. Spokes 
are meshed with shell elements. 

Notice again that the shell element mesh and the solid element do not share 
nodes. The spokes would be disconnected from the rim if not for the contact set 
that enforces connection. 

The large element size of solid and shell elements is acceptable in a modal 
analysis. 
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Before solving, apply a Fixed restraint to the hole in the hub. 

The shapes of the frrst two modes of vibration are shown in Figure 15-7. 

-------~ 

Mode 1: 25Hz Mode 2: 265Hz 

Figure 15-7: Deformation pattern corresponding to the first two modes of 
vibration of model FLYWHEEL O 1. 

Notice that mode 1 and mode 2 are in-plane modes meaning that vibrations take 
place in the plane of the wheel. 

As you might have noticed, a model suitable for mixed meshing requires careful 
preparation of geometry in SOLIDWORKS and definition of contact conditions 
in Simulation. But once the model is ready for analysis, it is easy to analyze the 
effect of different spoke thickness. This would not require any geometry 
modification, only a change in the Shell Definition and a change in the Mesh 
Control size. 

FLYWHEEL O 1 exercise illustrates definition of contact between an edge of the 
shell and face of the solid; this can be done automatically and manually. It 
should be noted that in this model shells would be connected to solids even 
without def ming any contact sets. The connections would be taken care of by 
Global Contact conditions set as Bonded but using this method we would not 
have any control over the extent of bonding on the face of the solid. 
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The next exercise: FLYWHEEL 02 presents the case where contact must be 
defined by the user. Open the model and review gaps at both ends of the spokes. 

Figure 15-8: Model FLYWHEEL 02; spokes are disconnected from hub and rim. 

Notice split faces on the outside face of the hub and the inside face of the rim. 

The thickness of the spokes is 10 mm; the width of the split faces is the same. 
There are six gaps in this model and this requires definition of six contact sets. 

Create a Frequency study and define contact Sets as shown in Figure 15-9. 
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Edge of surface to be meshed 
with shell elements 

Contact Sets 

Message 

Type 

!sanded 

~ f"Ecige<l > 

ro I Face<l> 

0 

0 

Face of solid to be meshed 
~~- with solid elements 

Figure 15-9: Definition of contact set between edge of shell (surface) and face of 
a solid. 

Repeat this contact set definition six times to connect all gaps present on the 
model. 

Define shell elements thickness 1 Omm for all four spokes, define Fixed restraint 
the same as in FLYWHEEL O 1 model and obtain the solution. 
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The first two modes of vibration are shown in Figure 15-10. 

Mode 1: 267Hz Mode 2: 734Hz 

Figure 15-10: Deformation pattern corresponding to the first two modes of 
vibration of model FLYWHEEL 02. 

Notice that mode 1 is in-plane mode; model mode 2 is out of plane mode. Mode 2 
plot uses User Defined scale of deformation for better clarity. 
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The last exercise in this chapter uses part model FLYWHEEL 03 shown in 
Figure 15-11. 

A 
I 

10 

18 

+----·--· 

_j 
A 

. -- - · ·-+ 

Figure 15-11: Model FLYWHEEL 03 in 01 solids configuration. 

Notice three different thicknesses of the web: 18mm, 1 Omm,3mm. 

FLYWHEEL 03 features a design that is different from the two previously 
analyzed models. We use this model to introduce the Shell Manager. 

Switch to 02 shells configuration and examine Solid and Surface bodies present 
in the model. Notice that material has not been assigned to SOLIDWORKS 
model in either configuration. 

Next, open a Frequency study. Follow steps in Figure 15-12 to define shell 
thickness and material using Shell Manager. 
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~ FLYWHEEL 03 (02 shells<Display State-; 

• 1§1 History 

Im Sensors 

• IA) Annotations 

• ~ Solid Bodies(2) 

(D rim 

G:) hub 

• ~ Surface Bodies(3)------~ --t-=t== 
~ web2mm 

~ weblOmm 

~ webl8mm 

Review 
Surface Bodies -

which are named by 
thickness 

o.,Y Frequency 1 (-02 shells-) 

• ~ Fl YWHEEL 03 

• ct) SolidBody 4(Extrude-Thinl) 

• (8 SolidBody S(Cut-Extrudel) 
(2) _ 

Right-click any 
surface body and 

select Shell Manager 

• I~ Surf aceBody l (Surface-Midf;;::..it--~ 
_. S rf B d 2(S rf M.d Apply/ Edit Material ... • v- u ace o y u ace- 1 

• ~ Surf aceBody 3(Surf ace-Mid. 
Apply Favorite Material 

Shell Manager 

.......... ./ x 0 
-----t-t"• • i J Connections 

• ~ Component Contacts 

1$ Fixtures 

! & External Loads 

~ Mesh 

~ Shell Manager 

f dit Definition ... 
- Message 

Qefine Shell By Selected Faces ... 
Properties 

! 0 Exclude from Analysis 

Create Mesh ... 

Make Rigid 

Fix 

Details ... 

:1· • • [rhin 

0 

I 
v 

(3) 
B 

~ Add to New £older a 
[ Middle surface 

[ 1060 Alloy 

Assign material 
1060Alloy 

Thickness: 

~ 0 • (I [mm 

Color by: D Thickness t.J Material ShoN Legend Preview Offset LJ Selected 

[81 Shell Manager • Use the Shell Manager to review and edit all shells 1n the current study <Frequency 1 

Group Selection Type Thickness Unit Material Flip Offset I Shell Name 

None 

None 

None 

• ~ Surface body Thin 1• 10 mm ,.. 1060 Alloy • -
r • 
~ Middle • SurfaceBody 1(web 10mm) 

• ~ Surface body Thin I· 18 mm ,.. 1060 Alloy • - ~ Middle • SurfaceBody 2(web 18mm) 

• ~ Surface body Thin I· 2 mm ,.. 1060 Alloy • ~ Middle ,.. SurfaceBody 3(web 2mm) ' 

(5) 
Enter the desired 
thickness for each 
Surface body 

-

(4) 
Select material; 
The same material is used for 
all Surface bodies 

Figure 15-12: Using Shell Manager to define shell material and thickness. 

Identify the Surface body by name; enter thickness and material for each Surface 
body. This illustration has been modified in a graphics program to better fit this 
page. 

Define material for Solid bodies rim and hub the usual way, define Fixed 
restraint the same as in the previous two models, mesh the model with a default 
element size and obtain solution. 
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The first two modes of vibration are shown in Figure 15-13. 

Mode 1: 85Hz Mode 2: 129Hz 

Figure 15-13: Deformation pattern corresponding to the first two modes of 
vibration of model FLYWHEEL 03 . 

These modal shapes are difficult to visualize in this illustration. Review them on 
screen using animated plots. 

Use animated displacement results to examine modal shapes shown in Figure 15-
13. Notice that what is shown in Figure 15-13 as mode 2, in Frequency study 
results is listed as mode 3. Modes 1 and 2 are repetitive, the frequency is 
different only by discretization error and shape is rotated by 90°. This is the 
property of modes of an axisymmetric structure. Refer to ''Vibration Analysis 
with SOLIDWORKS Simulation'' for more information. 
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Models in this chapter 

Model Configuration Study Name Study Type 

01 solids 

FLYWHEEL 01.sldprt 

02 shells Frequency 1 Frequency 

FLYWHEEL 02.sldprt 02 shells Frequency 1 Frequency 

01 solids 

FLYWHEEL 03.sldprt 

02 shells Frequency 1 Frequency 
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16: Analysis of weldments using 
beam and truss elements 

Topics covered 

o Different levels of idealization implemented in finite elements 

o Preparation of a SOLIDWORKS model for analysis with beam elements 

o Beam elements and truss elements 

o Analysis of results using beam elements 

o Limitations of analysis with beam elements 

Project description 

Open the ROPS model showing a Roll-Over Protective Structure (ROPS) used to 
protect an operator of heavy equipment in case of a roll-over. The model consists 
of eight hollow rectangular tubes 3'' x 2'' x 0.25'' (Figure 16-1). All tubes are 
created in SOLIDWORKS as structural members. 

2500lbf 

Figure 16-1: A ROPS cage is loaded in one corner with a horizontal load of 
2500lbf. 

All legs are restrained at the bottom end faces. 
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We need to find the displacements and stresses of this structure under a load of 
2500lbf as shown in Figure 16-1 with all four legs restrained. 

The tube cross section and details of corner treatment and trims are shown in 
Figure 16-2. 

-

Figure 16-2: A detail of the comer: all tubes are 3''x2"x0.25'' with a 0.5" radius. 

Corner treatments and trims are applied in the SOLID WORKS model using 
Weldment tools. The weld bead is not modeled. 

Due to thin walls and complicated geometry in the comers, this model is not 
suitable for meshing with solid or shell elements. Even if we were ready to 
accept long meshing and solution times, the stress results in the comers would be 
useless because of numerous sharp re-entrant edges causing stress singularities. 

To avoid these problems, the model can be meshed and analyzed with beam 
elements. Before we proceed with analysis, we need to explain what beam 
elements are and how they compare to solid and shell elements. 
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The differences between solid, shell and beam elements are summarized in the 
following table. 

Element 
type 

Solid 

Shell 

Beam 

Idealizations made to 
geometry intended to be 
meshed with this element 

No idealization required; 
solid elements are created by 
meshing 3D solid geometry. 

Surf aces must be created; 
shell elements are created by 
meshing surfaces. 

Thickness is not present in 
the geometry and must be 
entered as a numerical value 
in the shell element 
defmition. 

Curves must be created; beam 
elements are created by 
meshing curves. 

Curves represent beam 
geometry mathematical! y and 
do not physically model the 
cross section. In CAD 
terminology this is called 
wire frame geometry. 

Assumptions on stress distribution 
in the element 

No assumptions on stress 
distribution need to be made in any 
direction. 

Assumptions on stress distribution 
across thickness are made. 

In-plane stresses are assumed to be 
distributed linearly across the 
thickness. Transverse shear stresses 
are either assumed to have uniform 
distribution across element thickness 
(thin shell formulation) , or to have 
parabolic distribution (thick shell 
formulation). 

Assumptions about the stress 
distribution must be made in two 
directions perpendicular to the curve. 
These assumptions are the same as in 
beam theory: bending stresses are 
distributed linearly in both 
directions, and both axial and shear 
stresses are constant. 

In summary, solid elements are a natural choice for meshing models with 
approximately the same size in all three dimensions, shells are a natural choice to 
mesh models such as sheet metal, and beams are a natural choice to mesh 
structural members. 

Beam cross section geometry is only used to define beam element properties 
such as the area and second moments of inertia of the beam cross-section. It does 
not become part of the finite element model. 

The information about beam cross sections is retrieved from the 
SOLIDWORKS model which must be created as a Weldment. It is important 
to understand that the solid geometry of a Weldment is not meshed when beam 
elements are used. What is meshed is the underlying wire frame geometry 
(Figure 16-3). 
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Solid geometry Wire frame geometry 

Figure 16-3: Solid model and the underlying wire frame geometry. 

Solid geometry is used only to define beam cross sections. Beam elements are 
created by meshing curves. You can think of beam elements as lines with 
assigned beam cross section properties. 

Comer treatments and trims have no relevance in beam element models. Before 
creating the study, change to configuration 02 no end treatment where trims are 
suppressed (Figure 16-4). 

---

Trim applied No trim 
Configuration O 1 complete weldment Configuration 02 no end treatment 

Figure 16-4: Comer treatment and trims have no relevance in beam element 
models. Both geometries will produce the same finite element model when 
meshed with beam elements. 

End treatments will be suppressed for analysis. Miter corner treatments are 
retained in 02 no end treatment coefzguration because they do not interfere with 
creation of beam elements. 
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Procedure 

Having examined the ROPS part, move to SOLIDWORKS Simulation and 
create a Static study. Simulation recognizes the weldment geometry and 
anticipates that we intend to use beam elements. It creates a Solid Body for each 
structural member present in the geometry and places them in folders 
corresponding to Cut-Lists present in the SOLIDWORKS model (Figure 16-5). 

~ Static 1 (-02 no end treatment<As Machined>-) 

.... <$ ROPS 

.... Ej Cut list 

... Cj Cut-List-Iteml 

~ SolidBody 3(Structural Memberl(l]) (-(SW)AISI 304-) 

~ SolidBody S(Structural Member1(3]) (-[SWJAISI 304-) 

... Ej Cut-list-Item2 

~ SolidBody 4(Structural Member1[2]) (-[SW]AISI 304-) 

~ SolidBody 6(Structural Member1[4]) (-[SW}AISI 304-) 

... Ej Cut-List-ltem3 

~ SolidBody 2(Structural Member2[2)) (-[SWJAISI 304-) 

~ SolidBody 8(Structural Member2(1)) (-[SW]AISI 304-) 

~ SolidBody ! (Structural Member3[1)) (-[SWJAISI 304-) 

~ SolidBody 7(Structural Member3[2]) (-[SW]AISI 304-) 

3 Joint group 

i i Connections 

~ Fixtures 

!! External loads 

(b Mesh 

[] Result Options 

0 

Figure 16-5: Study definition with beam elements; numbering of Solid Bodies 
may differ. 

By default, the structural member is meshed with beam elements. You may 
change it by right-clicking and selecting Treat as Solid. 

Material can be imported from the SOLID WORKS model or defined in 
SOLID WORKS Simulation individually to each or all beams. Here, the 
material was imported from the SOLID WORKS model. 
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Recall Figure 4-2 which shows icons denoting geometry intended for Solid 
element and Shell element meshing. We may now append two more: geometry 
intended for Beam element meshing and for Truss element meshing (Figure 16-
6). 

Solid geometry; 
ready for meshing 
with solid 

Geometry folder in the 
Simulation study 

Solid geometry modeled 
as sheet metal; ready for 
meshing with shell 
elements 

Surface geometry; 
ready for meshing 
with shell elements 

Beam Truss 

Solid geometry modeled 
as structural member; 
ready for meshing with 
beam or truss elements 

Figure 16-6: A geometry folder may contain all three types of geometries. 

Differences between beam and truss will be explained later in this chapter. 

In many cases the automatic designation of geometry to one of three geometry 
types can be changed. Beams may be replaced by Solids and Surfaces, and sheet 
metal parts may be replaced by Solids. This is accomplished by right-clicking 
the geometry folder component and selecting the appropriate choice from the 
pop-up menu. 

In this exercise we accept the default assignment of all parts to Beam elements. 
As Figure 16-5 indicates, the geometry folder holds eight bodies and they are all 
intended for meshing with beam elements. 

The next step is the definition of connectivity between the soon to be created 
beam elements. 

Right-click the Joint Group folder and select Edit from the pop-up menu to open 
the Edit Joints window which shows automatically created joints. If necessary, 
these automatically created joints may be edited in this window. Accept the 
default selection All beams and click Calculate to create joints automatically 
(Figure 16-7). 
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(1) 
Right-click 

Joint group 
Select Edit 
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qt Static 1 (-01 complete 

• c!$ ROPS x 

Edit Joints (i) 

8 

7 

~ E:1 Cut list 

I~ Joint group l 
' 

i i Connection 

1$ Fixtures 

!& External Loi ... ., 

~ Mesh 

[[] Result Options 

6 

5 

Hide 

fdit ... 

~opy 

3 

2 

ielected Beams 

(Q All 

~ , Select 

Structural Memberl[l] 

Trim/Extend3 

Trim/Extend4 

0 

rreat as joint for clearance 

~ 1 equal to zero (touching) 

~ 1 fess than 

f0438 I 
[t Keep modified joint on update 

[ Calculate ] 

{esults 

Joint 1 
Joint 2 
Joint 3 
Joint 4 
Joint 5 
Joint 6 
Joint 7 

[] Display neutral axis 

1 n Display shear center 

A 

.... 

~ 
T 

~1 
-
0 

-

A 

.... 

---

T" 

Figure 16-7: Eight joints are automatically created between beams. Numbers 
indicate joint position. 

(2) 
Click 
Calculate 

No action is required in our case. Working with a simplified geometry (no end 
treatments) facilitated automatic joint creation. Joint numbering in your model 
may be different from the one shown in this illustration. 
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Joints (or beam ends) are connected to each other only if they are contained 
within the pinball diameter which can be changed in the Edit joints window. It 
is recommended that beam ends intended to be connected are made coincident. 
Non coincident beam ends can still be connected if they fall inside the pinball 
diameter, but this may result in a ''patch-up'' beam element mesh (Figure 16-8). 

• 

Imaginary pin ball does not contain joints. 
Beam element mesh is disconnected 

0 

0 

Imaginary pin ball contains joints. 
Beam element mesh is connected. 

Figure 16-8: Joints (beam ends) are connected only if they are contained within 
the imaginary pinball not visible in the model display. Beam elements are shown 
as thin tubes. 

Beam elements are graphically depicted as round tubes even though the beam 
elements are in fact just lines. The tube diameter is always the same, regardless 
of the actual cross-section size, shape and orientation. 

This is for illustration only and is not related to ROPS exercise. 
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Disj oined structural members can be connected if their ends fall within the 
volume of the pinball (Figure 16-8 top right). However, the beam element mesh 
(Figure 16-8 bottom right) will then contain automatically created connecting 
elements. This may create unpredictable results . 

Apply fixed restraints to all four joints at the free ends (at the bottom) of the 
vertical members (Figure 16-9). 

Fixture 

x ...... 

Example 

Standard(Fixed Geometry) 
Define Fixed 

Geometry - I <c I Fixed Geometry 

restraint to joints I <c j Immovable (No translation) 

I ([l I Use Reference Geometry 

--~ Joint <6, 1 > 

Joint<3, 1> 

Joint<13, 1> 

Joint<18,: l _> 

v 

--------.------0 

Symbol Settings v 

Figure 16-9: Fixed restraints applied to the free ends of vertical members. 

These restraints eliminate six DOFs: three translations and three rotations. Joint 
numbering in your model may be different from the one shown in this illustration. 

Notice that beam elements have six degrees of freedom per node and therefore 
can distinguish between Fixed and Immovable restraints. Here, we need to use a 
Fixed restraint. 
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Apply a 2500lbf load to the corner as shown in Figure 16-10. 

Force/Torque 

Selection 

rB 
Apply load _ ~ 

to joint 
~ 

Joint<lS, i>: 

IPS units 

Right 

Units 

(I [ English (IPS) 

Force 

r" ... " .. 0.224808943 

0 

... lbf 

~.,. 0.224808943 • lbf 

[ ~}11 2500 ... lbf 

[£ Reverse direction 

Moment 

~~ 8.85074579 

~.,. 8.85074579 

~ }I 8.85074579 

Symbol Settings 

tTT 300 

(7 Show preview 

• lbf.in 

• lbf.in 

• lbf.in 

I 

0 

[ Edit Color ... ] 

Figure 16-10: Force load applied to the comer joint. 

The size of Force symbol has been modified in this illustration. 

Notice that beam elements have six degrees of freedom per node and therefore 
can be loaded with a force load as well as with a moment load. Here we apply 
force load only. 
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Now create the beam element mesh, notice that there are no user controlled mesh 
parameters. The beam element mesh is shown in Figure 16-11 . 

• 

• 

• 

• 

.. . ' . 

.. 
. . 

Figure 16-11: A beam element mesh is created from curves (here straight lines) 
used in the SOLIDWORKS model to define Structural Members. 

A beam element is a line with cross-section properties taken from the Structural 
Member cross section geometry. This is schematically illustrated in Figure 1-8. 
A beam element mesh is schematically shown as round tubes. The size of the tube 
shown does not depend on the actual size of the beam cross section. 

Also shown are load and restraint symbols. 
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Run the solution and create a displacement plot (Figure 16-12) as well as a stress 
plot (Figure 16-13). 

~ Displacement plot 
URES ~n) 

0.71 

Definit ion I Chart Options Settings I 0.65 

0.59 

Display "' _ 0.53 

~ I URES: Resultant Displacement · I 
~ _ 0.48 

(] I in · I ~ 0.42 

Advanced Options 
_ 0.36 

[] Show as vector plot 

0 Render beam profile (slower) 
_ 0.30 

D Show plot only on selected entities _ 0.24 

0 Deformed shape G _ 0.18 

Property v 4" 
_ 0.12 

_ 0.06 

_ 0.00 

Figure 16-12: Resultant displacement results of ROPS model. 

The maximum displacement is 0. 71 ''. Notice that the actual beam profile may be 
shown in result plots by selecting the Render beam profile in plot setting. This 
applies also to stress results. 

Joints symbols are hidden in this plot. 
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Axial and bending (ps~ 

28500 

23754 

t!J Stress plot 
19009 

. 14264 

Definition I Chart Options . Settings '. _ 9518 

Display 4773 

0 Render beam profile (slower) 27 

(] [psi · ] _ ·4718 

[ Axial and bending · I . ·9464 

0 Deformed shape ~ • ·14209 

Property v 
- ·18955 

• ·23700 

- ·28446 

-+, Yield strength: 29995 

Figure 16-13: A stress plot of the ''Axial and bending'' stresses. 

The maximum stress is 28500psi. Compared with the material yield strength of 
90000psi, this indicates that the structure is below yield. 

Notice that the Axial and bending stress is NOT von Mises stress. To 
understand what it is, we need to review all stress result options available for 
beam elements. 
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The software provides the following options for viewing stresses and beam 
diagrams (refer to Figure 16-14): 

• Axial: Uniform axial stress= PIA 

• Bending about local direction 1: Bending stresses due to moment Ml about axis DIRI 

• Bending about local direction 2: Bending stress due to moment M2 about axis D IR2 

• Axial and bending 

• Torsional 

• Shear stress in DIRI 

• Shear stress in DIR2 

Apply/Edit Beam a) 

<,/ x 

Type 

@ Beam 

(;Truss 

1 

0 Show beam direction 

Endl Connection A l'I 

• ~ Rigid 

U Hinge 

O slide 
~ 

t_ l Manual 

End2 Connection 
Triad showing 
beam orientation: 

• 1~ Rigid 

f__J Hinge 
~ 

l ) Slide 

-U Manual 

Dir 1 green 
Dir 2 blue 
Dir 3 red 

Section Properties v 

Figure 16-14: Beam directions DIR 1, DIR 2, DIR 3 for the beam cross section 
used in this exercise. 

The origin of triad is in the centroid of the cross-section. DIR 3 is along the 
length of beam from End 1 to End 2; DIR 1 is parallel to the longer edge of cross 
section; DIR 2 completes the right-handed triad. Oversized numbers are used to 
label the triad to improve readability of this illustration. 
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The beam orientation, presented in Figure 16-14, can be shown by selecting 
Show Beam direction in the Apply/Edit Beam window (Figure 16-15). 

~ Static 1 (-01 complete weldment<As Mac 

... ~ ROPS 

... ~ Cut list 

... ~ Cut-List-lteml 

~ SolidBody 7(Structural Membe 

~ SolidBody l (Structural Membe 

... Ej Cut-List-ltem2 

~ SolidBody 6(Structural Membe 

~ Solid Body 8(Structural Membe 
-

... e1 Cut-list-ltem3 -

~ SolidBody 3(Trim/ ··.,.~ """ ' ; 

~ SolidBody 2(Trim/ C Apply/ Edit Material ... 

~ Solid Body 4(Trim/~ Apply Favorite Material 

~ SolidBody S(Trim/~ ( ~ Show Mesh 

~ Joint group 

i i Connections 

• 1$ Fixtures 

• ! & External Loads 

~Mesh 

[] Result Options 

• [tl Results 

Edit Definition ... 

Ireat as Solid 

l O Exclude from Analysis 

g Details ... 

~ ~opy 

Define Beam Neutral Axis 

Apply/ Edit Beam 

~ x 

Type 
-

\Ql Beam 

(jrruss 

Trim/Extend4 

0 Show beam direction 

Endl Connection 

• ~ Rigid 

.)Hinge 

('J Slide 
, 
\...., Manual 

End2 Connection 

• @ Rigid 

\....., Hinge 

1;Slide 

•-.) Manual 

Section Properties 

2 

v 

Show beam 
direction 

Review beam 
End Connections 

Triad showing beam direction 
(shown here enlarged) 

Figure 16-15: Apply/Edit Beam window offers ample tools to review beam 
orientation and Section Properties. 

Right-click the selected structural member and select Edit Definition from the 
pop-up menu to open the Apply/Edit Beam window. Select Show beam direction. 

For easier selection, the Cut List may be deleted from the geometry folder in a 
Simulation study. Beam ends are color coded to show End] and End2. A triad 
shows the beam orientation. Connectivity and section properties can be modified. 
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Stress plots are different depending on the selection made in display settings. If 
Render beam profile is selected, then the stress distribution on the beam profile 
is shown. If Render beam profile is not selected, then only the upper bounds of 
bending stress components can be shown (Figure 16-16). 

r!J Stress plot ~ Stress plot 

x ...... x ...... 

Definit ion Chart Options Settings Definition Chart Options Settings 
-

Display Display 

0 Render beam profile (slower) ![] Render beam profile (slower) 

[ psi ~ [ _ps_i ~~~~~~~~·] 
[ Axial and bending 

0 
[ Upper bound axial and bending • j 

..:!.. Deformed shape v 0 Deformed shape 13 
Property v Property v 

Render beam profile is selected; 
Axial and bending stress plot is 
available 

Render beam profile is not selected; 
Upper bound axial and bending stress 
plot is available 

Figure 16-16: Stress results are different depending on how the beam profile is 
shown. 

If a beam profile is not shown (right,) then only the upper bounds of axial and 
bending stress components can be presented. 

The Axial and bending stress is calculated by combining axial stress and 
bending stresses due to moments Ml and M2. This is the default selection in the 
Stress Plot window. 

Simulation offers ample ways of analyzing beam element results such as a 
Beam Diagrams (Figure 16-17). 

To open Beam Diagrams window right-click Results folder and select Beam 
Diagrams from the pop-up menu. 
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~Static 1 (-02 no end treatment<As Machined>-) 

~ ~ ROPS 

3 Joint group 

i i Connections 

~ ~ Fixtures 

~ !! External Loads 

~ Mesh 

[] Result Options 

• ft) Res• mtt• -

r!J if' Advisor ... 

~ 
~ Solver Messages ... 

¥ 
¥ ~ Define Eactor Of Safety Plot. .. 

~ Define Stress Plot. .. 

I 
~ Define Qisplacement Plot ... 

Define Beam Diagrams ... 

~ Results Equations ... 

List Beam Forces ... 

~ List Result Force ... 

~ ,Compare Results ... 

~ Save All Plots as 1PEG Files 

t<S Save All Plots as ~Drawings 

' . 

Beam Diagrams 

x 

Definition Chart Options Settings 

Display 
~ ,_[ M_o_m_e-nt_a_b_o_ut_D-ir-1----.---) 

[] [ lbf .in • ] 

IC] Render beam profile (slower) 

Selected Beams 

J Aii 

~ Select 
0 

Structural Member3[2] ---

Beam Diagram Width: 

so .,.. 
X Beam Radius .... 

20243 

16173 
M oment about Dirl (!bf.in) 

_ 12102 

_ 8032 

3961 

-109 

-4180 

_ -8250 

_ -12321 

• -16391 

-20462 

-24532 

-28603 

Select 
structural 
member 

Figure 16-17: Bending moments in DIRl: bending takes place about the DIRl 
axis shown in Figure 16-14. 

Notice that the beam directions are defined relative to the beam, not to the 
global coordinate system. 

Repeat this exercise with Immovable restraints and observe a very different 
Beam Diagram plot; there will be no moment at the supports. Moment plot is 
placed in the plane of bending moment vector. 

313 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Using the pop-up menu shown in Figure 16-17 you may also review beam forces 
and stresses by selecting List Beam Forces to display the window shown in 
Figure 16-18. 

List Beam Forces (V 

List 

v Forces 

@ stresses 

[ English (]PS) 

Beam Range 

Start: 

End: 

Study name:Static 1 

1 

8 

Units: [ English (IPS) 

Beam Name 

· I 

Beam-1 (Structural Member3[1]) 

Beam-2(Structural Member2[2]) 

Beam-3(Structural Memberl [1]) 

Beam-4(Structural Memberl [2]) 

Beam-5(Structural Memberl [3]) 

Beam-6(Structural Memberl [ 4)) 

Beam-7(Structural Member3[2)) 

Beam-8(Structural Member2[1]) 

<- -> 

Element End 

-
1 1 
33 2 

34 1 
66 2 

67 1 
93 2 

94 1 
137 2 

138 1 
164 2 

165 1 
208 2 

209 1 
241 2 

242 1 

-+-- Stresses selected 

Show only beam end points selected 

= 

C] Sho. extreme values only 

0 Show only beam end points 

Axial (lbQ Shear1 ~bQ Shear2 (lbQ Moment 1 (lbf.in) Moment 2 lbf.in) Torque (lbf.in) 

-
286.36 -218.79 812.48 -28540 -7783 -2159.7 

-286.36 218.79 -812.48 -20209 -5344.3 2159.7 

-479.35 218.79 436.59 -15798 7783 -2172.8 
479.35 -218.79 -436.59 -10397 5344.3 2172.8 

-2 6873e-05 435.62 -178 86 4471.6 10891 1610.9 
2.6875e-05 -435.62 178.86 4471 .6 10891 -1610.9 

- - -
1.2017 -218.79 300.49 -12021 -8772.1 872.63 

-1 .2017 218.79 -300.49 -12018 -8730.9 -872.63 

2.6873e-05 437.8 178.86 -4471 .6 10945 1623.8 
-2.6875e-05 -437.8. -178.86 -4471 .6 10945 -1623.8 

1248.1 -218.79 465 22 -18619 -87721 872.64 - -
-1248.1 218.79, -465.22 -18598 -8730.9 -872.64 

=i 
-286 36 218.79 8141 -28603 7783 -2172 8 
286.36 -218.79 -814.1 -20243 5344.3 2172.8 

479.35 -218.79 436.83 -15803 -7783 -2159.7 
274 2 -479.35 218.79 -436.83 -10407 -5344.3 ___ 2l 59.7J 

[ Close ) [ Save j [ Help j 

Figure 16-18: List Forces window offers tools to review force and stress 
components in the beams. 

When Show only beam end points is selected, numbers are color coded (red and 
blue) and match the colors of beam elements that are displayed along with this 
window. The beam elements (not shown here) also show the orientation of DIR] 
and DIR2. 
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For a better understanding of beam elements we will analyze the OUTRIGGER 
model shown in Figure 16-19. 

Fixed 
restraint 

Fixed 
restraint 

20000lbf 

Figure 16-19: The truss is made out of rectangular hollow tubes dimensioned 4'' 
x 3'' x 0.25'' with 0.5'' radius. Restraints and load are also shown. 

Hardware required to apply load and restraints is not modeled. 

Corner treatments applied to structural members may interfere with definition of 
joints in the beam element mesh. We will use configuration 02 simplified where 
comer treatments have been suppressed. 

Switch to 02 simplified configuration and create a Static study and delete Cut 
List from the OUTRIGGER folder. Next, right-click the Joint Group folder select 
Edit, and verify that three joints have been correctly calculated (Figure 16-20). 
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~ Static 1 (-02 simplified <As Machined>-) 

• ~ OUTRIGGER 

I~ J~int groL'"' ..... J -
1 '11' H"d i i Connecti~ - 1 e 

~ Fixtures Edit. .. 

! & External~ .Copy o 

~ Mesh 

[[) Result Opt ions 

Edit Joints 

x 

Selected Beams 
-l'i)J All -

C Select 

~ Rectangular tube 4 X 3 X O 25 

Rectangular tube 4 X 3 X 0.25[1] 

. Rectangular tube 4 X 3 X 0.25(2] 

-... 
Treat as joint for clearance 

-'it) equal to zero (touching) 

-i ; less than -
... II 

0 Keep modified joint on update 

[ Calculate J 

Results 

Joint 1 
Joint 2 
Joint 3 

0 Display neutral axis 

[.{] Display shear center 

Click 
Calculate 

Click on each 
joint to review 
its location 

Review neutral axis 
and shear centre 

Figure 16-20: Three joints were calculated; this has been done for practice only 
because joints, in this model, are correctly calculated automatically. Neutral 
axes and shear centers are coincident and indicated by thin black and red lines. 

The model view has edges removed to show clearly neutral axis and shear 
center lines. 
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Apply restraints and a load to the joints as shown in Figure 16-21 . 

Fixture 

x 

Example v 

Standard(Fixed Geometry) 

[ 'tC I Fixed Geometry 

I re I Immovable (No translation) 

I ti:l j Use Reference Geometr)' 

Joint<S, l > 

Force/Torque 

x 

Selection 

I r£J Ir- Joint <8, l > 

~ 
~ - ,______ __ _____, 

0 

to , ____ J 

Units 

D [ English (IPS) .... ] 

Force 

I ~~ : 0.224808S 

1 ~t i 0.224808943 .... lbf 

1 ~ )' 1 20000 .... lbf 

l:Z] Reverse direction 

Moment v 

Fixed 
restraint 

Fixed 
• 

restraint 

Figure 16-21: Restraints and load applied to joints. 

Load is pointing down. Restraints and load symbols are oversized. 
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Mesh and solve the model and review displacement and stress results. 

Now copy the completed study Static 1 into Static 2. In Static 2 delete Cut List, 
select all structural members in the OUTRIGGER folder and right-click to open a 
pop-up menu. Select Edit definition to open the Apply/Edit beam window. 
Select Truss in the Apply/Edit beam window (Figure 16-22). 

~ Static 2 (-02 simplified <As Machined>-) Apply/Edit Beam Ci) 
• ($ OUTRIGGER 

~ SolidBody ! (Rectangular tube 4 X 3 X C 

~ SolidBody 2(Rectangular '""'-- VJ! 
Type 

x 

~ SolidBody 3(Rectangular ,Edit Definition ... r.,, 

I J Beam 
)?/. Joint group 

i i Connections 

~ 1$ Fixtures 

~ ! A External Loads 

~ Mesh 

[O Result Options 

~ ~ Results 

i= 8pply/Edit Material ... 

Apply Favorite Material 

Ireat selected bodies as solids 

l '° Exclude from Analysis 

Add to New folder 

--a JTruss -
Rectangular tube 4 X 3 X 0.25 

Rectangular tube 4 X 3 X 0.25[1) 

Rectangular tube 4 X 3 X 0.25[2) 

IC] Show beam direction 

Figure 16-22: All beams are now defined as trusses. 

This can be done for all beams or individually for selected beams. 

Select 
Truss 

This redefines connectivity between beams from rigid to pin joints. While beams 
can be loaded with any combination of forces and moments, trusses can be only 
loaded with axial force. Trusses behave as tension/compression springs and are 
meshed with only one element. See Figure 16-23 for a comparison between 
beam and truss element meshes. 
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Beam elements mesh: 
147 nodes 
144 elements 

Truss elements mesh: 
2 nodes 
3 elements 

Figure 16-23: Finite element mesh in model with beam elements (top) and with 
truss elements (bottom). 

Verify the number of nodes and elements with Mesh Details. 

Truss elements behave as if they were pin jointed and can be loaded only with 
axial loads. 
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Obtain the solution of study with truss elements and compare the displacement 
results between the two studies (Figure 16-24). 

URES (in) 

0.055 

0.051 

0.046 

• 0.041 

0.037 

0.032 

0.028 Beam elements 

. 0.023 

_ 0.018 

0.014 

. 0.009 

• 0.005 

.__ 0.000 

0.056 

0.051 

~ 0.046 

_ 0.042 

_ 0.037 

0.033 

0.028 Truss elements 

0.023 

. 0.019 

0.014 

. 0.009 

_ 0.005 

_ 0.000 

Figure 16-24: The displacement results in the model with beam elements (top) 
and truss elements (bottom). 

The scale of deformation is the same for both models. Beam profiles are not 
rendered in these illustrations. 
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Continue OUTRIGGER exercise by analysis of stress results and observe that 
truss elements may only produce tensile or compressive stresses in the axial 
direction (Figure 16-25). 
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_ 804 

_ o 

____. Yield strength: 29995 

Upper bound axial and bending (ps~ 

9156 

8393 

7630 

6867 

6104 

5341 

4578 

3815 

3052 

2289 

1526 

- 763 

_ o 

_... Yield strength: 29995 

Figure 16-25: Stress results in beam element model (top) and truss element 
model (bottom). 

The scale of deformation is the same for both models. Beam profiles are not 
rendered in these illustrations. 
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Bending of structural members observed in the beam element model proves that 
beam elements are rigidly connected to each other and transmit bending 
moments. Conversely, truss elements are connected by pin joints; they cannot 
transmit bending. Deformation of truss elements can only take the form of 
stretching and compressing, and the ref ore deformed truss elements remain 
straight. Remember that buckling is not modeled in either of these static studies. 

An attempt to run the truss element model with an out-of-plane load (load with 
component in z direction) displays a message shown in Figure 16-26. 

Simulation " (Automatically dismissing in 54 seconds)" 

Decision Solver Message 

Excessive displacements were calculated in this model. If your system is 
properly restrained, consider using the Large Displacement option to 
improve the accuracy of the calculations. Otherwise, continue with 
current settings and review the causes of these displacements. 
Click 'Yes' to solve with the Large displacement flag activated. 
Click 'No' to solve with small displacement. 
Click Cancel to end the solution. 

[ Yes J [ No I [ Cancel J 

See SOUDWORKS Knowledge Base solution S-065990 

Figure 16-26: An attempt to run the truss element model with out of plane load 
brings up the above message. 

''Excessive displacement'' message is produced even if the out-of-plane load 
component is very small. 
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An out-of-plane load causes rotation of the OUTRIGGER as a rigid body. The 
entire model can spin about the line passing through the supports. This happens 
because nodes of truss elements do not have rotational degrees of freedom and 
cannot generate a moment reaction. 

Original model position 

Rotated model position 

Figure 16-27: An out of plane load rotates model about its support points. 
Restraints cannot prevent this motion. 

This illustration has been prepared in a SOLID WORKS CAD model. It can't be 
produced using SOLID WORKS Simulation. 

Notice that in both studies (beam elements and truss elements) the vertical 
member takes no load at all. You may want to confrrm this by excluding the 
vertical member from analysis. 
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Models in this chapter 

Model Configuration Study Name Study Type 

01 complete weldment 

ROPS.sldprt 

02 no end treatment Static 1 Static 

01 complete 

OUTRIGGER.sldprt Static 1 Static 

02 simplified 

Static 2 Static 
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17: Review of 20 problems 

Topics covered 

o Classification of fmite elements 

o 2D axi-symmetric element 

o 2D plane stress element 

o 2D plane strain element 

Recall Figure 1-10 that lists basic elements used in SOLIDWORKS 
Simulation: solids, shells and beams which represent different levels of 
idealization possible in 3D space. Solids were introduced in chapter 2, shells in 
chapter 4 and beams in chapter 16. In this chapter we introduce two dimensional 
(2D) elements, but before proceeding we will summarize once again properties 
of the elements we are already familiar with. 

Solid elements 

Solid elements mesh volumes and therefore all three dimensions are fully 
represented. Notice that the volume is called ''solid'' in CAD terminology. This 
''solid'' should not be confused with the term ''solid'' in PEA which corresponds 
to solid elements. 

The displacement field in a solid element is three dimensional (3D). No 
assumptions on the displacement field or stress distribution in any direction are 
made. 

Nodal displacements have three components: translation in the x, y , and z 
directions. Loads and restraints can be applied in these three directions. Nodes of 
solid elements have three degrees of freedom. 

Shell elements 

Shell elements mesh surfaces that have one dimension (thickness) collapsed. 
Thickness is assumed to be small in comparison to other dimensions. Shell 
elements model displacement and stress fields in two in-plane directions. The 
stress distribution across the missing dimension (thickness) is assumed to have a 
linear distribution. 

Nodal displacements have six components: translation in the x, y , and z 
directions, and rotation about the x, y, and z directions. Loads and restraints can 
be applied in each of these six directions. Nodes of shell elements have six 
degrees of freedom. 
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Beam elements 

Beam elements mesh curves ( wireframe) as they have two dimensions collapsed. 
It is assumed that the beam cross section is small in comparison with the length. 
Beam elements model displacements and stresses in one (in-line) direction. 
Stress in the two missing dimensions must be assumed. These assumptions are 
based on beam theory. 

Nodal displacements have six components: translation in the x, y , and z directions, 
and rotation about the x, y , and z directions. Nodes of beam elements have six 
degrees of freedom. Loads and restraints can be applied in these six directions. 
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Solid, shell and beam elements all belong to the class of 3D elements. In this 
chapter we introduce two dimensional elements. Consider an axi-symmetric 
model VASE with axi-symmetric loads (inside pressure) and restraints (fixed to 
the bottom face) as shown in Figure 17-1. Notice that due to the axial symmetry 
of the geometry, loads and restraints, all points located on any radial cross 
section perform displacements only in two directions: radial and axial translation. 
There is no translation in the circumferential direction and there are no rotations. 

Front 

I 

Axisl 
• 
I 

I 

I 
• 
I 
• 

• 
I 
• 
I 
• 

• 
I 
• 
I 

I 
• 
I 
• 
I 
• 

• 
I 
• 
I 
• 
I 
• 

I 

I 
• 
I 

3D solid model 

Front Axisl 
• 
I 

I 
• 
I 
• 
I 
• 
I 
• 
I 

I 
• 
I 

Radial cross-section 

Figure 17-1: Axi-symmetric 3D solid model and radial cross section along Front 
plane. Displacements in the model are fully described by radial and axial 
translations of points on any radial cross section. 

This model is used in ''Vibration Analysis with SOLID WORKS Simulation''; here 
it is used to demonstrate an axi-symmetric object. 
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If displacements, and consequently strains and stresses, are fully defined by two 
displacement components: translation in radial and axial directions, then the 
analysis of any axi-symmetric model can be simplified to the analysis of 
displacements and stresses of one radial cross section meshed with elements that 
have only two degrees of freedom per node. These elements are called 2D axi­
symmetric elements. 

We will demonstrate the use of axi-symmetric elements on part file PRESSURE 
VESSEL. The material is 6/10 Nylon with a yield strength 139MPa. 

For a better understanding of the differences between 3D solid elements and 2D 
axi-symmetric elements, we will solve the model first with 3D solids and then 
with 2D axi-symmetric elements. Additionally, we will study nonlinear effects 
using both modeling approaches. Notice the similarities between this problem 
and the ROUND PLATE from chapter 15. 

The PRESSURE VESSEL model offers a wide range of modeling choices. 
Analysis can be conducted using the full solid CAD geometry or using a section 
shown in Figure 17-2. It can also be represented by shell geometry either as a 
whole model or a section. Finally it can be represented by a radial cross section 
meshed with 2D axi-symmetric elements. In this exercise we will first analyze a 
section meshed with solid elements, and then a radial cross section meshed with 
2D axi-symmetric elements. In both cases we will perform linear and nonlinear 
geometry analyses. 

Review all model configurations before proceeding: 01 flat full, 02 flat section, 
03 curved full, 04 curved section. 
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Complete 3D 
model maybe 

analyzed with solid 
elements or shell 

elements 

Section of a 3D model 
may be analyzed 

with solid elements 
or shell elements 

Radial cross-section 
may be analyzed with 

2D axi-symmetric 
elements 
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OJ flat full 03 curved full 

02 flat section 04 curved section 

Figure 17-2: Modeling choices in the PRESSURE VESSEL. 

The pressure vessel model may be analyzed as a complete model with solid or 
shell elements (top), as a section with solid or shell elements (middle), or as a 2D 
radial cross-section (bottom). 

Top four illustrations show four con.figurations of PRESSURE VESSEL model. 
There is no model configuration that corresponds to illustrations in the bottom 
row. 
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Open the PRESSURE VESSEL model in O 1 flat section configuration, create 
static study 3D linear 01 and apply the loads and restraints as shown in Figure 
17-3. 

Pressure Value (N/mm"2 (MPa)): 0.15 

Pressure: 
0 .15MPa to inside faces 

Restraints: 
Roller/Slider restraints to two radial faces 
Fixed restraint to vertex (red symbol) 

Figure 17-3: Pressure load and fixed restraints applied to the section. 

Roller/Slider restraints assure that the two faces created by radial cuts will 
remain flat. Fixed restraint prevents Rigid Body Motion; without it the model 
would be able to translate along the axis of symmetry. 

Use a mesh with the default element size and obtain results without the Large 
Displacement option checked. Next, copy this study into 3D nonlinear 02 and 
run solution with the Large Displacement option checked. Results are 
summarized in Figures 17-4 and 17-5. Notice the much longer solution time 
required to obtain the nonlinear solution. 
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URES (mm) 

83.5 

76.5 

,____ _ 69.6 

62.6 

55.7 

48.7 

41 .8 

34.8 

27.8 

20.9 

_ 13.9 

_ 7.0 

_ 0.0 

Resultant 
displacements 

von Mise s (N/mm"2 (MPa)) 

137.4 

126.0 

,____....... 114.6 

_ 103.2 

91.8 

80.4 

69.1 
Von Mises stress 

57.7 

46.3 

34.9 

- 23.5 

_ 12.1 

0.7 

--... Yield strength: 139.0 

Figure 17-4: Displacement (top) and von Mises stress (bottom) results of the 
linear study. 

Stress concentrations are ''spotty'' and attracted to nodes. This is an indication 
that a more refined mesh should have been used. The same applies to results of 
the nonlinear study in Figure 17-5. 
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URES (mm) 

26.9 

24.6 

22.4 

• 20.2 

17.9 

15.7 Resultant 

13.4 
<lisp lacements 

11.2 

9.0 

- 6.7 

. 4.5 

~ 2.2 

0.0 

von Mises (N/mm" 2 (MPa)) 

79.9 

73.5 

67.0 

_ 60.6 

54.1 

47.7 
Von Mises stress 

41.2 

34.7 

28.3 

_ 21.8 

_ 15.4 

_ 8.9 

2.5 

-... Yield strength: 139.0 

Figure 17-5: Displacement (top) and von Mises stress (bottom) results of the 
nonlinear study. 

The maximum van Mises stress is below yield in the model solved with large 
displacements. 
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The nonlinear analysis reports lower displacements (26.9mm nonlinear, 83 .Smm 
linear) and stresses (79.9MPa nonlinear, 137.4MPa linear). This indicates the 
importance of modeling nonlinear effects. As indicated in Figure 17-4, a more 
refined mesh should be used where stress concentrations have been found. 
However, using a more refrned mesh for a nonlinear analysis would produce long 
solution times, even though the section model is used. 

This is where the advantages of a 2D representation become obvious. With 2D 
axi-symmetric elements, we will be able to obtain a solution using a refined mesh 
in less time than that required for the solution with 3D solid elements. Of course, 
2D elements can also be used for linear analysis. 

Switch to the O 1 flat full configuration and create a Nonlinear study called 2D 
nonlinear 03. In the study definition window, select Use 20 simplification, then 
select Axi-symmetric to define a study using 2D axi-symmetric elements (Figure 
17-6). 
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(1) 
Select 

Nonlinear 

(2) 
Select Use 20 
simplification 
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Study 

Message 

Name 

03 20 nonlinear 

Type 

I~ I Static 

I qp I Thermal 

I o,.Y I Frequency 

I ~ J Buckling 

[Cf] Drop Test 

I~ I Fatigue 

I ~ I Pressure Vessel Design 

I V, I Design Study 

Submode ling 

r ct" I Nonlinear 

I it! Y I Linear Dynamic 

Options 

[§]~ 
0 Use 20 Simolification 

v 

0 

• 
I 

• 
I 
• 
I 
• 
I 
• 

• 

03 20 nonlinear (20 Simplifica... ® 

x 

Study Type 

Plane stress 

(3) 1111 Plane strain 

I ~ I rod-symmetric 

There are three types of 
______ 2D analyses. 

Use axi-symmetric for analyses where 
the geometry, loads and restraints are 
symmetric (360 degrees) about an axis. 

Section Definition 

Section plane: 

0 

Select Axi-symmetric 

(4) 
Select Front Plane 
from fly-out menu. 
This is the radial 

Front Plane 1-- plane for this model 

Axis of symmetry: 

.. ;·· I Axisl 

[0 Use other side 

0 Show preview 

(5) 
Select the Axis of 
symmetry from fly­
out menu 

(6) 
Select 
Use other side 
Show preview 

(7) 
Examine radial 
cross-section 

!Axisl 

Figure 17-6: A nonlinear study definition with 2D axi-symmetric elements. 

The model is represented by a radial cross- section. The fly-out menu is used for 
the selection of the plane and axis; it is not shown in this illustration. 
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Having created the cross section that will be meshed with 2D axi-symmetric 
elements, go to the SOLIDWORKS Feature Manager and define a sensor as 
shown in Figure 17-7. 

~ PRESSURE VESSEL (01 flat full<Displc 

~ ~ History 

~ ~ Sensors 

~ FA I Annotatio 

~ Surface Bo 

~ ~ Solid Bodi · 
o-
8=i Nylon 6/ 1 

(!J Front Plan 

(!J Top Plane 

(!J Right Plane 

L Origin 
• 

•• , · Axisl 

~ 7 Revolve-Thinl 

v.-·, Revo,ve-ThinS 

Sensor location 

Roll to Previous 

Document Properties ... 

Hide/ Show Tree Items ... 

Collapse Items 

Customize Menu 

0 

I 
• 

I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 

• 

~ xis l 

Sensor 

x ..... 

Sensor Type 

~ [ Simulation Data 

Data Quantity 

~ [ Worldlow Sensitive 

Properties 

Vertex<l> 

rt] Link to selection 

-
ID Factor of Safety v 

Figure 17-7: Sensor definition in the model indented for meshing with 2D axi­
symmetric elements. 

The sensor is located in the center of the top face. Sensors definition is shown for 
your information only. PRESSURE VESSEL model comes with sensors already 
defined. 

335 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Apply the restraint and pressure load as shown in Figure 17-8. 

Fixture 

x 

Example 

Standard (Fixed Geometry) 

11 r.(! I Fixed Geometry 

I~ J Roller/ Sl ider 

I filB I Fixed Hinge 

Vertex<!> 

0 

Advanced 

Pressure 

x 

Type 

~ Normal to selected face -
(C) Use reference geometry 

Edge <l > 

Edge <2> 

Edge<3 > 

Edge<4> 

Edge<S> 

Pressure Value 

0 

(] [ N/ mm " 2 (MPa) 

!I! 0.15 ~ N/ mm " 2 (MPa) 

v 

v 

~] 

I [[] Reverse direction 

----

0 

Fixed Geomet ry: 

Fixed restraint to one vertex 

Pre ssure Value (N/ mm" 2 (MP a)): 0.15 

Pressure to five edges 

Figure 17-8: The restraint (top) and pressure load (bottom) defined in the 2D axi­
symmetric model. 

The restraint and pressure load are applied to the edges of the 2D model. Fixed 
restraint is applied to one vertex; it affects only two directions (radial and axial) 
because nodes of 2D elements have 2DOF. Pressure is applied to five edges. 
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Apply a mesh control of O. lmm to the arc corresponding to the round face 
where stress concentrations were found in the 3D model. Mesh the model using 
Standard mesh with 0.5mm element size (Figure 17-9). 

Mesh Mesh Control 

x 

Mesh Density Selected Entities 

Coarse 

[ Reset 

0 Mesh Parameters 

@ Standard mesh 

U Curvature-based mesh 

l 

,,... 
1,;. Blended curvature-based mesh 

I] Imm 

~ l O.SOmm 

... .. ... 0.025mm ... Fll 

I[] Automatic transition 

Element Size (mm): 0.1 

Ratio: 1.5 

-0 
Fine 

Edge <l > 

Edge <2> 

D Use per part size 

I Create Mesh ] 

Mesh Density 

• r- 0 
Coarse Fine 

I Reset I 
Mesh Parameters A 

I] Imm 

6.. O.lOmm -
% 1.5 

... J 
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Figure 17-9: Mesh control applied to the arc where stress concentrations need to 
be modeled precisely. 

Mesh control produces a very fine mesh around the bend. 
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Right-click Results Option, select edit and set it up as shown in Figure 17-10. 

Result Options 

x 

Message 

Saving results for specified solution steps 
saves disk space. 
Include sensors under Response Plots to 
view result graphs at specified locations. 
Displacements and reactions are always 
calculated. Not storing stresses and strains, 
saves disk space. 

Quantities to save into file 

~ Stresses and strains 

Save Results 
-

~ 1 For all solution steps o 

( ) For specified solution steps 

Response Plots 

ll'.1 [ Workflow Sensitivel 

SOUDWORKS 

You have chosen to show intermediate resu lts while running this 
nonlinear simulation. For this reason, the nonlinear simulation 
will terminate if you switch to another SOUDWORKS document 
or close the active model. 

le] Do not show again [ OK ] 

You can restore the suppressed messages from Simulation Options 
> System options > Messages/ Errors/Warnings. 

Figure 17-10: Results Options definition (top) and solver message (bottom) 
displayed. 

This definition of Result Options is required to construct Time History plots. 
Solver message is shown during solution only if intermediate results are 
requested in Advanced Options of nonlinear study properties. 
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Obtain a nonlinear solution with the settings shown in Figure 17-11 . 

Select 
Use large 

displacement 
formulation 

Select 
Update load 

direction with 
deflection 

Nonlinear - Static 

Solution Flow/Thermal Effects Notification Remark -
Stepping options 

Start time I O _=1 r:J Restart 

End time 1 ~ Save data for restarting the analysis 

Time increment: 

(@ Automatic (autostepping} 

Init ial time increment 0.01 

-
Min l e·OS Max 0.1 No. of adjustments 5 

·~ Fixed I 0.1 I 
Note: For nonlinear static analysis (except time dependent material like 
creep} pseudo time steps are used to apply loads/fixtures in small 
increments. For creep, t ime steps represent real time in seconds to 
associate loads/fixtures. 

Start time and End time are not used by the Arc Length control method defined in 
Advanced options. 

Geometry nonlinearity options 

[.ti Use large displacement formulation 

~ Update load direction with deflection (Applicable only for normal uniform 
pressure and normal force) 

rJ Large strain option 

D Keep bolt pre-stress 

Solver 

i .t I Automatic Solver Selection 

[ Direct sparse solver 

Incompatible bonding options 

~ Simplified 

(' 1 More accurate (slower) 

Results folder f:\ fea results [] 
[ Advanced Options... ] 

[ ..._ _ o_K _ _,,] [ cancel ][ ....._ _ H_elp _ __,] 

Figure 17-11: Nonlinear study settings. 

Select Use large displacement formulation. The only source of nonlinear 
behavior in this model is the changing shape. This is geometric nonlinearity. 

Selecting option Update load direction with deflection means that pressure load 
follows the deforming model; it remains normal to the deforming face. This 
option is not available in static study. Pressure load in the previous Static study 
with Large Displacements was not a following load. 
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Review the displacement and stress results as shown in Figure 17-12 and Figure 
17-13. 

URES (mm) 

26.7 

24.5 

- - 22.3 

_ 20.0 

_ 17.8 

15.6 

13.4 

_ 11.1 

_ 8.9 

--- 6.7 

4.5 

2.2 

0.0 

Figure 17-12: Displacement results from the 2D axi-symmetric model. 

Plot is shown in normal view along with the undeformed shape shown in orange 
color. 

The maximum resultant displacement of 26.7 mm is the same as the one 
produced by analysis of the nonlinear 3D model. 
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von Mises (N/mm"2 (MPa)) 

79.7 

73.1 
I 

66.4 

~ 
- 59.8 

53.2 

46.5 

39.9 

33.3 

26.6 

20.0 

- 13.4 

I 
~ 6.8 

0.1 

---• Yield strength: 139 

Figure 17-13: Von Mises stress results from the 2D axi-symmetric model. 

A refined mesh allows for accurate stress modeling. The 2D model produces 
these results in a fraction of the time required to solve the JD model with a 
similar mesh density. 

The maximum von Mises stress reported by the 2D model is 79. 7MPa as 
compared to 79.9MPa reported by the 3D model. 

This mesh with highly refined region is easy to solve in a nonlinear 2D model. It 
would be much more time consuming to use such a highly refmed mesh in a 
nonlinear 3D model. 
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To investigate the importance of nonlinear effects, complete this exercise by 
making a displacement time history plot. Follow steps indicated in Figure 17-14. 
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Figure 17-14: Displacement time history. 

· ] 

0 

(2) 
Select the vertex 
(sensor location) 

(3) 
Select 
Resultant 
Displacement 

The plot clearly shows stiffening of the model as deformation progresses. The 
same plot could have been produced using the 3D model, but solution times 
would be much longer. 
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Now we'll compare the importance of nonlinear effects in models with flat walls 
and in models with curved walls. Change to model configuration 03 curved full 
and create a nonlinear study 2D nonlinear 04 using 2D axisyrnmetric 
simplification. Repeat all steps from study 2D nonlinear 03 and review the 
response graph showing displacement as a function of pressure. 

Comparison between behavior of the flat and curved model is shown in Figure 
17-15. 

• Flat 

• Curved 

0 

0 0 .05 0 .1 o.1s MPa 

Figure 17-15: The maximum resultant displacement as a function of pressure of 
flat walls model (blue) and curved walls model (red). 

The blue curve is a repetition of graph shown in Figure 17-14. 

The nonlinear effects in a model with curved walls are weaker as compared to 
the nonlinear effects in a model with flat walls. This is because the wall 
curvature allows the membrane stresses to develop from the beginning of the 
loading process. The ref ore, the cha.nge in membrane stiffness is less dependent 
on the progressing deformation. 

The model with curved walls is almost 2.5 times stiffer than the model with flat 
walls. 
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As shown in the menu in Figure 17-6, there are other types of 2D elements. Here 
is the summary: 

20 plane stress elements are intended for thin models restrained and loaded 
in plane. A constant stress distribution across the thickness is assumed. 

20 plane strain elements are intended for thick models restrained and 
loaded in plane. Constant strain across the thickness is assumed. 

20 axi-symmetric elements are intended for axially symmetric models with 
axis symmetric restraints and loads. 

We will now introduce 2D plane stress elements. Open HOLLOW PLATE 2D 
which is identical to the model in chapter 2 except that it has material properties 
assigned. 

Follow the steps in Figure 17-16 to create a study with a 2D plane stress model. 
Follow the steps in Figure 17-17 to apply restraints and loads. 

344 



(1) 
Select Static 

(2) 
Select Use 20 
simplification 

Engineering Analysis with SOLIDWORKS Simulation 2018 

Study 

x 

Message 

Name 

20 

Type 

-- j ~ I Static 

j Q.8 1 Thermal 

I o_Y I Frequency 

j ~ I Buckling 

j ~ ] Drop Test 

I~ I Fatigue 

I ~ J Pressure Vessel Design 

j ~ I Design Study 

Submode ling 

I er I Nonlinear 

j ~ Y I Linear Dynamic 

Options 

--1 [0 Use 20 Simplification 

-

v 

0 

20 (20 Simplification) 

x 

Study Type 

( lf9 I Plane stress 

Ill Plane strain 

a Axi-symmetric 

Use plane stress for analyses on thin 
geometry with no forces acting 
normal to the section plane (stress 
does not vary normal to the section 
plane). 

Section Definition 

Section plane: 

I Front 

Section depth: 

~ 10.00mm 

The section depth is used for 
displaying results in 30. 

(0 Show preview 

I 

c 

(3) 
Select Plane stress 

(4) 
Select Front 
reference plane or 
side face of plate 

(5) 
Enter model 
thickness 
lOmm 

(6) 
Examine the planar surface 
that represents the model 

Figure 17-16: Static study defrnition with 2D plane stress elements. 

The model is represented by a planar surface. 
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Fixture 

x 

Example 

Standard (Fixed Geometry) 

I Cc I Fixed Geometl)' 

I ~ 1 

Roller/ Slider 

11:ffl] Fixed Hinge 

Edge <l > 

----------0 

-

v 

Advanced v 

Force/Torque CV 

Force/Torque 

[ .!. j Force 

Ii, j Torque 

Edge <l > 

0 
,,..... 
t~ Normal 

() Selected d irection 

11 [..__s 1 _____ ___,T ] 

± 100000 T N 

I~ I Reverse direction 

-
!~ Per item 

t) Total 

Fixed Geometry: 

0 

Force Value (N): 100000 

0 

Figure 17-17: Restraint (top) and tensile load (bottom) defined in the 2D plane 
stress model. 

The restraint and load are applied to the edges of the 2D model that correspond 
to faces of the 3D model (refer to chapter 2). 
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Mesh the model with the default element size. Solve and compare displacements 
and stress results (Figure 17-18) to those obtained with the 3D solid model in 
chapter 2. 

von Mises (N/mm"2 (MPa)) 

368 

339 

_ 309 

_ 280 

250 

221 

191 

162 

132 

_ 103 

73 

_ 44 

_ 15 

-• Yield strength: 620 

von Mises (N/mm"2 (MPa)) 

370.3 

341.2 

- - 312.2 

_ 283.1 

... 254.0 

224.9 

195.8 

166.8 

... 137.7 

_ 108.6 

_ 79.5 

_ 50.4 

- 21.4 

-• Yield strength: 620.4 

Figure 17-18: Von Mises stress plots in the 2D plane stress model (top) and the 
3D model (bottom) show practically the same results. 

The problem can be represented by 2D plane stress model because of low plate 
thickness. 
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The HOLLOW PLATE 2D model does not really show any advantages of using 
2D simplification. These advantages are clear only if the problem requires an 
iterative solution as in the previous example or highly refined. meshes as is the 
case with the next example. 

Open L BRACKET 2D which is a planar surface similar in shape (but not in 
thickness) to the model studied in chapter 3. Our objective is to demonstrate that 
stresses around a comer with a small radius do not diverge but converge to a 
finite value. To do that we will have to conduct an h-convergence process 
working with a highly refined mesh that will be facilitated by using the 20 
simplification. 

Create a static study 2D O 1 using the 20 Simplification and select Plane stress. 
Select the model surface for the Section plane and enter 1 mm for the Section 
Depth. 

Apply restraints and load as shown in Figure 17-19. 

Fixed restraint to top edge 

I 

I ON down along 
the vertical edge 

Figure 17-19: Restraint and load applied to the 2D plane stress model. 

Restraints and loads must all be in-plane to be compatible with this 2D model. 

Obtain a solution with the default curvature based mesh, and then proceed with 
three more studies with different mesh controls applied to the face area around 
the radius (Figure 17-20). 
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Study 2D OJ; no mesh control Study 2D 02; mesh control 0.25mm 

/ 

Study 2D 03; mesh control O.lOmm Study 2D 04; mesh control 0.05mm 

Figure 17-20: Mesh used in four studies. 

Mesh control is applied to the Surface body 2 shown in Figure 17-19. Notice the 
poorly shaped elements (high aspect ratio) in the study with no mesh controls. 

Results are summarized in a graph shown in Figure 17-21. 
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Von Mises stress 
in the comer 

[MPa] 

50 

48 

46 

44 

42 

40 

38 

36 ' ' 

0 5 
• • 

10 15 20 

1/h 

Figure 17-21: Maximum von Mises stress results in four studies as a function of 
mesh refmement 1/h. 

h is the element size as defined by the mesh control except for the first study 2D 
01. 

Results indicate that convergence does take place. To fully appreciate the 
advantages of the 20 Simplification you may want to repeat this analysis using 
solid elements and observe the much longer solution times. 

Notice that the 2D model would not be suitable for analysis of buckling which 
may be the dominant mode of failure in such a thin plate. Construct and analyze 
a buckling study using an equivalent 3D model. 
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To introduce 2D plane strain elements, we will perform an analysis of contact 
stress between two plates in model CONT ACT. The model consists of two 
identical plates ready to touch each other on the curved faces and connected by a 
U-shape clamp (Figure 17-22). The material for all parts is Alloy Steel. Our 
objective is to study contact stress on two cylindrical faces when the model is 
loaded with 15000N compressive load. 

15000N force to top split face 

Fixed restraint to 
bottom split face 

Figure 17-22: Load and restraint in CONTACT model. 

Notice a small gap between top and bottom plates. 
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Treating this as a 2D plane strain problem we assume constant strain along the 
thickness; therefore, all models shown in Figure 17-23 will give the same results. 
CONT ACT part model has three configurations with different thickness as 
shown in Figure 17-23. 

7500N 15000N 

Width lOmm Width20mm Width40mm 

Figure 17-23: All the above three models will give the same results when treated 
as 2D plane strain problems. 

Notice that load per unit of width is the same in the above three models: 
7500Nlmm. 

Any model configuration could be used as long as load is defined as 15000N and 
thickness is defined as 20mm, as shown in study properties in Figure 17-24. 
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Follow steps in Figure 17-24 to create a study with 2D plane strain model. 
Follow the steps in Figure 17-25 to apply restraints and loads. 

Study 

Me-ssage 

Name 

Static 1 

Type 

I C.~ I Static 

q_8 Thermal 

~ Frequency 

~ Buclding 

~ Drop Test 

~ Fatigue 

~ Pressure Vessel Design 

~ Design Study 

Submodeling 

~ Nonlinear 

~ Linear Dynamic 

-
Options 

I [{] Use 20 Simplification 

··v1 L~, 

0 

Static 1 (20 Simplification) 

x 

Study Type 

m Plane stress 

I (if I Plane strain 

a Axi-symmetric 

Use plane strain for analyses on geometry 
that extends a long distance on either side 
of the section plane with no forces acting 
normal to the section plane (strain does 
not vary normal to the section plane). 

Section Definition 

Section plane: 

Front 

Section depth: 

~ 20.00mm 

The section depth is used to define the 
area on which loads are applied. 

rt] Show preview 

(6) 

.... 

(3) 
Select 
Plane strain 

(4) 
Select Front 
reference plane or 
any side face to 
define section plane 

(5) 
Enter model 
thickness 20mm 

Examine planar surfaces that 
represent the model 

Figure 17-24: Static study defmition with 2D plane strain elements. 

The model is represented by a planar surface. 
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Fixture 

Example 

Standard (Fixed Geometry) 

I re I Fixed Geometry 

I {d J Roller/Slider 

I l:Jfl I Fixed Hinge 

Edge<l> 

0 

Advanced 

Force/Torque 

x ..... 

Force/Torque 

j .!. I Force 

I ®, I Torque 

-
' 

!JD Edge<l> 

@,, Normal 

0 

(> Selected direction 

IJ [..____s I _____ ___.sr ) 

± 15000 

[] Reverse direction 

'Q) Per item 
~ 

()Total 

T N 

v 

0 

v Fixed Geometry: 

I Force Value (N): I 1soooo 1 

0 

Figure 17-25: Restraint (top) and load (bottom) defined in the 2D plane strain 
model. 

The restraint and load are applied to the edges of the 2D model that correspond 
to the faces of the 3D model. 15000Nmeans here 15000Nper each 20mm of 
thickness. 
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Define a Contact Set between the two cylindrical faces as shown in Figure 17-
26. 

• 

~ Static 1 (-02 20mm-) Contact Sets ® 
~ CONT ACT (-0.02 m/Material: [SW}. 

---- i i Conne,..;" ... r 
re:i., f "xt ,.. Advisor 

.... ~ 1 ure -

,x Fix ~ Contact Set ... 

.... !! Extern ~ Co ponent Contact ... 

_...._ Fo ,-;;; 
, .... ;,,n Contact Visualization Plot ... 

~ Mes I 
[] suit 

Find !,lnderconstrained Bodies ... 

lc7 Create New Folder 

Hide All 

Show All -

Edge 1 

Edge2 

"'{ 
~ 

Figure 17-26: Contact Set definition. 

x 

Contact 
- -

l'-l ' Manually select contact sets 

(,, Automatically f ind contact sets 

Type 

[ No Penetration 

Edge <l > 

0 

-
[[] Self-Contact 

0 

Properties 

lo Advanced 

(J Node to node 

~- 1 Node to surface --t<i.l1 Surface to surface -

Gap (clearance) is not selected meaning that the gap will be closed during the 
solution. A surface to surface type contact must always be selected when faces 
are not touching initially but may come into contact after the load is applied. 

355 

~] 

(3) 
Select 
two edges 

v 



Element size 
along edges 

0.05mm 

Ratio 1.1 

Engineering Analysis with SOLIDWORKS Simulation 2018 

We are now ready to mesh the model. Adequate mesh density in the contact area 
is of paramount importance in any contact stress analysis. It is the responsibility 
of the user to make sure that there are enough elements in the contact area to 
properly model the distribution of contact stresses. In this exercise we use a 
default global element size and apply mesh controls 0.05mm and ratio alb = 1.1 
to edges as shown in Figure 17-27. 

Mesh Control ® 

Selected Entities 

Edge<l> 

Edge<2> . 1 

0 

C Use per part size 

[ Create Mesh j 

Mesh Density 

0 
Element Size (mm): 0.05 

Ratio: 1.1 
Coarse Fine 

[ Reset l 
Mesh Parameters 

~ l_m_m~~~~~~~ 
e O.OSmm 

aL 
'b 1.1 

Figure 17-27: Mesh Control size is 0.05mm; alb ratio 1.1. 

Mesh Control is defined on the round edges where contact will take place. 

Low alb ratio produces smooth transition between small elements along the 
controlled entities and large (default size) elements in the rest of the model. 

Small size of the contact area that will develop under the load necessitates small 
element size. Solving this as a 3D problem would result in a model with a very 
large number of elements. This, combined with the iterative solution always 
required for any contact problem which by its nature is non-linear, would result 
in a very long solution time. 20 representation significantly reduces the 
numerical complexity of the problem. 
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Run the solution and answer No to the question about initial contact not detected 
(Figure 17-28). 

Simulation 

~nitial contact is not detected. 
Would you like to stop the application and rerun with 
Ignore clearance? 

Ml 
~ Search SOUD\t'.tORKS Knowledge Base for more information 

[ Yes } [. No ] 

Figure 17-28: No initial contact is intentional, therefore answer No. 

In most contact problems contacting faces (or edges) already touch each other 
before load has been applied but in this problem we have a gap. 
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Von Mises stress results are shown in Figure 17-29. 

von Mises (N/ mm/\ 2 (MP a)) 

577 

529 

t--- - 481 

_ 433 

_ 385 

337 

288 

240 

_ 192 

~ 144 

_ 96 

_ 48 

0 

_.., Yie ld strength: 620 

Figure 17-29: Von Mises stress results within the contact area. The maximum 
von Mises stress is 574MPa. 

Von Mises stress is close to yield strength of material Alloy Steel. 

The Factor of Safety (FOS) plot based on the Maximum Shear Stress is shown 
in Figure 17-30. The Factor of Safety plot based on the Maximum von Mises 
Stress is shown in Figure 17-31 . Notice that the Maximum Shear Stress 
criterion gives the FOS = 1 while the Maximum von Mises Stress, being less 
conservative, gives the FOS = 1.1. 
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Step 1 

@ Factor of Safety 

x 

Message 

For Ductile materials use Max von Mises 
stress or Max Shear stress criterion. 

For Brittle materials use Mohr-Coulomb 
stress or Maximum Normal stress criterion. 

Step 2 

@ Factor of Safety 

x 

Step 2 of 3 

(I [ N/ mm" 2 (MPa) 

Set stress limit to 

~ Yield strength 

) Ultimate strength 

A 

· ] 

Step 3 

• .. Facto r o f Safety 

x 

Step 3 of 3 

~ Factor of safety distribution 

Areas below factor of safety 

1 

Safety result 

® I 

-

Step 1 of 3 

ij) All 
..) User defined 

11 J 
Based on the maximum shear stress 
crrtenon: 

.j Selected bodies 

!!i [ Max Shear Stress (fresca) 

Tmax < l 
O.SoLlmit 

Advanced Options 

ID Set upper limit for Factor of 
Safety 

3 I 

Minimum factor of safety (V 

x 

Settings j Chart Options I 
Display Options 

I.JI Show min annotation 

ID Show max annotation 

0 Show plot details 

0 Show legend 

L Show Min/Max range on sho'i'tn 
parts only 

[CJ Automatically defined maximum 
value 

(Ca1culated maximum value: 
57843.242188) 

.. l"'I 
Iii 10 

I[] Specify color for values above 
maximum value: 

0 Automatically defined minimum 
value 

.. c , 1.00250113 

Position/ Format 

Color Options 

v 

0 

Multiplication factor 

1 

Beam Results: 

fi:;l Show combined stress on 
~ Bearns 

Shell Results: 

~ Minimum 
l 

Material involved 
-

o Steel 

Yield strength: 
620.422 N/mm"2 (MPa) 
Ultimate strength: 
723.826 N/mm"2 (MPa) 

Min: 1.0 

0 

Minimum factor of safety: 
1.0025 

FOS = 1.0025 

FOS 

Figure 17-30: Factor of safety based on the Maximum Shear Stress. 

10.0 
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5.5 
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2.5 

1.8 

1.0 

A factor of safety plot is created in three steps. The range of the factor of safety 
0-10 is defined in Chart Options. Notice that stress distribution closely matches 
the location of maximum shear stress in the Hertz contact problem. 
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Step 1 

~ Factor of Safety 

x 

Message 

For Ductile materials use Max von Mises 
stress or Max Shear stress crit erion. 

For Brittle materials use Mohr-Coulomb 
stress or Maximum Normal stress criterion. 

Step 1 of 3 

t~ AII 

Ci Selected bodies 

Ci [ Max von Mises Stress 

O vonMises < l 
O Li mit 

Advanced Options 

LJ Set upper limit for Factor of 
Safety 

l 3 J 

Minimum factor of safety ® 

x 

Settings J Chart Options L ____ _ 
Display Options 

I./ I Show min annotation 

D Show max annotation 

0 Show plot details 

['.{] Show legend 

D Show M1n/Max range on shown 
parts only 

D Automatical ly defined maximum 
value 

(Calculated maximum value: 
66195.062500) 

.. ~ 
Iii 10 

D Specify color for values above 
maximum value: 

0 Automatical ly defined minimum 
value 

.. c [ 1.07545388 

Position/Format 

Color Options 

v 

v 

0 

0 

Step 2 

@ Factor of Safety 

x 

Step 2 of 3 

(] [ N/ mml\2 (MPa) 

Set stress limit to 

(ij) Yield strength 
~ 

U Ultimate strength 

(0 User defined 

r 1 ] 
Multiplication factor 

1 

Beam Results: 

fi:;l ShoV11 combined stress on 
~Beams 

Shell Results: 

" 
Tl 

~ [ Minimum T J 

Material involved 

Allo Steel 

Yield strength: 
620.422 N/ mml\2 (MPa) 
Ultimate strength: 
723.826 N/ mml\2 (MPa) 

Min: 1.1 

Step 3 

~ Factor of Safety 

x 

Step 3 of 3 

l@ Factor of safety distribution 

(J Areas below factor of safety 

1 

Safety result 
Based on the maximum von Mises 
stress criterion: 
Minimum factor of safety: 
1.07545 

FOS = 1.07545 

FOS 

10.0 

9.3 

8.5 
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Figure 17-31: Factor of safety based on the Maximum von Mises Stress. 

A factor of safety plot is created in three steps. The range of the factor of safety 
0-10 is defined in Chart Options. 
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Figure 17-32 presents a summary of the elements available in Simulation. This 
figure expands the information first presented in Figure 4-2, then again in Figure 
16-6. 

30 elements 

Solid Shell (sheet metal) Shell (surface) Beam Truss 

20 elements 

Planes stress Plane strain Axi-symmetric 

Figure 17-32: Summary of elements and their icons in SOLIDWORKS 
Simulation. 

See chapter 16 for an explanation of differences between beams and trusses 
which both belong to the class of beam elements. 

There are other types of elements in SOLIDWORKS Simulation such as gap 
elements used in contact problems, mass elements and rigid link elements but 
they do not have a pictorial representation. 
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Models in this chapter 

Model Configuration Study Name Study Type 

01 solid 
V ASE.sldprt 

02 shell 

01 flat full 2D nonlinear 03 Nonlinear 

3D linear 01 Static 
02 flat section 

PRESSURE VESSEL.sldprt 
3D nonlinear 02 Static 

03 curvedfull 2D nonlinear 04 Nonlinear 

04 curved section 

2D Static 
HOLLOW PLATE 2D.sldprt Default 

3D Static 

2D01 Static 

2D02 Static 
L BRACKET 2D.sldprt Default 

2D03 Static 

2D04 Static 

01 lOmm 

CONT ACT .sldprt 02 20mm Static 1 Static 

03 30mm 
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18: Vibration analysis - modal time 
history and harmonic 

Topics covered 

o Modal Time History analysis (Time Response) 

o Harmonic analysis (Frequency Response) 

o Modal Superposition Method 

o Damping 

What is dynamic analysis? 

In preparation for the dynamic analysis exercises, we need to clarify an important 
terminology issue. The term ''Dynamic Analysis'' applies to an analysis of 
unrestrained or partially restrained bodies (mechanisms) as well as to restrained 
bodies such as structures. ''Dynamic Analysis'' within the scope of FEA deals 
only with the vibration of deformable bodies about the position of equilibrium. A 
more appropriate term to use would be ''Vibration Analysis," but the term 
''Dynamic Analysis'' is well entrenched in the PEA literature. We will use the 
terms Vibration Analysis and Dynamic Analysis interchangeably. 

Dynamic analysis with SOLIDWORKS Simulation 

All types of analyses that we have discussed so far have assumed that the load is 
not a function of time. We will now lift this restriction to introduce two common 
types of dynamic analyses: Modal Time History and Harmonic, which are 
available in SOLIDWORKS Simulation Premium. Modal Time History is 
also known as a Time Response analysis. Harmonic analysis is also known as a 
Frequency Response analysis or as a Steady State Harmonic Response analysis. 
Modal Time History and Harmonic analyses both belong to the category of 
linear analyses. 

Other types of dynamic ( or vibration) analysis available in SOLIDWORKS 
Simulation are Random Vibration and Response Spectrum. Random 
Vibration will be introduced in chapter 19. 

Readers interested in vibration analysis are referred to ''Vibration Analysis with 
SOLIDWORKS Simulation'' published by SDC Publications. 

Modal superposition method 

The review of dynamic analyses needs to be preceded by a description of the 
modal superposition method on which both Time Response and Frequency 
Response analyses are most often based. The modal superposition method 
represents a dynamic response of a vibrating structure by using the superposition 
of responses that characterize a single Degree Of Freedom (lDOF) system. The 
natural frequencies of these lDOF systems correspond to the natural frequencies 
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of the analyzed structure. The number ofDOF contributing to a dynamic 
response is equal to the number of modes calculated by a pre-requisite modal 
(frequency) analysis. How many modes should then be calculated to represent 
dynamic responses using the modal superposition method? The first few modes 
are the most important, but the exact number of required modes is not known 
prior to analysis. One should use a convergence process to demonstrate that 
increasing the number of modes past a certain number no longer significantly 
affects results. 

The modal superposition method is not always a prerequisite for dynamic 
analysis. Other methods like the Direct Integration method do not require modal 
analysis. SOLIDWORKS Simulation uses the Direct Integration method in the 
Drop test study and Nonlinear Dynamic study. 

Modal Time History (Time Response) analysis 

In a Modal Time History analysis, the applied load is an explicit function of 
time, mass and damping properties, all of which are taken into consideration and 
the vibration equation appears in its full form: 

[M]d + [C]d + [K]d = F(t) 

Where: 

[M] mass matrix 

[C] damping matrix 

[K] stiffness matrix 

F(t) vector of nodal loads; this vector is a function of time 

d unknown vector of nodal displacements 

A Time Response analysis requires the defmition of a damping coefficient 
which is most often expressed as a percentage of critical damping. Readers are 
referred to ( 1) as listed in Chapter 24 for selected numerical values of damping 
coefficients. 

A Time Response analysis is used to model events of a short duration. A typical 
example would be an analysis of a structure ' s vibrations due to an impact load or 
acceleration applied to the base ( called base excitation). Results of the Time 
Response analysis will capture both the response during the time when the load 
is applied, as well as the free vibration after the load has been removed. 
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Harmonic (Frequency Response) analysis 

Harmonic analysis assumes that the load is a function of frequency rather than 
being directly dependent on time as is the case of a Time Response analysis. 

[M]d + [C]d + [K]d = F(w)sin(wt) 

Where: 

[M] mass matrix 

[ C] damping matrix 

[K] stiffness matrix 

F( w) vector of nodal loads, this vector is a function of frequency 

d unknown vector of nodal displacements 

A Frequency Response analysis models a structure's response to forced 
excitation or base excitation ( excitation applied to the support) that is a harmonic 
function of time, here shown as a sinusoidal function. It is assumed that the 
excitation frequency changes very slowly, hence the alternative name Steady 
State Harmonic Response is often used for this type of analysis. A Frequency 
Response analysis also uses the modal superposition method and requires that 
damping be defined, usually as a percentage of critical damping. 

A typical application of a Frequency Response analysis is a simulation of a 
shaker table, which will be demonstrated later in this chapter. 

Both examples presented in this chapter feature discrete systems where mass and 
stiffness are separated. These examples are intuitive and have simple analytical 
solutions that can be found in any introductory textbook on vibration analysis. 
SOLIDWORKS Simulation is of course capable of the vibrational analysis of 
distributed systems, which is presented in Chapter 19. 

365 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Single Degree of Freedom Oscillator (lDOF) 

To introduce Modal Time History and Harmonic analyses as implemented in 
SOLIDWORKS Simulation, a very simple model is used to illustrate the 
physics of vibration. Open the assembly model lDOF shown in Figure 18-1. 

lOkg mass 

Base 

Excitation force 1 OOON 
normal to top face 

Spring 400N/mm 

Figure 18-1: One degree of freedom oscillator. 

Verify that the mass of the cylinder is 1 Okg. The spring connector connects to the 
vertices of the two cones. 
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To investigate the vibration of the lDOF model, we start with a Frequency 
analysis. Create a Frequency study called Modal. In order to make the lDOF 
assembly model behave as a Single Degree of Freedom oscillator, apply a 
Spring Connector and Restraint as shown in Figure 18-2 and 18-3. 

fy (if Modal (-Default-) 

• ~ Parts 

• i i Connections 

• i i Conne :ac,..._ _______ .___~ 

• ~ Compo~ ~ Contact ~et. .. 

• r't).. F"xt ~ Component Contact. .. • ~ , ures -

!S External Lo ~ Contact Visualization Plot ... 

(!l Mesh 

• ~ Results 

I 

i Spring ... 

~ Pin ... 

@ Bearing ... 

$ Spot Welds ... 

~ Edge Weld ... 

/ Link. .. 

~ Rigid Connection ... 

b Create New Folder 

Delete ... 

Axial Stiffness (N/m): 400000 

v 

I 

Figure 18-2: Spring connector definition. 

Connectors 

Message 

Springs between two faces only act on those 
portions of the faces that project to each other. 

Type 

i Spring 

00 
(() Flat parallel faces 

(C) Concentric cylindrical faces 

@ Two locations 

® I[ Vertex<l>@mass lOkg-1 I 
® II Vertex<2>@base-1 

I 
Opt ions 
~ [~s1~~~~~~~. J 

~ 400000 

ffl O 

$ 0 

• N/ m 

• N/m 

• N.m/ rad 

@ compression preload force 

(C) Tension preload force 

• N 

0 

400000N/m 

Right-click the Connections folder, and select Spring to open the Connectors 
window. Define a Spring Connector between the vertices of the two components. 
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Fixture 

x ...... 

Type~ ; ....... t !._ ______ _ 
Example 

Standard 

Advanced(On Cyl indrical Faces) 

. rm I Symmetry 

~ J Cyclic Symmetry 

I ti:l I Use Reference Geometry 

I CB I On Flat Faces 

I [] j On Cylindrical Faces 

I O I On Spherical Faces 

(A Face<l >@mass l Okg-1 

0 

Translations 

(] [mm 

~ [..__o ___ •__,! mm 

1~ IO • rad 

['.] Reverse direction 

v 

v 

0 

On Cylindrical Faces: 

Circumferential (rad): o 

Fixed restraint applied to the bottom 
face of the base. Definition window 
and symbols are not shown 

Circumferential displacements components 
on the cylindrical face set to zero 

Figure 18-3: Restraints definition. 

Define restraints in the circumferential direction on the cylindrical face to 
prevent the mass from rotating. This way the JOkg mass can only move up and 
down. 
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Define a Fixed restraint to the bottom face of the base as shown in Figure 18-3. 
Mesh the model with the default mesh size. Run the Modal study and verify that 
the first natural frequency is 32Hz (Figure 18-4). 

List Modes C • lo) 

Study name:Modal 

Mode No. Frequency(Rad/sec) Frequency(Hertz) 
I 

Period(Seconds) - - -
1 201. 71 32.104 0.031149 
2 42907 6828.9 0.00014644 
3 42964 6837.9 0.00014624 
4 58337 9284.7 0.0001077 
5 80946 12883 7.7621 e-05 

Figure 18-4: Resonant frequency results for the Modal study. 

Modes 3-5 correspond to deformation of the cylinder, not the spring. Higher 
modes are not related to oscillations of a Single Degree of Freedom system. 

Recall from the theory of vibration that the natural frequency w, of a Single 
Degree of Freedom Oscillator, is: 

k 400000 
w= 

10 
= 200 rad/s 

m 

To express the same in Hz: 

w 200 
f = 

2
rr = 

2
rr = 31.8 cycles/s 

Vibration period Tin s: 

T = 1/f 

SOLIDWORKS Simulation results closely match analytical results. 
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Now, create a Modal Time History study called Time Response as shown in 
Figure 18-5. 

Linear Dynamic 

Modal Time History --

Study 

x 

Message 

Name 

Time Response 

General Simulation 

-
Design Insight 

Advanced Simulation 

I~ I Thermal 

I ~ I Buckl ing 

I~ I Fatigue 

I ct: I Nonlinear 

I ~ Y I Linear D}rnamic 

~~~~ 
Specialized Simulation 

Figure 18-5: Defining a Modal Time History study. 

v 

v 

0 

v 

A Modal Time History study is created by selecting a Linear Dynamic study with 
the Modal Time History option. 
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You can copy restraints ( one at a time) from the modal study, but the Spring 
Connector must be defmed in Modal Time History since its definition has an 
option to include damping. Damping can also be defined as modal damping and 
not explicitly in the spring connector. Modal damping specifies damping as a 
fraction of critical damping. 

Oscillations no longer occur when the damping value is critical or above critical. 
The critical damping in Single Degree of Freedom oscillator is: 

Ns 
Ccr = 2-Jkin = 4000-

m 
To define damping as 5% of critical damping we can either enter 200 Ns/m as 
linear damping in the Spring-Damper Connector window, or as 0.05 in the 
Global Damping window (Figure 18-6). 
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~ ti± Time Response (-Default-) 

• ~ Parts 
I • i i Connect_..a._ 

~ Contact Set ... 
• !$ Fixtures .a 

~ CQmponent Contact ... 
• !A External 

~ Mesh ~ Contact Visualization Plot ... 

~ Dampin I Spring ... 

[r1 Result O ~ Pin ... 

• u Results ~ 8 · 
~ earing ... 

$ Spot Welds .. . 

~ Edge Weld .. . 

I Spring-Damper 

/ l ink. .. 

~ Rigid Connection ... 

b Create New Folder 

~ Time Response (-Default-) 

• ~ Parts 

• i i Connections 

• l$ Fixtures 

• ! ! External Loads 

~ Mesh 

~ Damping (-Modal damping-) 

~ Result Options 

• ~ Results 

I 

-
Sp ring-Damper Connector (i) 

x ..... 

Type I Split I 
Messa ge v 

Type A. 

-
Vertex< l >@mass l Okg-1 ® 

Vertex<2>@base-1 

Optio ns A. 

I] [ SI · I 
'.ff! 400000 • N/ m 

0 .., N/ m 

0 • N.m/rad 

200 ..- N.(sec/ m) 

Linear damping 200N s/m 

Global Damping 

x 

Options 
-
~ l Modal damping 

[] Compute from material 
damping 

fl Rayleigh damping 

Damping Rat ios 

Last Mode ,-.---·'·""·---, 1i ................................................. , 

Damping Ratios 

0.05 

I_J 

Modal damping 5o/o 

-
0 

-

Figure 18-6: Damping can be defined explicitly (top) or as a fraction of critical 
damping (bottom). The entries in both windows define the same damping. In this 
example we use an explicit damping definition. 

Modal damping makes it possible to define damping individually for each mode. 
Since we base this analysis on one mode only, we define damping for this single 
mode. 
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click Edit to 

open the 
Time Curve 

window 
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Dynamic analysis requires a load defined as a function of time. To apply a 
1 OOON force as shown in Figure 18-1 and define its time history, follow the steps 
explained in Figure 18-7. 

Force/Torque 

ti/ x 

Type I Split I 
Force/Torque 

I.!. I Force 

I ti, I Torque 

lij Normal 

0 

C Selected direction 

ll [.....__s 1 _____ .....,• ] o 

.±. 1000 

IC] Reverse direction 

~ Per item 

Total 

Variation wit h Time 

(., Linear 

~ Curve 

• N 

[ Edit... ][ View J 

ID Nonuniform Distributio 

(4) 
Click View to display the 
Load Time History graph 

(2) 
Select 

Harmonic 
Loading 

(3) 
Enter 

Start time: Os; 
End time: 0.03s 

Amplitude: 1 
Frequency: 
104.7rad/s 

Time curve 

Curve information 

Name Time curve 

Preview 

Shape [ Harmonic Loadin~ • J 

g 
3 -0 --... 
€ 
0 
c -c 
0 .., 

Curve data 
[ rad/s Frequency units 

Units _[ se_c __ •-J 
... 

Start time 0 [ Get curve... J 

End time 0.03 

Sine curve parameters =· - : 
[ Save curve ... ] 

Amplitude 1 

Frequency {rad/s) 104.7 [ View j 
Phase {rad) 

Cosine curve p11rameters 

Amplitude 
T 

- . . -. 

[ OK J [ Cancel J [ Help ] 

1000.00 

800.00 

600.00 

400.00 

200.00 

• • • • • • • • • • • •••• 
• 
• 
• • 
• . 
• • 
• .... ~····· .. . . 
• 
• • • . . . 

• 0 0 o O O O I O o O O O 

• • • • • • • • • • 
• • 

• • • 
• 

• • • 
• . . . 

• • • • • • 
• • • • . . ,_,, . . . . . . . . . .. . . . . . . . ...... . . . . . . . . . . . . . . . . . . . 
• • • • 
• • • • • 
• • • . . . 
• • • . . . . ~ . . . . . . . . . . .. . . . . . . . . . . . . . . . . . 
• • • 
• • • . . . 

• • 
• • 

• • • • • • • . . . . 
• • . . . . . . . . . . . . . . . . . . . .... . . . . . . . . . . .... . . . . . . . -. . . . . . .... . . . . . 

• • • • • • 
• • • . . . . . . . . . . 
• • • . . . . 
I O I a ........ , ............ ,. ............ , ....................... . 
• • . . . . 
• • 
• • • • • • • . . . . 

o.oo--_.. __________ _ 
0.000 0.006 0.012 0.018 0.024 0.030 

Time (sec) 

( 5) Review the Load Time History graph 

Figure 18-7: Defming load as a function of time. The force takes 0.015s to reach 
the maximum of lOOON, then another 0.015s to drop back to zero. 

Select Variation with Time as Curve (1), and click Edit to open the Time curve 
definition window. Define the shape as harmonic loading (2) and enter values as 
shown (3) . Click View (4) to examine the Load time history curve (5). 
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Notice that neither the entry in the Force window nor the values defining the 
Time curve define the load time history on their own. The corresponding values 
are multiplied to calculate force magnitude as a function of time. 

Define the properties of the Time Response study as shown in Figure 18-8. 

Frequency Dynamic Notification Remark 
O t" p ions O t ' p ions 

Modal Time History 

Frequency )ptions l£inamic Options J Notification 
I 

Remark 
Modal Time History 

Options 
Dynamic Options 

f.1 
Frequency Options Notification Remark 

~ Number of frequencies 1 

rJ Calculate frequencies closest to: 0 Hertz Time range 
(Frequency Shift) 

- 0 Start time: 0 
~ Upper bound frequency: Hertz sec 

• 

End time: 0 .3 sec 

Ttme increment: 0.001 

Incompatible bonding options 

~ Automatic 

~= Simplified 
Dead load effects 

e More accurate (slower) [] Dead loads from static stud}. ..... 

Solver Mult1phcat1on factor: I 1 

19.] Automatic Solver Selection 

l FFEPlus ..... ] I Advanced Options ... 

Use inplane effect 

IC! Use soft spring to stabilize model 

Results folder f:\fea results 

[ OK J I Cancel I 
[ OK 1 I Cancel 

Frequency Options Dynamic Options 

Figure 18-8: Frequency Options definition window and Dynamic Options 
definition window. 

Take this opportunity to look at Notification and Remark tabs. 
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In the Frequency Options, define the Number of frequencies as 1. This is 
because our objective is to analyze the Single Degree of Freedom oscillator 
which only has one natural frequency. In the Dynamic Options define End time 
as 0.3s and Time increment as O.OOls. This way, the dynamic response will be 
analyzed during the first 0.3s counting from the beginning of force application. 
The dynamic response will be evaluated every O.OOls in 300 time steps. 

Notice that the duration of the load is 0.03s (Figure 18-7), while the duration of 
analysis is 0.3s (Figure 18-8). 

Define a Sensor as shown in Figure 18-9. 

Sensor (i) 

~ x .... 
Sensor Type A 

~ [ Simulation Data · ) 
Data Quantity A 

~ [ Workflow Sensitive · ) 
Properties A 

;::-

(Q Vertex< l>@mass lOkg-1 

0 

0 Link t o selection -
0 

[ Factor of Safety v -

Figure 18-9: Sensor definition. 

Sensor 
location 

Define a sensor in the SOLID WORKS Feature Manager. Select the point where 
the spring is attached. 

Right-click the Results Options folder to define the Results Options, as shown in 
Figure 18-10. 
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~ Time Response (-Default-) 

~ ~ Parts 

~ i i Connections 

~ 1$ Fixtures 

~ !& External loads 

<! Mesh 

~ Damping (-Modal damping-) 

llr1 Result o,+;""""""-J -
~ ttl Results .Edit/Define ... 

0 

• 

Result Options 

Message 

Save Results 
-

@ For all solution steps 
-L, For specified solution steps 

Quantity 

~ Displacements and velocities 

~ Rel~tiv.e (to Uniform Base 
-- Excrtat1on) 

f) Absolute 

[{] Stress and Reactions 
,,_ 

·~ J All stress components 

l ~ Nodal von Mises stress only 
(Faster) 

Locations for Graphs 

la [ Workflow Sensitive! 

Mode Selection 

-~ All modes 

U Selected modes 

Figure 18-10: Results Options definition. 

v 

"' 
· ] 

r-~ 
I "'.I 

-- For all solution steps 

0 

Workflow 
Sensitive I 

Make the indicated selections in preparation for graphing results. Results will be 
plotted for every tenth step. 

Mesh with a coarse mesh ( element size 40mm) because accurate modeling of the 
elastic properties of the cylinder and base is irrelevant in this exercise. The 
vibration of a single degree of freedom oscillator is related to spring stiffness and 
mass of the cylinder. Element size has no effect on spring stiffness. 

Run the Time Response study observing that each solution stage is completed in 
300 steps as specified in the study properties (Figure 18-8). Right-click the 
Results folder and follow the steps illustrated in Figure 18-11 to create a graph 
showing displacement in the sensor location as a function of time. 
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~ Time Response (-Default-) 

• ~ Parts 

• i i Conne
1 

Solver Messages ... 
• ~ Fixture 

• ! A Extern Define Mode Shape Plot ... 

~ Mesh Define Frequency Response Graph ... 

~ Dampi r!J Define $.tress Plot ... 

(r1 Result I~ Define Qisplacement Plot ... 

Time History Graph 

x 

Response 

I@' Predefined locations 

l.; All nodes 

e) At remote locations 

• 

.... ~ Result ~ Define Strain Plot ... 
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~ Dis Define Acceleration Plot .. . 

~ Re ~ Define Response Graph .. . X axis: 
0 

Define Remote load/ Mass Plot ... 

~ Results Equations ... 

I Time 
rm 

Seconds 

· ] 
· ] 

& l ist Resonant Frequencies ... 

l ist Mass Participation ... 

l ist Stress, Displacement, Strain 

~ l ist Result Force ... 

~ Save All Plots as JPEG Files 
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Figure 18-11: Displacement of the 1 Okg mass for the frrst 0.3s after load 
application. 

Notice that after 0.03s, the load becomes zero and the JDOF performs free 
damped oscillations. 
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Since Modal Time History requires results of a Frequency analysis, a 
Frequency analysis is always run prior to a Modal Time History. Within 
Modal Time History, you may select to run only the Frequency analysis 
(Figure 18-12). 

. 

~ Time Response ' of. J •» 

• ~ ~ Parts J ~ Bun 

~ i i Connections Run frequency 

... rc:i_.. (;I !,lpdate All Components 
,. ~ Fixtures 

~ !! External Loa ~port ... 
-------~ 

(f Mesh X Qelete 

~ Damping (- t n 
r!Yf ~ Details ... 
LU Result Optio c:i - - • 

~ ~ Results 
~ Pr2pert1es ... 

~ Define function Curves ... 

Rename 

~ .Copy 

~ Save All Plots as JPEG Files 

(~ Save All Plots as ~Drawings 

~ Shell Manager ------

Figure 18-12: The pop-up menu invoked by right-clicking the Time Response 
study folder. 

The Modal Time History study gives an option to run just the Frequency study 
without subsequent dynamic analysis. 

Since a Frequency analysis is always run prior to a Modal Time History 
analysis, Modal Time History results include the same results that are available 
in a Frequency study. To verify this, define a mode shape plot or review the list 
of modal frequencies. Notice that you will see only one frequency as specified in 
the Modal Time History properties (Figure 18-8). 
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In continuation of the lDOF analysis, create a Harmonic study called Frequency 
response (Figure 18-13). 

Linear Dynamic 

Harmonic 

Study 

x 

Message 

Name 

Frequency Response 

General Simulation 

Design Insight 

Advanced Simulation 

I Q.8 I Thermal 

I ~ 
1 

Buckling 

I~ I Fatigue 

I cf : Nonlinear 

-- I ~ Y I Linear Dynamic 

1v:1 ltv l ~ ~ 
Specialized Simulation 

Figure 18-13: Defining a Harmonic study. 

v 

v 

v 

0 

v 

A harmonic study is created by selecting a Linear Dynamic study with the 
Harmonic option. 

We will investigate the dynamic response of a lDOF system under an oscillating 
force with a 1 OOON magnitude, applied in the same way as in the previous study. 
The frequency of oscillation will change from OHz to 1 OOHz. 

The excitation force is a function of frequency. We assume that the magnitude of 
the force remains constant while the frequency of oscillations increases from OHz 
to lOOHz. 

F = 1000sin(2nf t) 0 ~ f ~ 100Hz 
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Define the Frequency response study properties as shown in Figure 18-14. 

Frequency 
Options 

Harmonic ~ 
I 

Harmonic 
Options 

Frequency Op ions Harmonic Options Notification Remark 
Harmonic ..a..J 

Options 
Harmonic Options Remark I 

~ 
Frequency Options Notification 

@ Number of frequencies 1 

[] Calculate frequencies closest to: 
10 

Hertz Operating frequency limits 
(Frequency Shift) 

IJ Upper bound frequency: lo Hertz Units: [ cycles/sec (Hz) · I 
Lower limit: 0 

Upper limit: 100 

Incompatible bonding options 

- . Ci> Automatic 

-I , Simplified 
Advanced Options ... 

-=-1..) More accurate (slower) 

Solver 

0 Automatic Solver Selection 

FFEPlus ~ 
n Use inplane effect 

r:J Use soft spring to stabilize model 

Results folder f:\ fea results 

[ OK I I Cancel I 
I OK I I Cancel l I 

Frequency Options Harmonic Options 

Figure 18-14: Properties of study Frequency Response. 

The left window defines the number of frequencies as 1 because the analyzed 
system only has one degree of freedom. The right window defines the range of 
oscillation frequency from O to 1 OOHz. 

Help 

In a Harmonic analysis, the excitation load is a function of frequency defined for 
this analysis as shown in Figure 18-15. 

Define identical restraints as in the Time Response study. To define the spring 
connector, damping and load, follow the steps explained in Figure 18-15. 

In Harmonic study, damping must be defined as Global Damping. Refer to 
Figure 18-15 and define it as 5% of critical damping. 
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Define default Result Options the same as in the previous Time Response study. 

Connectors 

x ....... 

Type I Split ] 

Messa ge 

Type 

I Spring 

[!] 
- Flat parallel faces u 

( ._1 Concentric cylindrical faces 

<i Two locations ~ 

Vertex<l>@mass lOkg-1 

-
Vertex<2>@base-1 

Optio ns 

I] [ SI 

)jr 400000 ,.. N/m 

0 ,.. N/m 

0 ,.. N.m/ rad 

Global Damping 

~ x 

Options 
-
~ Modal damping 

D Compute from material 
damping 

L, Rayleigh damping 

Damping Ratios 

CV 

v 

,... 

... j 

,... 

... ] 

CV 

,... 

,... 

First Mode Last Mode Damping "··-·--··--···-.. ,.,.~.---~-···· 
1/ 1 0.05 ...... ···~·· ............................... -

.... 

() 

-

Force/Torque CV 

x ....... 

Type I Split j 

-
Forcell orque 

F = 1000sin(wt) 
I_!_ I Force 

I&, I Torque 

Face< 1 >@mass l Okg-1 

0 

~ Normal Force Value (N): 1000 

1 _) Selected direction 

I] [..__s1 _____ __, ... ] 

!_ 1000 ,.. N 

IC] Reverse direction 

- . l~ Per rtem 

Total 

Phase Angle 

Variation with Frequency 

tfi) Constant -· 
(j Curve 

I Edit... [ View ] 

-
[CJ Nonuniform Distribution 

-

Modal damping 5% 

0 

- ----

v 

N 
k = 400000 -

m 

Variation with frequency Constant 
means that amplitude of the 
excitation force does not change 
with frequency. 

The force oscillates between -1 OOON 
and + 1 OOON with a frequency from 
OHz (lower limit) to 1 OOHz (Upper 
limit) as shown in Figure 18-14 

Figure 18-15: Definition of a spring connector, global damping, and load in the 
Frequency response study. 

Notice that the Spring-Damper Connector in the Harmonic study does not 
include a definition of damping. Damping must be defined as global damping. 
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Copy mesh and restraints from the Time Response study, and define Result 
Options as explained in Figure 18-10. Run the study and define a Response 
Graph for the UY displacement component (Figure 18-16). The Response 
Graph shows the amplitude of vibration as a function of the excitation frequency. 
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Figure 18-16: Response Graph showing the amplitude of vibration as a function 
of the excitation frequency. 

Notice that the amplitude at zero frequency is the static displacement of the 
spring under a 1 OOON force. The maximum amplitude corresponds to the 
excitation frequency very close to the natural frequency of the 1 DOF model. 
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The sharp peak in amplitude magnitude visible in Figure 18-16 is the 1 DOF 
response under an excitation frequency equal to the natural frequency of the 
system ( this is labeled resonance). The amplitude of vibration in resonance is 
controlled only by damping. To demonstrate the relationship between the 
amplitude of vibration in resonance and damping, copy study Frequency 
response into a new study and decrease the Global Damping to 0.02. Run the 
solution and observe the much higher resonant amplitude. Repeat this exercise 
with the Global Damping equal to 0.1. 

The graph in Figure 18-17 presents a summary of results for modal damping, t;, = 
0.02, 0.05, 0.10. The graph has been created in Excel using data exported from 
SOLIDWORKS Simulation graphs. 

70 

Amplitude 
of vibration 60 s = 0.02 

[mm] 

50 

40 

30 s = 0.05 

20 

s = 0.10 

10 

0 10 20 30 40 50 60 70 80 90 100 

Excitation Frequency [Hz] 

Figure 18-17: Amplitude of vibration as a function of the excitation frequency 
for different modal damping ratios. 

Notice that damping strongly affects the amplitude for excitation frequencies 
close to the resonant frequency. It has no effect for excitation frequencies much 
lower or much higher than the resonant frequency. 

Notice that the amplitude of vibration is measured from the neutral position, not 
between negative and positive peaks. 
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Now open the assembly model 2DOF. This model has two configurations: 01 for 
analysis and 02 base added; the second one is used only for illustration 18-19. 

Switch to O 1 for analysis configuration and create a Linear Dynamic study with 
the Harmonic option called Shaker table. Verify that the mass of the bodies are 
1 OOkg and 150kg. 

Define Restraints and. Spring Connectors as shown in Figure 18-18. Remember 
that Spring Connectors in a Dynamic study with the Harmonic option does not 
have explicit damping. Mesh with element size 50mm and run the Run 
Frequency solution to verify that the system has two natural frequencies related 
to the deformation of the springs: 2.5Hz and 5.4Hz. These values may vary 
slightly depending on the solver used (FFEPlus or Direct Sparse). 

k 1 = 60000N /m 

Restrain cylindrical 
face the same way as in ----

1 DOF example 

k2 = 40000N /m 

Restrain cylindrical 
face the same way as in ---­

lDOF example 

k3 = 20000N /m 
~-c 

-~------

Fixed restraint to all 
faces of post including 
bottom face 

Figure 18-18: Fixed restraints and Spring Connectors definition in the 2DOF 
model. 

Restrain the cylindrical faces of both masses the same way as in the JDOF 
example. The masses should only have the ability to move in the axial direction. 
Restrain all faces of the post to make it practically rigid. 
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This example introduces a different way of making the model vibrate called Base 
Excitation. The concept is presented in Figure 18-19. 

+ y 

-y 

y 

- t 20mm 

Figure 18-19: Concept of base excitation. 

The model sits on a shaker table which oscillates up and down with amplitude of 
1 Omm; the distance between extreme up and extreme down positions is 20mm. 

Shaker table is represented here schematically by the green base plate. 
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To define a base excitation, right-click the Uniform Base Excitation icon in the 
External Loads folder. This opens the Uniform Base Excitation window. Defme 
it as shown in Figure 18-20. 

~y M Shaker table (-Default-) 

• ~ Parts 

• i i Connections 

• 1$ Fixtures 

• 1:1a Extern. ~ -vtr l 
~ Mesh .!. force ... 

~ Damp &, T Qrque .. . 

~ Result W Pressyre .. . 

R I 
[k Prescribed Displacement ... 

• 1.f esu t 
!iJ Uniform Base Excitation .. . 

[j Selected ftase Excitation .. . 

... 
~ Remote .Load/ Mass ... 

~ Distributed Mass ... 

~ Create New Folder 

Hide All 

$how All 

Ql ~opy 

-

Linear variation with frequency 
means that the amplitude of 

displacement does not change with 
frequency 

Uniform Base Excitation 

x 

Message 

The excitation is applied to all locations 
restrained in the specif ied directions. 

Type 

la Displacement 

( Velocity 

" ( Acceleration 

Shaker table 

Displacement 

I] [mm 

~~l O • mm 

~ lo • mm 

I ~~ 110 • mm 

[] Reverse direction 

-
Phase Angle 

I] [deg 

~ 0 

j Variation w ith Frequency 

~ Linear 

( Curve 

• 

l Edit... )[ View J 

I 
A 

'P ] 

A 

· ] 

-- Displacement 

Shaker table reference 
plane selected as a 
reference 

0 

l Omm 
displacement in 
the direction 
normal to the 
Shaker table plane 
which is the y 
direction shown in 
Figure 18-19. 

Figure 18-20: Defining base excitation in the Uniform Base Excitation window. 

Base Excitation in the specified direction (here the direction of movement of 
masses) is applied to all restraints present in the model. Due to restraints on all 
outside faces, the frame moves ''up and down '' practically as a rigid body. 
Linear variation with frequency means the displacement does not change with 
frequency. 
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The frequency of oscillation changes from OHz to 1 OHz as defined in Figure 18-
22. We use displacement excitation as defined in Figure 18-20 because it is more 
intuitive than velocity or acceleration excitation. However, acceleration 
excitation is the most commonly used in vibration analysis and testing. 

Specify a modal damping of 5% (Figure 18-21). 

Global Damping 

Options 
-

c<.,J Modal damping 

[J Compute from material damping 

(J Rayleigh damping 

-
Damping Ratios 

First Mode 
~ 

Last Mode Damping Ratios 

1 2 0.05 

Figure 18-21: Definition of Modal Damping. 

A modal damping of 0. 05 (5% of critical damping) is defined for modes 1 and 2 
in this analysis. The Last mode (number 15) shown here has no relevance in this 
analysis which is based on two modes only, as shown in Figure 18-22. Defining 
the first mode as 1 and the last mode as 2 would have the same effect. 
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Define study properties as shown in Figure 18-22. 

~ 
I 

Harmonic 
Options tab 

Frequency Options j Harmonic Options J Notification I Remaaj 
Harmonic ~ 

...._ 

Options 
Harmonic ::>ptions 

~ 
Frequency Options Notification Remark 

~ Number of frequencies 2 

r:J Calculate frequencies closest to: 10 Hertz Operating frequency limits 
(Frequency Shift) • 

(' Upper bound frequency: 10 Hertz Units: I Cycles/sec {Hz) · I 
Lower limit: 0 

Upper limit: 10 

Incompatible bonding options 

(ij' Automatic 

U Simplified 
Advanced Options ... 

O More accurate (slower) 

Solver 

! ,ti Automatic Solver Selection 

L_FFEPlus 
, .., 

n Use tnplane effect 

rJ Use soft spring to stabilize n1odel 

Results folder f:\fea results 

-
I OK I l Cancel l 

( OK I l Cancel l [ Help 

Frequency Options Harmonic Options 

Figure 18-22: Properties of the frequency response study. 

The Frequency Options tab (left) specifies that two frequencies will be included 
in the dynamic response. The Harmonic Options tab (right) specifies that 
excitation frequency will be changed from OHz to 1 OHz. 
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Define Sensors at the two points shown in Figure 18-23, to be included in the 
detailed results. 

Sensor 

--·--.............. ---
Sensor Type 

Sensor 
location on 
lOOkg mass 

~ [ Simulation Data 

Data Quantity 

~ [ Workflow Sensitive 

Properties 

-

(0 Vertex< l>@2DOF MASSOl-1 

Vertex<2>@2DOF MASS02-1 

0 

~ Link to selection 

[[] Fador of Safety v 

Sensor 
location on 
150kg mass 

Figure 18-23: Definition of Sensors. 

Select vertices on the tops of each mass where Spring Connectors are attached. 
Spring Connectors are not shown in this illustration. 

This is for your information only; 2DOF model comes with sensor already 
defined. 
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Defrne the Result Options as shown in Figure 18-24. 

Result Options 

x 

Message 

Save Results 

aJ For all solution steps 

( ~ For specif ied solution steps 

Quantity 

, ., 1 Displacements and velocities 

@ Relative (to Uniform Base Excitation) 

[_) Absolute -
rt] Stress and Reactions 

~~ All stress components 

O Nodal von Mises stress only (Faster) 

Locations for Graphs 

[~ 

A 

IC1 [ All Tracked Data Sensors ~] 
Mode Selection 

~ All modes 

F Selected modes 

0 

-- For all solution steps 

All tracked Data Sensors 

This means two W orkflow Sensitive 
sensors defmed as shown in Figure 18-23 

Figure 18-24 Result Options definition. 

Make the indicated selections in preparation for graphing results. 
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Run the Shaker table study and create a response graph following the steps 
shown in Figure 18-10, select both vertices and display the graph shown in 
Figure 18-25. 

Response Graph (i) 

<,/ x 

Response 

@ Predefined locations 

All nodes 

At remote locations 

Vertex 1 (Node 3090) 

Vertex 2 (Node 7118) 

Ill 

X axis: 

I Frequency 

(] Hertz 

Y axis: 

I Displacement 

~ I UY: Y Displacement 

(] [mm 

X-Axis Range (Frequency) 

Options 

@ Amplitude 

) Phase Angle (deg) 

· I 
·] 

· I 
· I 
· I 

v 

......, 
E 
E ..._. 
a, 
"O 
:, .~ 
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E 
<X: 

~ 
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Frequency (Hz) 

Figure 18-25: The amplitude of vibration of the two masses as a function of 
excitation frequency. 

You can also create graphs individually for each mass. The actual node 
numbering shown in Response Graph window changes with the mesh density 
used in the study. 
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The response graph in Figure 18-25 clearly shows that there are two peaks of 
amplitude response which correspond to the natural (resonant) frequencies of the 
model. 

Repeat this exercise for different values of Modal Damping to study the effect 
of damping on the vibration amplitudes of the two masses. 

Notice again that all examples studied in this chapter represent discrete systems 
where stiffness and mass are separated. Coarse meshes are used because we do 
not have to model elastic properties of the masses - they are considered as rigid 
bodies in our one and two degrees of freedom systems. Any stress analysis 
would have been meaningless. 

All modeling techniques presented here can be extended to real life parts and 
assemblies which are distributed systems. Proper meshes must then be created to 
model elastic properties of these models. This will be illustrated with a random 
vibration analysis in the next chapter. 

Models in this chapter 

Model Configuration Study Name Study Type 

lDOF.sldasm Default Modal Frequency 

Linear Dynamic with 
Time Response Modal Time History 

option 

Frequency Response 
Linear Dynamic with 
Harmonic option 

2DOF.sldasm 01 for analysis Shaker table 
Linear Dynamic with 
Harmonic option 
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19: Analysis of random vibration 

Topics covered 

o Random vibration 

o Power Spectral Density 

o RMS results 

o PSD results 

o Modal excitation 

Random vibration 

Random vibrations are non-periodic. Knowing the history of random vibration, 
we can predict the probability of occurrence of acceleration, velocity and 
displacement magnitudes, but cannot predict the precise magnitude at a specific 
time instant. 

Random vibration is composed of a continuous spectrum of frequencies. The 
huge amount of time history data makes it impractical to solve random vibration 
problems using tools of time response analysis. 

For most structural vibrations, the excitation such as force or base acceleration 
alternates about zero. Consequently, mean values characterizing the excitation as 
well as responses to that excitation such as displacement or stress are equal to 
zero. For this reason, results of a random vibration analysis are given in the form 
of Root Mean Square (RMS) values. 
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To explain the concept of an RMS value, refer to the graph in Figure 19-1 which 
shows the acceleration time history ( acceleration as a function of time) of 
random vibration expressed in units of gravitational acceleration [G]. 

1.5 -+-,-----------------------

1 .0 

0.5 

0 .0 
00 02 0.4 0.6 0.8 1.0 1.2 1.4 1. Time [s] 

-0 .5 

-1 .0 

-1 .5 

-2 .0 _,_ ______________________ __, 

• 

Figure 19-1: An example of acceleration time history data collected during 1.5s. 

Considering the sampling rate of 5 000 samples per second, this time history 
curve contains 7500 data samples. 
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The acceleration time history shown in Figure 19-1 has a zero mean value. 
However, if we multiply the function by itself, we obtain a function with a 
positive value. Its mean will no longer be zero and this squared function will be 
well suited to characterize the acceleration time history. This mean value of 
square acceleration time history is the mean square value and has units of [ G2

] . 

1 

0.5 

0.0 0 .2 0.4 0.6 0.8 1 .0 1.2 1 .4 1 Time [s] 

Figure 19-2: Squaring acceleration time history function (Figure 19-1) produces 
a function with a non-zero mean. 

As shown in Figure 19-2, calculating the mean square value gives Giws2 = 0.27G. 
The square root of the mean square value gives Giws = 0.51G. 

The square root of the mean value is the root-mean-square (RMS) acceleration 
and has units of [G]. The same applies to RMS displacement, velocity, stress etc. 

In random vibration, the magnitudes of acceleration, velocity, displacement, etc. 
all follow a normal distribution. The RMS value corresponds to one standard 
deviation cr characterizing the normal distribution. To explain this, we refer again 
to Figure 19-2. The acceleration, as characterized by the given acceleration time 
history, has a 68% probability of remaining between -0.51G and +0.51G. 
Consequently, it has a 32% probability of being less than -0.51G or more than 
0.5 lG. 
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Acceleration Power Spectral Density 

Let's assume that the acceleration time history in Figure 19-1 is a stationary 
random process where probability numbers characterizing this process do not 
change with time. In this case, the acceleration time history can be used to 
calculate the Acceleration Power Spectral Density (PSD) curve (the variation of 
any property with respect to frequency is called ''spectrum''). 

The overall ~s2 of random vibrations shown in Figure 19-2 is 0.27G2
. 

However, random vibrations are composed of a large number of frequencies. Let 
us say we wish to investigate ~ s2 individually for a number of frequencies in 
the range from Oto 2000Hz. Therefore, we divide the 0-2000Hz range into 20 
sections (bins), each 1 OOHz wide, and calculate GRMs2 characterizing each 
section by filtering out all frequencies falling outside of the section (Figure 19-3). 

Filtered 400Hz-500Hz; GRMs2 = 0.16 

Filtered 500Hz-600Hz; GRMs2 = 0.30 

Unfiltered 

Filtered 600Hz-700Hz; GRMs2 = 0.19 

Figure 19-3: llihls2 calculated individually for specified frequency ranges. 

The graph on the left shows squared acceleration time history from Figure 19-2. 
Only three frequency ranges (sections) are illustrated here for brevity. 
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Having found ~ s2 values obtained for each frequency range, we can now 
calculate individual ''densities'' of <1ills2 in each section by dividing GRMs2 in 
each section by the width of the section. Results obtained for all sections may be 
plotted as a function of the frequency in the center of each section. This function 
is the Acceleration Power Spectral Density (Figure 19-4). 

Band pass filter Band center GR_Ms2 Bandwidth 
Acceleration 

PSD 

Hz (m/s2)2 Hz (m/s2)2/Hz 

400Hz - 500Hz 450 0.16 100 0.0016 

500Hz - 600Hz 550 0.30 100 0.0030 

600Hz - 700Hz 650 0.19 100 0.0019 

(m/s2)2/Hz 

0.0030 

0.0025 

0.0020 

0.0015 

450 500 550 600 650 Hz 

Figure 19-4: Constructing the Acceleration Power Spectral Density function 
(PSD). 

Three points of the Acceleration PSD curve have been calculated by dividing 
GRMs2 in each section (each frequency range) by the width of the section. 

The Acceleration Power Spectral Density (PSD) allows for a compression of data 
and is commonly used to characterize a random process. In particular, 
mechanical vibrations are commonly described by the Acceleration Power 
Spectral Density, which is easily generated by testing equipment. Design 
specifications and test results of devices subjected to random vibration are 
typically given in the form Acceleration PSD. 
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Analysis of random vibration of a hard drive head 

Having completed this short introduction to random vibration, we begin a 
random vibration analysis of a hard drive head. Open part HD HEAD and create 
a Frequency study with properties shown in Figure 19-5. Call the study Modal. 

Frequency 

Options Flow/Thermal Effects Notification Remark 

Options 

E) Number of frequencies 

Calculate frequencies closest to: 
(Frequency Shift) 

~ · Upper bound frequency: 

Incompatible bonding options 

~ Automatic 

( Simplified 

('• More accurate (slower) 

Solver 

ID Automatic Solver Selection 

[ FFEPlus • j 
[l Use inplane effect 

IC] Use soft spring to stabilize model 

Results folder f:\ fea results 

2500 Hertz 

( ,._ _ o_K_.....,J I Cancel J [ Apply J [ Help J 

Figure 19-5: Properties of study Modal. 

All frequencies in the range of 0-2500Hz will be calculated. 
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Apply restraints as shown in Figure 19-6. 

Fixed Geometry: 

Figure 19-6: Fixed restraints applied to HD HEAD model. 
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Apply a Mesh Control as shown in Figure 19-7 and mesh with the default 
element size. 

Mesh Control (i) 

x ~ 

Selected Entities 

I 
Face <l > 

Face <2> 

Face<3> 

Face <4> 

r:J Use per part size 

[ Create Mesh ] 

Element Size (mm): 0.2 

Ratio: 1.5 

Mesh Density 

e, 0 
Coarse Fine 

0 

[ Reset ] 

Mesh Parameters 

IJ [mm 

~ 0.20mm 

% 1.5 

Figure 19-7: Mesh controls (0.20mm) applied to four round fillets. 

Use the default global element size. 

If displacement results were our only objective, the default mesh would be 
acceptable for both Frequency Analysis and subsequent Random Analysis. 
However, since in the next study we intend to analyze displacements and stresses, 
mesh controls are required to ensure correct element shape and size in the area of 
stress concentrations. Prior to this exercise, analyses were run without mesh 
controls to find where mesh controls are required. 

Solve the Modal study and review the results shown in Figure 19-8. Notice that 
there are four modes of vibration within the requested range of frequencies O -
2500Hz. 
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o­o­
o-

Apply Fixtures 
Material Advisor 

• 

Compare Results 

!& 
External 
loads 

Advisor 
• 

i i 
Connections 

._ 
Shell 

Advisor Manager 

• 

(2) 

~ ~ ~ • C$l 

Run Results Deformed Compare 
This Advisor Result Results 

Study 
• • 

(1) 

Plot Tools • 

Mes.sage "' Accept defaults in 
Compare Results 
window 

Select Compare Results 
Compare results within the current study v 
Options / 

Compare results from: 

~ The current study 

All studies 1n this conhgurat,on 

All studies in all conf1gurat1ons(slower) 

Modal (-Default-) 

0 Amplitudel (·Res Amp· Mode Shape l ·) 

0 Amplitude2 (·Res Amp • Mode Shape 2·) 

0 Amphtude3 (·Res Amp • Mode Shape 3·) 

0 Amplitude4 (·Res Amp • Mode Shape 4·) 

0 Use chart options from this plot for plots of 
the same type: 

I l~odal::Af!'£1itude!__ ,_ , __ =:] • j 

Model name:HD HEAD 
Study name:Modal(·Default·) 
Plot type: Frequency Amplitude! 
Mode Shape : 1 Value = 405.03 Hz 
Deformation scale: 0.000298857 

y 

Model name:HD HEAD 
Study name:Modal(·Default·) 
Plot type: Frequency Amplitude2 
Mode Shape : 2 Value = 1231.8 Hz 
Deformation scale: 0.00040068 

c 

Mode 3: 1322Hz 

z 

(3) Compare Results 

I Exit Compare J 

Click Exit Compare 
when done 

Model name:HD HEAD 
Study name:Modal(·Default·) 
Plot type: Frequency Ampfitude3 
Mode Shape : 3 Value= 1321.9 Hz 
Deformation scale: 0.000289973 

z 

Model name:HD HEAD 
Study name:Modal(·Def ault ·) 
Plot type : Frequency Amptitude4 

Mode 2: 1232Hz 

Mode Shape : 4 Value= 2089.2 Hz 
Deformation ale: 0.000286576 

Mode 4: 2089Hz 

y 

z 

Figure 19-8: Modes of vibration within the range of 0 - 2500Hz. 

® 
~ 

Vibrations in mode 1 and 3 take place in the XY plane; vibrations in mode 2 and 
4 take place in the XZ plane. The undeformed model is overlaid on the modal 
shape plots. All four plots can be easily shown together using Compare Results 
function from the Command Manager. To use Compare Results follow the steps 
shown above. 
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Proceeding to the analysis of Random Vibration, we could create a new 
Dynamic study independent from the completed Frequency study, this time 
with the Random option selected. However, a Frequency analysis would then 
have to be repeated within a Dynamic Random study. To avoid this repetition, 
we can copy the results of the Frequency study into a Dynamic Random study 
as shown in Figure 19-9. 

.,/ x 

Message 

Source Study 

qt [Modal 

Study name: 

Copy Study 

Random Vibration 

Configuration to use: 

[ Default 

Target Study 

I Q..Y I Frequency 

I ~ Y I Linear Dynamic 

Id l Topology Study 

Options 

v 

__ Source study: 
Modal 

___ Name of target study: 
Random vibration 

0 

.....,._ ___ Type of target study: 
Linear Dynamic 

Option of target study: 
Random vibration 

Figure 19-9: Results of a Frequency study can be copied to a new Dynamic study. 

Copying the Frequency study into a Dynamic Random study also copies the mesh 
information and restraints. 
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The properties of the Random Vibration study are shown in Figure 19-10. 

Random Vibration 
Options tab . ~. 

Random Vibration Options Notification Remark 
I 

Options Random Vibration ~ 
( I s I~ Number of frequencies 

Frequency Options Random Vibrat ion Options Notification Remark 
r Calculate frequencies closest to: lo I Hertz 

(Frequency Shift) Options 

@ upper bound frequency: 2500 Hertz l, Number of frequencies 5 ~~ 
n Calculate frequencies closest to: 

(Frequency Shift) 
lo Hertz 

~ Upper bound frequency: 2500 Hertz 

Incompatible bonding options 

~ Automatic 

l ., Simplified 

(' More accurate (slower) 
Incompatible bonding options 

~Automatic 
Solver 

[{I Automatic Solver Selection 
( Simplified 

l Direct sparse solver · l (~ More accurate (slower) 

n Use inplane effect Solver 

O Use soft spring to stabilize model 
0 Automatic Solver Selection 

· ] I Direct sparse solver 

Results folder f:\ fea results [l Use in plane effect 

Ir] Use soft spring to stabilize model 

I I I l OK Cancel 

Results folder f:\ fea results [] 
-

I OK I I Cancel l [ 

Frequency Options Rand.om Vibration Options 

Figure 19-10: Properties of the Random Vibration study. 

The Frequency Options specify all modes in the range of 0-2500Hz to be 
considered in the analysis of random vibrations. 

Help 

In the Random Vibration options, specify the Upper limit as 2500Hz to 
investigate responses to Random Vibration in the frequency range from O to 
2500Hz. 
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Defrne Global Damping as shown in Figure 19-11 . 

Global Damping 

../ x 

Options 

~ Modal damping 

[[] Compute from material damping 

O Rayleigh damping 

Damping Ratios 

First Mode Last Mode Damping Ratios 

1 5 0 .02 

Figure 19-11: Global damping definition. 

Global damping is defined as 2% of critical damping. The number of modes ( 4) 
corresponds to the number of modes in the f requency range 0-2500Hz, as is 
specified in Figure 19-10. 

Assigning the same damping ratio to all modes represents a simplified and 
conservative approach. In most cases damping for higher modes will be higher 
than for lower modes. 

The load on the hard drive head comes from random excitation of the base in the 
global Y direction. Follow Figure 19-12 to define the Acceleration PSD. This 
acceleration PSD has been obtained from testing. 
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(1) 
Right-click 

External 
Loads, select 

Uniform Base 
Excitation. 

(3) 
Select Hz 

Enter the 
coordinates 
of the four 

points 
defining the 
PSD curve. 
Click OK. 
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~ & Random vibration (-Default-) 

~ HD HEAD (-[SW]Alloy Steel-) 

i i Connections 

• CS, Fixtures 

• !! External Loads 
lrl. .! Force ... 

• ~ Mesh 
~ ~ Torque ... 
, Damping (-M -

rFii1'f :W Pressure ... 
lLJ Result Options -
_ [k Prescribed Displacement ... 

• Lt'i Results 
~ Unit orm Base Excitation ... 

[jiiJ Selected Base Excitation... ---IJII• 

Frequency curve 

Curve information 

.. 
~ Remote .Load/ Mass ... 

~ Distributed Mass ... 

b Create New Folder 

Hide All 

Show All 

- Preview 

Name Frequency curve 

Shape I User defined ..... ] 

Curve data 

Units _I Hz __ ..... _] IN/A 

Points x y 
1- ............................. _ ............ - ....... ~ 

1 1.9. ............................. h ... . ............. J O 
{ Get curve... ] 

2 100 0.04 

3 1000 0.04 -
{ Save curve ... ] 

4 2500 0.02 

[ View l 

[ OK J { Cancel ] [ Help ] 

0.05 

0.04 

0.04 

0.03 

0.03 

0.02 

0.02 

0.01 

0.01 

o.oo 

Uniform Base Excitation 

x 

Message (2) 
The excitation is applied to all locations I Read this message. 
restrained in the specified global directions. -J--+ Make selections 

Type 

0 Displacement 

-i .) Velocity 

Q) Acceleration 

PSD Acceleration 

(] l g"2/Hz 

[§j O ...,. lg"2/Hz 

~1 ..... g"2/Hz 

[] Reverse direction 

I ~~ I _1 ___ ..... 19"2/Hz 

Variation with Frequency 
-, ) Linear 

Q)Curve 

I Edit... j[ View ] 

0 soo 1000 1500 

indicated below. 

Acceleration 
A psn -

..... j Unit g2/Hz 
-

-Along global Y 

2000 

Select curve. 
Click Edit. 

2500 

(4) Click View in Uniform Base Excitation 
window to review the PSD curve. 
This graph has been formatted in Excel. 

Figure 19-12: Uniform Base Excitation defined as Acceleration PSD in the 
global Y direction acting on all restraints present in the model (here only one 
restraint is present). 

Follow the above steps to create the PSD curve. 
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Define a Sensor as shown in Figure 19-13. 

Sensor 

x 
-
Sensor Type 

1£:::i [ Simulation Data ~] 
Data Quantity 

1£:::i [ Workflow Sensit ive 

Properties 

Vertex< l > 

Sensor location / 
0 

0 

0 Link to selection 

Figure 19-13: Sensor location. 

Select the vertex at the tip of the head. Model comes with sensor already defined. 

Define Result Options as was shown in Figure 18-10. Obtain the solution and 
analyze the RMS displacement results and the PSD displacement results. 

In order to analyze the displacement results, new plots need to be created. The 
results in the copied plots from the frequency analysis are not valid since modal 
analysis does not give displacement results. Make a new displacement plot. 
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~ Displacement plot 

Definit ion I Chart Opt"ons : Settings ! 

Display 

!!$, [ UY: v Displacement 

(] [mm 

Advanced Options 

r:J Show PSD value 

r.J Show as vector plot 

r1 Show plot only on selected entities 

['.{] Deformed shape 

-

~ Displacement plot 

Definit ion I Chart Options Settings I 
Display 

~ [uv:v Displacement 

(] [mm" 2/HZ 

Advanced Options 

dJ! r 

Show PSD value -- 0 Show PSD value 

C Show plot only on selected entities 

Plot Step 

Plot Bounds 
--1---Ml, ... L-J Ct> 

across All Steps · 

Absolute 
. 

maximum 

(_ Maximum 

(, Minimum 

~ Absolute Maximum 

0 Deformed shape 

®' 

A 

Tl 
Tl 

l 
( 

r 

A 

Tl 
Tl 

0 

v 

RMS displacement 

Absolute Maximum 
PSD displacement 

UY (mm) 

8.376e·002 

7.678e·002 

6.980e·002 

6.282e·002 

S.584e·002 

_ 4.886e·002 

4.188e·002 

3.490e·002 

2.792e·002 

2.094e·002 

. 1.396e·002 

. 6.980e·003 

O.OOOe+OOO 

UY (mm" 2/ Hz) 

2.61Se·004 

2.397e·004 

2.179e·004 

1.961e·004 

1.743e·004 

_ 1.52Se·004 

1.307e·004 

1.090e·004 

. 8. 716e·OOS 

.. 6.537e·OOS 

4.358e·OOS 

. 2.179e·OOS 

O.OOOe+OOO 

Figure 19-14: RMS displacement results (top) and PSD displacement results 
(bottom) for the UY displacement component. 

The maximum RMS displacement is 0.084mm. 

The maximum PSD displacement is 0. 00026mm2 /Hz. 
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PSD displacements are displayed in units of mm2/Hz for the selected frequency, 
Minimum, Maximum or Absolute Maximum as used here. The Absolute 
Maximum of PSD displacement corresponds to the first mode frequency 405Hz. 
See Figure 19-17 for explanations of the PSD results. 

It is important to understand the meaning of results in a Random Vibration 
analysis. The displacement results in Figure 19-14, top, are the RMS 
displacements. The maximum RMS displacement is 0.084mm meaning that the 
magnitude of displacement has a 68% probability of remaining under 0.084mm. 
The probability of the maximum displacement magnitude exceeding 0.084mm is 
of course 32%. 

Remembering that the probability of a given displacement is defined by a normal 
distribution for which c; = 0.084mm. We can calculate the probability of 
displacement magnitude exceeding any defined value (Figure 19-15). 

0.5 0.5 

0.3 0.3 

0.2 0.2 

0.1 0. 1 

-1 0 1 2 3 -3 -2 -1 0 1 

±la ±1.2a 

Figure 19-15: The total area under the normalized Gauss curve is 1. The 
probability of displacement magnitude exceeding ±c; (left) and ±1.20 (right) is 
equal to the corresponding shaded areas. 

The probability of the displacement magnitude exceeding 1 * RMS displacement 
(here 0.084mm) is given by the area outside ± lt7which is 32% (left) . 

The probability of displacement magnitude exceeding 1. 2 * RMS displacement 
(O.JOmm) is given by the area outside ± 1.2t7which is 23% (right). 
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The interpretation of results shown in Figure 19-15 applies to all results of a 
Random Vibration analysis. The RMS SX stress result is shown in Figure 19-1 6. 

~ Stress plot SX (N/ mm"2 (MPa)) 

14.S 

Definit ion I Chart Opt ons _ Settings J _ 
13.3 

12.1 

Display A 

• 10.9 

~ [ SX: X Normal Stress · ] 
[ N/ mm " 2 (MP a) · I 

9.7 

8.5 
Advanced Options v 

7.3 

0 Deformed shape v 

- 6.0 

4.8 

Stress concentration ,. 3.6 

. 2.4 

. 1.2 

0.0 

Figure 19-16: RMS SX stress results. 

The maximum SX stress has a 68% probability of remaining below 14. 5MPa. 

Notice that stress singularities present in the model geometry (sharp re-entrant 
edges) do not show as stress concentrations because of the large element size 
used for meshing. 
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Refer to Figure 19-16 and compare the size of elements to the size of the stress 
concentration. Even with mesh controls applied, the mesh is at best marginal to 
model stress concentrations. Repeat the analysis with a more aggressive mesh 
control. 

The results of the Dynamic Random analysis presented as RMS values provide 
one result for the entire frequency range of excitation. All results ( displacement, 
stresses, etc.) can also be presented as PSD values (Figure 19-14 bottom), which 
are different for each excitation frequency. Examine the PSD options of 
displacements and stress result plots and notice that displacement results are 
given in mm2/Hz, and stress results are given in MPa2/Hz. These units are a 
consequence of the base excitation being defined as acceleration squared per 
frequency range, in our case GRMs2 /Hz. 

The most informative way to review PSD results is to graph them over the 
frequency range. Create a graph showing PSD displacement in the selected 
location shown in Figure 19-13. Define a Y Displacement Response Graph as 
shown in Figure 19-17. 

Response Graph (i) 

"' x 

Response 

~~ Predefined locations 

Al l nodes 

At remote locations 

Vertex 1 (Node 1211) 

X axis: 

Frequency 

(] Hertz ________ __,• ] 

Y axis: 

[ Displacement 

~ [ URES: Resultant Displacement 

I] [ mm" 2/Hz 

X·Axis Range (Frequency) v 

3 OQ-04 ... . ... . .. . ...... -· ............... .. . . .. . . ..... . .. . . . . . . .... ... . . ..... . . ·- ... . . . . . .... ... . . . . . . . . . . . 
• 
• 
• 
• . . . . . 

2 5Q-04 • • • • • • • • • • • ' ' • • • ,• • ' ' ' • ' ' ' ' ' • • • • • • • • \ • ' ' • • • • • • • • • • • • • • I • • • • • • • • • • • • • • • • • • '• ' • ' • • • • • • • • • • • • • • • . . . . . . . . . • . . . • 
• . • • . . . 
• . . • . . . 
• • • • . . . 

~N 2 o~ ...... • . • . • . . . . .. : .... .... ...... • .... ~ ... ........ ...... ~ .... • . • . • ... ..... . : ................ • . : 
. u v- • • • • • 

~ : : : : : 
N • .. • • • 
<( • • • • • 

E : : : : : 
E . . . . , - . . . . . 

1 50,-04 • • • • • • • • • • • • . • • ..................... . ................. . ...... . . . .......................... . . . 
0 . . . . . . 
CJ) • • • • • 

Cl 
. . . . . . . . . . . . . . . en . . . . • 

lLJ • • • . • . . . . . ex: . . • . • => 1 o(\J\.4 . . . . . . . . . . . . . . . ....... ........ ..... ....... .. ... ...... ........ .... ...... .. ' ......... ... ... .. . . ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 Q()-0-5 . . . . • . • . • . • . . . . ·: ... . . . ............ : ........... . ..•.. ~ ....•.•.•. . ...... . :· .. . ............... : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
• • • • • . . . . .. 

O.OQ+00.1.--~~~----· ---........... · ------· -----· 
0 

t 
500 1000 

Mode 1 

t 
1500 

Mode3 

2000 2500 
Frequency (Hz) 

Figure 19-17: PSD displacement as a function of excitation frequency. 

Mode 1 and mode 3 are excited. Mode 3 is barely visible on the graph. Verify 
that the area under the curve equals the RMS2 displacement of the vertex where 
the sensor has been defined. 
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Upon examination of the graph in Figure 19-17, we find that the applied base 
acceleration excites mode 1 and mode 3 because these modes occur in the XY 
plane. Mode 2 and mode 4 occur in the XZ plane which is orthogonal to the 
direction of base acceleration and are therefore not excited. 

Repeat this exercise with a base excitation where the direction is not orthogonal 
to any global direction to see that all four modes will be excited. In Random 
Vibrations study, the directions of excitation are aligned in the global coordinate 
system; therefore, this will require rotating the model relative to the global 
coordinate system. This analysis is presented in the book ''Vibration Analysis 
with SOLIDWORKS Simulation." 

Models in this chapter 

Model Configuration Study Name Study Type 

Modal Frequency 

HD HEAD.sldprt Default 

Linear Dynamic with 
Random Vibration Random Vibration 

option 

411 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Notes: 
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20: Topological Optimization 

Topics covered 

o Definition of Topological Optimization 

o Design space 

o Goals and constraints 

o Topological Optimization criteria 

o Examples of Topological Optimization 

What is a Topological Optimization? 

Topological Optimization finds where material should be placed within the 
available design space. Topological Optimization starts with a design space 
which represents the maximum allowed size for a component. It considers loads, 
restraints and manufacturing constraints. Topological Optimization works with 
the given optimization objective (for example reduce mass by 50%); it follows an 
iterative process that seeks the best material distribution within the design space 
to maximize stiffness to mass ratio, minimize displacement etc. 

We will introduce the concept of Topological Optimization using an example of 
a bridge. The bridge has been designed originally as a hollow prismatic tube. It is 
loaded with a uniformly distributed force applied to the bottom inside face 
(Figure 20-1 ); the bridge is supported at both ends (Figure 20-2). 

Design Space 
We want to know where to place material within the Design Space which is the 
space occupied by the tube. There is not enough material to fill out the entire 
Design Space; we have less material to work with because we want to reduce the 
mass. The objective is to place the material in such a way as to make the best use 
of what we have. 

413 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Hollow rectangular tube 
is the Design Space 

lOOOON 

Cross-section showing the load 

Figure 20-1: The maximum allowed size of a bridge is defined as a hollow 
prismatic tube. 

1 OOOON load is uniformly distributed to the bottom face. 

Fixed face 

Fixed face 

Figure 20-2: Fixed restraints are applied to two narrow faces at both ends. 

Rotation about supports is not allowed. 
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Create Topology Study 50% mass reduction as shown in Figure 20-3. 

.. 

Study 

x 

Message 

It offers conceptual design for lighter and 
stiff er structures 

Name 

50% mass reduction 

General Simulation 

Design Insight 

~ Topology Study 

~ Design Study 

-
Advanced Simulation 

Specialized Simulation 

Figure 20-3 : Defrnition of Topology Study. 

Read the comment highlighted in y ellow. 
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Define a uniformly distributed load to the bottom face of the hole (Figure 20-4); 
define fixed restraints to two faces at the bottom ends of the tube (Figure 20-2). 

Force/Torque ® 

Type Split 

Force/Torque 

I.! I Force 

Ii, I Torque 

I CjiJ Face < 1 > 

-
0 

-------- -
::--. 
~ Normal 

-(..) Selected direction 

[ SI 

± 10000 .., N y 

C] Reverse direction 
Force Value (N): 10000 

-
1~ Per item z 
(l Total 

Figure 20-4: Definition of load. 

The load magnitude does not matter in this qualitative study. 

Goals and Constraints 

Right-click Goals and Constraints in the study window to display the pop-up 
window listing three available optimization criteria; select Best Stiffness to 
Weight ratio (Figure 20-5). 
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~ Topology Study 6 (-01 default-) 

~ SolidBody l (Split Linel) (-[SW}AISI 304-) 

i i Connections 

., 1$ Fixtures 

., ! A External Loads 

. 

-
0 

@J Goals and Consy.ruo,xc.i..~ 1-------L-----------
~ Manufacturing c ~ !!est Stiffness to Weight ratio (default) 

~ Mesh ~ Minimize Maximum .Qisplacement 

sJ: Minimize Mass with Displacement constraint 
T 

Figure 20-5 : Selection of the optimization criterion. 

Any of the above three criteria may be used in Topology Study. 

Selection of the optimization criterion opens Goals and Constraints window 
shown in Figure 20-6. 

Goals and Constraints <i7 ~ 

../ x 

Mes.sage "" 

Topology study will try to find the stiffest structure possible 
given a certain amount of material removal. Def1n1ng the 
goal and constraints will impact the material removal. 

A default constraint will be chosen when a goal 1s selected. 
You can create additional constraints based on your 
design requirements. 

Select Goal 

~ Best Stiffness to Weight ratio (default) 

Constraint 1 

~ • Mass constraint ... J 
0 

~IR_ed_uc_e_m_as_sb_y_(p_er_ce_nt_ag_e) _____ ... ~J ,~~~-

SO 196 ... ] 

Current mass of part: 1698.18 kg 

Final mass of part: 849.092037 kg 

r1 Constraint 2 v 

I 

ization criterion has been 
selected in Figure 20-5. It may be 
changed here if desired. 

:onstraint is the default 
constraint. 

Reduce mass by percentage, enter 50o/o 

>efore optimization is 1698kg 
Mass after optimization will be 849kg 

Figure 20-6: Selection of the optimization criterion and constraints. 

Only one constraint: Reduce mass by 5 0% is used in this study. 

Study definition shown in Figure 20-6 will direct the Topological Optimization 
to find the stiffest possible model with mass equal to 50% of the original mass. In 
other words, the available mass of 849kg will be distributed within the Design 
Space in such a way as to make the best use of material. Notice that the stiffness 
of the optimized model will be lower than the stiffness of the model before the 
optimization, but the ratio of stiffness to mass will be higher. 
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Manufacturing Controls 

If desired, Manufacturing Controls may be added to control the optimization 
process; right-click Manufacturing controls to display a list of Manufacturing 
Controls. 

~ 50% mass reduction (-01 default-) 

~ SolidBody 2(Split Linel) (-1060 Alloy-) 

i i Connections 

• ~ Fixtures 

'£ Fixed-1 

• ! & External Loads 

.!. Force-1 (:Per item: 10000 N:) 

' 

., @J Goals and Constraints(-Best Stiffness to Weight 
-
l'I 

., ~ Manufacturing Co"+_,.~1r I 
~ Mesh ~ Add Preserved Region... ....1111111----

., ~ @J Results ,{]+- Specify Thickness Control ... 

~ Specify De-mold Direction .. . 

c$ Specify Symmetry Plane(s) .. . 

Figure 20-7: Selection of Manufacturing Controls. 

Select Add Preserved Region. 

Selecting Add Preserved Region opens window shown in Figure 20-8. 

Preserved Region 

../ x 

Message 

Select additional faces which cannot be removed by 
the solver. These faces need to be preserved 
because they are part of the design or they are 
faces used as connection points with other parts in 
the assembly. 
Note: Faces selected for loads and restraints are 

automatically preserved. 

Selection 

Face<l> 

Face<2> 

0 

-
IEJ Preserved Area Depth v 

0 

Figure 20-8: Selection of Manufacturing Controls. 

Preserved regions 

Select two fillets on both sides of the face where load is defined. Do not select 
Preserved Area Depth in this exercise. 
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Entities where loads and/or restraints are defined are treated automatically as Preserved 
Regions. All Preserved Regions will not be changed in Topology Optimization study. 

Mesh 

Create Mesh using default mesh settings in the Topology Optimization study. Review 
the mesh settings and notice that the Draft Quality Mesh is used, meaning that the mesh 
used the frrst order elements. 

Convergence of Goals and Constraints 

Run study 5 0% mass reduction and watch convergence graphs of Goal: Best Stiffness 
and of Constraint: Mass graphs during the solution process. You may also examine 
those graphs after the solutions ends; right-click Results folder and follow steps in 
Figure 20-9. 

~ Topology Study 6 (-01 default-) 

~ SolidBody l (Split Linel) (-[SWJAISI 3 

i i Connections 

• ~ Fixtures 

• ! A External Loads 

• @j Goals and Constraints(-Best Stiffness 
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(J) • • • • • • • • • • • • 
Q) • • • • • • • • • • • c: . . . . . . . . . . . - . . . . . . . . . . . 
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• • . . . . . . . . . . . . 
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(0 

0 

. . . . . . . . . . . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . <.:> • . • • • • • • • • . 
1 00-02 . . . . . ... . ..... . ..... . ... . .... .. ... ·- ... ·- . . . ..... . ..•... 

• • • • • • • • • • • • 

Right-click Results - ·- '~ @1 Re .. :J 
l I ci .Besults Advisor ... 

. 

. . 
• 
. . 

. • . . . . . . . . . . 
5.00-03-------------

~ Solver Messages ... 
1 8 15 22 29 36 43 50 57 64 71 76 Select 

~ View Convergence Data and Graphs ... View Convergence __ Iterations 

Data and Graphs 
~ Convergence Data = @] 

@j All objectives and constraints are met and change in the material distribution is 
threshold. 

Current Value 

8.55+02T,......... ................ _ ............................................. .......... ........................................... ................... . . . . . . . . . . . . . 
~ . . . . . . 
Cl . • • • • • . . • . 

.:,,! 8 50+02 ... . : . .... : . . . ! .. . • • . •.•. • ••.•• • ...... · .......... : .. . • ! ••. · . . . . . . . . . . . 
OC) • • • • • • • • • • • • 
N • . . . • • . . . • . 
,-...... . . . . . . . . . . . . ' . . . . . . . . . . 
~ . . . . . . . . . . . . 
U') 845+02 ··· ··············· · ····-·········"''''"' ······ ····· .. Select Goal/Constraint Name Final Value Show Graph 
(X) • • • • • • • • • • • • • . . . . . . . . . . . . Show Graph -++-+-i.@j Goal: Best Stiffness 0.00671261 ~ 

Mass(Target : 854.728 kg) 853.62 ~ 

. . . . . . . . - . . . . . . . 
Q) • • • • • • • 
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• • • • • • • • • • • • 

8.30+02-------------
1 8 15 22 29 36 43 50 57 64 71 76 

Iterations 

Current Value Target Value 

Figure 20-9: The progress of Topological Optimization can be visualized by selecting 
View Convergence Data and Graphs. 

Convergence graph of Goal: Best Stiffness is shown in progress. Convergence graph of 
Constraint: Mass can be shown the same way. 
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Material Mass plot, which is a default plot created by Topology Study, is 
shown in Figure 20-10. 

It: Material Mass 

Definition I Chart Options I Settings I 
Message 

Use the isovalue slider to add or remove 
material from the optimized shape.The 
Default position of the slider closely 
matches the percentage of reduced mass 
set in your goals and constraints(includes 
all elements with relative mass density 
larger than 0.3).Convert the final shape to 
smoothed mesh. 

Material Mass 

Display 

Material Mass 

Heavy Light 

r- -0 
Calculated Element Mass : 943.91 Kg 

-- Percentage of original mass : 5596 

I ~ I Calculate Smoothed mesh 

I Default I 

0 

Figure 20-10: Material Mass plots, shows the model with mass closely matching 
the Mass Constraint. Colors indicate material that must be kept and material that 
may be removed. 

The mass match is not exact; 5 0% mass reduction was specified in study 
definition; the plot shows model with 55% mass. 
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In Material Mass window (Figure 20-10) set Material Mass slider to 50% and 
select Calculate Smoothed Mesh; this will display the plot shown in Figure 20-
11. 

~= Material Mass <ff (1) 

../ x ~ 

Definit ion Chart Options Settings ,..._ _____ ____._ -

Message v 

Display 

Material Mass 

Heavy Light 

r- - {) 

I~= I Show Material Mass Plot 

I Default I 
Advanced Mesh Smoothing Options " 

Number of cycles ---=---------- ._____: 
Coarse Smooth 

......------10..----

0 Specify color for Smoothed Mesh 

[ Single color 

Figure 20-11: Smoothed Mesh plot shows elements with relative mass density 
larger than 30%. The wireframe indicates the original Design Space. 

You may toggle between Material Mass plot and Smoothed Mesh plot by 
selecting Show Material Mass plot (this Figure) or Calculate Smoothed Mesh 
(Figure 20-10). 

Use Material Mass window (Figure 20-11) to experiment with different settings 
of the Material Mass slider that may be set anywhere on the scale Heavy-Light, 
and with different settings of the Number of Cycles slider that may be set 
anywhere on the scale Coarse-Smooth. 
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Copy study 50% mass reduction into a study named 65% mass reduction and into a study named 
80% mass reduction. Modify settings of two new studies as shown in Figure 20-12. 

Goals and Constraints 

x 

Message 

Select Goal 

tli, Best Stiffness to Weight ratio (default) 

Constraint 1 

~ 

• 

Mass constraint 

I Reduce mass by (percentage) 

so 

Current mass of part: 573.137 kg 

Final mass of part: 286.568562 kg 

[] Constraint 2 

v 

... 

... J 

... J 

v 

Goals and Constraints 

x ~ 

Message 

Select Goal 

~ Best Stiffness to Weight ratio {default) 

Constraint 1 

~ Mass constraint 

I Reduce mass by (percentage) 

65 l% 
Current mass of part: 573.137 kg 

Final mass of part: 200.597994 kg 

.:J Constraint 2 

v 

... 

... J 

... J 

v 

Goals and Constraints 

x 

Message 

Select Goal 

t:2, Best Stiffness to Weight ratio (default) 

Constraint 1 

~ Mass constraint 

I Reduce mass by (percentage) 

80 l% 
Current mass of part: 573.137 kg 

Final mass of part: 114.627425 kg 

EJ Constraint 2 

v 

... J 

... J 

... l 

v 

Study 50% mass reduction Study 65% mass reduction Study 80% mass reduction 

Figure 20-12: Summary of Goals and Constraints definition in three Topological 
Optimization studies. 

Study 50% mass reduction has already been completed; it is shown here for easy 
reference only. 
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Run studies 65% mass reduction and 80% mass reduction, then summarize results as shown in 
Figure 20-13. 

/ 

/l 
I - ..____ 

I I 
I 

Study 50% mass reduction 

Study 65% mass reduction 

----

Study 80% mass reduction 

Figure 20-13: Smoothed mesh in three studies. 

All meshes have been generated with slider in Smooth position in Advanced 
Mesh Smoothing Options (Figure 20-11). Transparent wireframe shape is the 
Design Space. 
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Besides Material Mass plot, results of the Topology Optimization study may be analyzed using 
Topology Stress Plot, Topology Displacement Plot and Topology Strain Plot (Figure 20-14). 

4 80% mass reduction (-01 default-) 

~ SolidBody 2(Split Linel) (-1060 Alloy-) 

i i Connections 

• ® Fixtures 

• ! A External Loads 

• @J Goals and Constraints(-Best Stiffness to \/1 

• ~ Manufacturing Controls 

~ Mesh 

• It) @J Results 
'!a-= Material Mass dii Besults Advisor ... 

~ Solver Messages ... 

~ View Convergence Data and Graphs ... 

t!k: Define New Material Mass Plot ... 

CJ Define Topology .Stress Plot. .. 

~ Define T apology Displacement Plot ... 

~ Define T apology Strain Plot ... 

~ Save All Plots as lPEG Files 

(e Save All Plots as ~Drawings 

~ Create New Folder 

Topology Stress Plot 
Topology Displacement Plot 
Topology Strain Plot 

Figure 20-14: Topology plots are available in the Topology Study results. 

All these plots offer qualitative only results. 
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As an example of plots available in a Topology Optimization study, construct a 
Topology Stress Plot as shown in Figure 20-15. 

d 80% mass reduction (-01 default-) von Mises (N/mm" 2 (MPa)) 

~ SolidBody 2{Split Linel) (-1060 Alloy-) 

i i Connections 

• 1$ Fixtures 

• ! & External Loads 

• @1' Goals and Constraints{-Best Stiffness to Weight ratic 

• l!fi Manufacturing Controls 

~Mesh 

• ft1 @1' Results 

~= Material Massl {-Material Mass-) 

I~ CD Topology Variable Stress! (-vonMises-) ! 0 

Read this message -------

A.. ___. __ 

The values are based on the entire 
model which may contain porous 
elements that are less rigid than fully 
dense elements. For this reason the 
values should be thought of as a 
rough estimate on how the final 
l model might behave. 

1.41 

1.29 

1.18 

. 1.06 

_ 0.94 

0.82 ...._ 

0.71 

. 0.59 

• 0.47 

. 0.35 

_ 0.24 

. 0.12 

- 0.00 

Figure 20-15: Topology plots are available in the Topology Study results. 

The qualitative nature of topology plots is explained in the pop-up window. 
Notice that the message should say ''less stiff'' rather than ''less rigid. ' ' 
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The smoothed mesh can be saved as a new model configuration or as a new part. 
Follow steps in Figure 20-16 to save meshes shown in Figure 20-13 as new parts. 

"ft. 
~ 80% mass reduction (·01 default-) 

~ SolidBody 2(Split Linel) (·1060 Alloy·) 

i i Connections 

• ~ Fixtures 

• !A External Loads 

• @j Goals and Constraints(-Best Stiffness to Vv 

• @l Manufacturing Controls 

~ Mesh 

~ fl;) @j Results 
C!'{;; Mater-'---"----.. I ._._..: __ •• _. ___ ,~ ··~ 1 --. 

"' Hide 

~ .Edit Definition ... 

go Chart Qptions ... 

r!c:lJ Settings ... 

<IJ Export Smoothed Mesh ... 

~ ~ompare Results ... 

~ frint .. 

l'il Save As ... 

t:, Add to New folder 

x Qelete ... 

((} ~opy 

I Export Smoothed Mesh 

x 

Mess..ge "' 

The ISO smoothened mesh can be saved into the 
active configuration. a new configuration or a new 
part. 

Warning: Exporting a surface or sohd from a 
smoothened mesh might take time (slower) because 
all the mesh triangle facets are exported. Exporting 
a graphics body is faster if you just need a shape to 
use as a guide on top of your original part. 

Save mesh into 

Save mesh into 

._ l Current active configuration 

3 New configuration 

~ New part file 

Part name: 

BRIDGE.SO% 

Save file to: 

F:\Topological Optimization 

Advanced Export 

Export as 

-) Graphics body 

~ i Solid Body 

() Surface body 

[] 

Figure 20-16: Creating a new part from a smoothed mesh. 

You may select Graphics body or Surface body to reduce the file size. 
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Models created from smoothed meshes are shown in Figure 20-17. These models 
are saved as part files: BRIDGE_50%.sldprt, BRIDGE_65%.sldprt, 
BRIDGE_80%.sldprt. 

BRIDGE 50%.sldprt 

BRIDGE 65%.sldprt 

BRIDGE 80%.sldprt 

Figure 20-17: Models created from Smoothed Mesh in three completed Topology 
Optimization studies. 

These models have an appearance of finite element meshes but are not finite 
element meshes. Faces are approximated (tessellated) with triangles and this 
gives them an appearance of a finite element mesh. 
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Another example of Topological Optimization is presented using part model 
WATER BASIN (Figure 20-18). 

Preserved Region 

)( 
--.:csl 

Water pressure 

Support to 
four faces 

z 
csl ~--, 

Figure 20-18: WATER BASIN model before Topological Optimization: it is a 
solid block of ceramic porcelain. 

The coordinate system cs 1 is used to apply non-uniform water pressure. 

Define a non-uniform water pressure to the blue hemisphere as shown in Figure 
20-9. Define fixed restraints to the four patches on the bottom face . 

Use Manufacturing Control to define the red ring on the top face (Figure 20-
18) as a Preserved Region; and define 50mm as the minimum thickness in 
Thickness control. 

To make the best use of the available material Topology Optimization study 
will place the available material along the load paths. Therefore, we won' t use 
the gravity load to drive the topological optimization process. 
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Define Goals and Constraints as shown in Figure 20-19. 

Goals and Constraints 

x 

Message 

Topology study i,vill try to find the stiffest structure 
possible given a certain amount of material 
removal. Defining the goal and constraints will 
impact the material removal. 

A default constraint i,vill be chosen when a goal is 
se lected. You can create additional constraints 
based on your design requirements. 

Select Goal 

~ Best Stiffness to Weight ratio (default) ... 
-

0 

Constraint 1 A. -

tvlass constraint ... j 

Best Stiffness to Weight ratio 

[..._R_e_du_c_e_m_a_ss_b_y_(_pe_r_ce_n_ta_g_e) ___ ... _]----- Select Reduce mass by percentage, enter 80o/o 

80 

Current mass of part: 1991.71 kg 

Final mass of part: 398.341008 kg 

I[] Constraint 2 

... j 

-+----- Mass before optimization is 1992kg 
Mass after optimization will be 398kg 

" 

Figure 20-19: Goals and Constraints in Topological Optimization of WATER 
BASIN model. 

80% mass reduction is requested. Only one constraint is used. 

The goal of Topology Optimization study is to place the available 398kg of 
ceramic porcelain in such a way as to produce a shape with the best stiffness to 
weight ratio. 
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Run the study and review results shown in Figure 20-20. 

~ Material Mass <i! 

../ x ...... 

Definition Chart Opt ans Settings 

Message 

Display 

Material Mass 

Heavy Light 

0 
Calculated Element Mass : 416.55 Kg 

Percentage of original mass : 2096 

I ~ I Calculate Smoothed mesh 

I Default 

Property 

~ Material Mass 

../ x ...... 

Definition Chart Options Settings 

Message 

Display 

Material Mass 

Heavy Light 

0 
~ Show Material Mass Plot 

[ Default 

Advanced Mesh Smoothing Options 

Number of Cycles 

Coarse Smooth 

0 
0 Specify color for Smoothed Mesh 

I Single color 

I 

l 

cr, 

"' 

" I 

0 
I 

"' 

L 

"' 

" 

Material M ass 

Ok to Remove 

I 

Figure 20-20: Material Mass plot (top) and Smoothed Mesh (bottom). 

Mass after the optimization is 4 l 6kg; compare this to the optimization target 
398kg. 
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Models in this chapter 

Model Configuration Study Name Study Type 

5 0% mass reduction Topology Study 

BRIDGE.sldprt OJ default 65% mass reduction Topology Study 

80% mass reduction Topology Study 

BRIDGE_ 50%.sldprt Default 

BRIDGE_ 65%.sldprt Default 

BRIDGE_ 80%.sldprt Default 

WATER BASIN.sldprt Default Topology Study 1 Topology Study 
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Notes: 
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21: Miscellaneous topics 

Topics covered 

o Mesh quality 

o Solvers and solver options 

o Displaying the mesh in result plots 

o Automatic reports 

o E-drawings 

o Non uniform loads 

o Frequency analysis with pre-stress 

o Interference fit analysis 

o Rigid connector 

o Pin connector 

o Bolt connector 

o Remote load/mass 

o Weld connector 

o Bearing connector 

o Cyclic symmetry 

o Strongly nonlinear problem 

o Submodeling 

o Terminology issues in Finite Element Analysis 

The analysis capabilities of SOLIDWORKS Simulation go beyond those we 
have discussed so far. In this chapter we review a variety of topics that have not 
been addressed in previous exercises. Models discussed in this chapter come 
with partially or fully defined studies. 
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Mesh quality 

The ideal shape of a tetrahedral element is a regular tetrahedron. The aspect ratio 
of a regular tetrahedron is assumed to be 1. Analogously, an equilateral triangle 
is the ideal shape for a shell element. During meshing, elements are mapped onto 
model geometry. This distorts the element shape. The aspect ratio becomes 
higher when the element departs further from its original shape (Figure 21-1). An 
aspect ratio that is too high causes element degeneration, which negatively 
affects the quality of results. 

Ideal shape 
By defmition, the aspect 
ratio of a perfect tetrahedral 
element is 1.0 

''Spiky" 
Excessive aspect ratio 

''Flat" 
Excessive aspect ratio 

Turn angle too high 

Edge of element with red face has 
turn angle 90°. Edge of element 
with green face has turn angle 45° 

30° or less is recommended. 
You may select Curvature Based 
Mesh to control turn angle 
directly. 

Figure 21-1: Tetrahedral element shapes: ideal and after mapping. 

A tetrahedral element with an ideal shape (top) has an aspect ratio of 1. ''Spiky'' 
and ''flat'' elements shown in this illustration (middle) have excessively high 
aspect ratios. ''Concave'' elements (bottom) have excessive turn angles. 
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While the automesher tries to create elements with aspect ratios close to 1, the 
nature of geometry sometimes makes it impossible to avoid high aspect ratios 
(Figure 21-2). 

Bad design and bad mesh Improved design and correct mesh 

Figure 21-2: Mesh of a curved and a straight gusset. 

Meshing a curved gusset creates highly distorted elements near the tangent 
edges (left). Notice that this is also a bad design. Simple modification shown on 
the right improves the design and improves meshing. In both cases, large 
elements are used for the clarity of illustration. In most cases a more refined 
mesh would be required. Stresses along the sharp re-entrant edges won't be 
valid, regardless of the element size. 

Review mesh problems illustrated in Figure 21-2 using the assembly model 
GUSSET. 
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A failure diagnostic can be used to spot problem areas if meshing fails . To run a 
failure diagnostic, right-click the Mesh icon. This opens the associated pop-up 
window from which Failure Diagnostic ... is selectable. 

By right-clicking the Mesh folder you can Create Mesh plot showing the mesh 
itself or mesh quality measures such as Aspect Ratio and Jacobian, explained in 
the table below, and shown in Figure 21-3. 

Aspect ratio The aspect ratio of an element is defined as the ratio between an 
element's longest edge and the shortest height normalized with 
respect to a perfect tetrahedron. The aspect ratio check assumes 
straight edges connecting the four corner nodes. It cannot 
differentiate between first order elements ( straight edges) and 
second order elements which may have curved edges. 

Jacobian The Jacobian is a measure of the quality of second order 
elements. The Jacobian of an element, with all mid-side nodes 
located exactly at the middle of the straight edges, is 1.0. The 
Jacobian increases as the curvatures of the edges increase. The 
Jacobian at a point inside the element provides a measure of the 
degree of distortion of the element at that location. The software 
calculates the Jacobian at the selected number of points for each 
element. 
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Mesh Quality (1) 

x 

Definition ..... I s_e_tt_in_g_s ...... l ____ _ 
Display 

-
~Ci 1 Mesh -
( 1 Aspect ratio 

~-) Jacobian 

Mesh Quality 

x 

Definition Chart Options Settings 

Display 

-~- J Mesh 

(~ Aspect ratio 

() Jacobian 

Mesh Quality 

x 

Definition Chart Options Settings 

Display 

c 1 Mesh 

( _J Aspect ratio 
-

1Cil Jacobian -

>.11 

. 2,, 
I ,..u 

l 15 

1 • 

1.71 

1.57 

- t 1'I 

- 1(0 

J.19 

l.06 

Figure 21-3: Mesh plot (top), Aspect ratio plot (middle) and Jacobian plot 
(bottom). Jacobian plot is duplicated to demonstrate mesh sectioning. 

For clarity of illustrations a coarse mesh is used for these plots. Notice that only 
eight colors are used in both color charts. Thick legend is shown in the Aspect 
Ratio plot; thin legend is used in the Jacobian plot. Jacobian plots use User 
Defined colors. 
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You may review plots in Figure 21-3 in the model MESH QUALITY 01 which 
comes with study partially defined. 

Meshing difficult geometries may sometimes result in highly distorted elements 
without any warning. If mesh distortion is only local, then we can simply not 
look at the results ( especially the stress results) produced by those degenerated 
elements. If distortion affects large portions of the mesh, then even global results 
cannot be trusted. 

We have studied different methods to control the mesh size such as Mesh 
Controls, Standard and Curvature Based meshes. Another way to control a 
mesh is to use the Automatic Transition option available in the Standard 
automesher. 

With Automatic transition, the automesher applies mesh controls to small 
features (Figure 21-4). Do not use Automatic transition when meshing large 
models with many small features and details to avoid generating a very large 
number of elements. 
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Mesh 

x 

Mesh Density 

,--- 0 
Coarse 

I Reset 

0 Mesh Parameters 

~ Standard mesh 

fJ Curvature-based mesh 

• 

Fine 

I 

0 Blended curvature-based mesh 

(mm 

6.97463088mm 

..,, .. .,. 0.34873154mm 

IC]Automatic transition 

Advanced 

Mesh 

x 

Mesh Density 

,--- 0 
Coarse 

I Reset 

0 Mesh Parameters 

.@ standard mesh 

-

~ ..... .... 
-

I 

..) Curvature-based mesh 

Fine 

P) Blended curvature-based mesh 

[mm • I 
6. 6.97463088mm Fl ~ ..... 

Tf 1'1 ff 

• .... 'r+ 0.34873154mm ..... Fl1 

l'.t] Automatic transition 

Advanced 

No Automatic Transition 
v 

Automatic Transition 

v 

Figure 21-4: Mesh without Automatic Transition option (top) and mesh with 
Automatic Transition option (bottom). 

Here, automatic transition has a similar effect to applying mesh controls to the 
fillets. 

Review the effect of Automatic transition using the model MESH QUALITY 02. 
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Solvers and Study Options 

In Finite Element Analysis, a problem is represented by a large set of linear 
algebraic equations that must be solved simultaneously. There are two classes of 
solution methods: direct and iterative. 

Direct methods solve equations using exact numerical techniques, while iterative 
methods solve equations using approximate techniques. With an iterative method, 
a solution is approximated iteratively and the associated errors are evaluated. 
The iterations continue until the errors become acceptable. The Direct Sparse 
solver (usually slower) uses a direct solution technique, and the FFEPlus solver 
uses an iterative technique. Large Problem Direct Sparse solver can handle 
simulation problems that exceed the physical memory of your computer. There 
are also Intel specific solvers. Automatic solver option allows for automatic 
selection of the solver best suited for the type of problem. A solution can 
therefore be run with five solver options (Figure 21-5). 

Static 

Options Adaptive Flow/Thermal Effects Notification Remark 

Gap/Contact 

cJ Include global friction Friction coefficient: 0.05 

IE] Ignore clearance for surface contact 

D Improve accuracy for no penetration contacting surfaces (slower) 

Incompatible bonding options 

1~ ') Automatic ... 
(l Simplified 

(J More accurate (slower) 

[] Large displacement 

[{] Compute free body forces 

Solver 

D Automatic Solver Selection 

[FFEPlus 

IC] u~ Direct s arse solver 

IE] u~ Large Problem Direct Sparse 
IF1 Intel Direct Sparse 
LJ u~ Intel Network Sparse 

Results folder F:\ FEA results [] 

[ ___ o_K __ I [ Cancel J __ A_pp_ly __ __ H_e_lP_ -=:_+-++ 

Refer to help for 
description of solver 
types 

Figure 21-5: Different solvers are available in SOLIDWORKS Simulation. 

Using Automatic Solver Selection, the fastest solver available for a given 
problem is automatically selected. For clarity of this illustration the solver 
options menu has been moved. 
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Different solver types give comparable results if the required options are 
supported. It is generally recommended to use the Automatic option to select the 
solver automatically based on user specified solver options. 

Three solver options are available: 

Option 

Use in plane effect 

Use soft springs to 
stabilize model 

Use inertial relief 

Purpose 

In a static analysis, use this option to account for 
changes in structural stiffness due to the effect of 
stress stiffening ( when stresses are predominantly 
tensile) or stress softening ( when stresses are 
predominantly compressive). 

Use this option primarily to locate problems with 
restraints that result in rigid body motion. If the 
solver runs without this option selected and reports 
that the model is insufficiently constrained ( an 
error message appears), the problem can be re-run 
with this option selected ( checked). Insufficient 
restraints can then be detected by animating the 
displacement results. We used soft springs to 
balance the model in a thermal stress analysis 
( chapter 7). 

An alternative to using this option is to run a 
frequency analysis, identify the modes with zero 
frequency (these correspond to rigid body modes), 
and animate them to determine in which direction 
the model is insufficiently constrained. 

Use this option if a model is loaded with a 
balanced load, but no restraints. Due to numerical 
inaccuracies, the balanced load will report a non­
zero resultant. This option can then be used to 
restore model equilibrium. 

This option is most often used to balance a model 
with loads imported from a Motion Simulation. 
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Three options are available when solving contact problems. 

Include global If selected, friction coefficient is defined between 
friction contacting surf aces and friction is considered. 

Ignore clearance Use this option to ignore the initial clearance 
for surface contact that may exist between surfaces in contact. The 

contacting surfaces start interacting immediately 
without first canceling out the gap. 

Improve accuracy This method produces continuous and more accurate 
for no penetration stresses in regions with defrnitions of no penetration 
contacting surf aces contact. The method is used when defining contact 

between faces to faces and faces to edges. 

Problem definition option and analysis of result option: 

Option Purpose 

Large displacement See Chapter 14. 

Compute free body Enables probing of forces and moments transmitted 
forces by nodes. 

Three different options can be used for solving problems with bonded surfaces. 

Option 

Automatic 

Simplified 

More accurate 

Purpose 

If the default surface-to-surface bonding contact 
slows down the solution considerably, the solver 
switches to node-to-surface bonding automatically. 
The automatic option is available for static, 
frequency, buckling, and linear dynamic studies. 

The program overrides the default surface-based 
bonding contact and resumes to a node-based 
bonding contact. Check this option only in cases 
when you run into performance issues when solving 
models with extensive contact surfaces. For a 2D 
simplification analysis, if you check this option, the 
program applies a node to edge bonding contact. 

The program applies the default surface-based 
bonding contact, which results in a longer solution 
time than the node-based contact formulation. For a 
2D simplification study, the solver applies an edge 
to edge bonding contact. 
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Displaying mesh in result plots 

The default brightness of Ambient light, defined in the SOLIDWORKS 
Display Manager in the Lighting folder, is usually too dark to display the mesh, 
especially a high-density mesh. A clear display of the mesh (Figure 21-6) 
requires increasing the brightness of ambient light. You will also notice that 
using models with light colors, disabling perspective, shading and other display 
effects make it easier to work with Simulation models. 

f{] On in SOUDWORKS 

Edit Color ... 

Ambient: 

0.3 
, I 0------------------------------------------

Ambient light at 30% 

<v Ambient 

Basic 

It] On in SOUDWORKS 

Edit Color ... 

Ambient: 

I I I I I I j_ I I 

Ambient light at 70% 

Figure 21-6: Mesh display in default ambient light (top) and adjusted ambient 
light (bottom). 

A finite element mesh is displayed with ambient light brightness suitable for 
a CAD model (top), and with the brightness adjusted for displaying the mesh 
(bottom). All lights are defined in SOLID WORKS CAD model. 

Many models used in this book use bright colors and bright ambient light and 
directional lights. 
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Automatic reports 

SOLIDWORKS Simulation provides automated report creation. After a 
solution finishes, select Report from the Simulation menu or from the 
Simulation Command Manager to define the report format and the items it will 
contain. The report is created in a few steps and contains all plots from the result 
folders (Figure 21-7). 

File Edit View Insert Tools Simulation J Window Help 

ct Study ... 

Material 

loads/Fixture 

-· .. 

Contact/Gaps 

Shells 

T apology Study 

Mesh 

~ Mass Properties ... 

Run 

~ CopyStudy 

Plot Results 

list Results 

Result Tools 

@ Report ... 

i,i Include Image for Report .. 

Compare Test Data ... 

> 

• 

Report Options 

Current report format: Non·Linear Study Format 

Report sections: 

r'J Description 

[:l1 Assumptions 

0 Model Information 

0 Study Properties 

0 Units 

0 Material Properties 

0 Loads and Fixtures 

0 Connector Definitions 

0 Contact Information 

0 Mesh information 

0 Sensor Details 

0 Resultant Forces 

Header information --

---

~ Designer: Paul Kurowski 

Section properties 

Description: 

0 Company: Design Generator Inc. 

[t) uRL: 

cl Logo: 

[" Address: 

designgenerator.com 

... 

l 
Fatigue 

0 Phone: ll.JFax: n 
Generating Report 

Report publish options 

[] Report path: f:\fea results 

Document name: BRACKET NL ·Nonlinear 1-1 

Paper size: (~ Letter (8.S" x 11") (_ A4 (8.27" x 11.69") 

0 Show report on publish 

28" 
[ Publish ] I Apply ] I Cancel J I Help j 

Generating Word Document .. 

Currently writing: Study Properties 

! cancel 

Click Publish to create report 

Figure 21-7: The Report is automatically created with the options specified in the 
Report Options windows. 

A report in Word format is created individually for each study. 
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eDrawings 

Each result plot can be saved in various graphic formats (Bitmap, JPEG, PNG, 
VRML), as well as in the SOLIDWORKS eDrawings format. To save a plot, 
first show it then right-click it and select Save as. Select the desired format from 
the pop-out menu. 

Examine the eDrawings format which offers a very convenient 3D way of 
communicating analysis results to people who do not have SOLIDWORKS 
Simulation or no SOLIDWORKS at all (Figure 21-8). 

Model name:BLOWER 
Study name:01 full(-01 full -) 
Plot type: Static displacement Displacement l (-Res disp-) 
Deformation scale: 13.1445 

eDrawings Options 

- -, 
I 

I 

URES (mm) 

1.17 
1.07 

1--1 0.97 
1--1 0.88 
1--1 0.78 
- 0.68 
- 0.58 
1--1 0.49 
- 0.39 
1--1 0.29 

0 .19 
0.10 
0 .00 

Simulation studies 

Figure 21-8: Simulation results saved in eDrawing format can be viewed in 3D. 

Review Options and eDrawings Simulation studies as indicated in this 
illustration. 
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Non-uniform loads 

We will illustrate the use of non-uniformly distributed loads with an example of 
hydrostatic pressure acting on the walls of a 1.95m deep tank, presented in the 
SOLIDWORKS part file called NON UNIFORM LOAD. Notice that this 
model uses meters for the unit of length. The pressure magnitude expressed in 
[ Nlm2

] follows the equation p = 1 OOOOx, with x being the distance from the top of 
tank (where the coordinate system cs] is located). The pressure definition 
requires selecting the coordinate system and the face where pressure is to be 
applied. The formula governing pressure distribution can then be entered, as 
shown in Figure 21-9. 

Pressure 

f ype I Split I 

Pressure Value 

IJ [ N/m" 2 

__ I ill 1 - • N/m"2 

D Reverse direction 

lJ Nonuniform Distribution 

1 ). l~Jcs1 __ ~ 
Type of Coordinate System: 

ll l~~ ----~·I 
~ deg 

FCx. y, z) = 1oooo•·x· 

I [ Edit Equation J 

Symbol Settings v 

e 

Coordinate system cs 1 

Edit Equation (Cartesian) 

r; ·1 r;-i 
L ..... J L.:J 

Enter a Cartesian nonuniform distribution equation using ·x·, •y• and •z• as the 
coefficients: 

z , v 
I 

FCx. y, z> = 1oooo•·x· 
---~ 

The magnitude of pressure applied at each location is 
equal to the Pressure Value {P) defined in the property 
manager times the value of the equation which defines 
the nonuniform pressure distr ibution, p(x. y, z) = P * 
F(x, y, Z). 

Figure 21-9: A water tank loaded with hydrostatic pressure requires a linearly 
distributed pressure. 

This illustration uses a section view. Notice that the vector lengths correspond to 
pressure magnitudes that vary with the x axis of the cs 1 coordinate system. This 
model uses meter as its units of length, and Pascals as its units of pressure. For 
clarity of illustration, arrows depicting pressure acting on the half of the model 
not visible in this cross-section view have been removed from this illustration. 
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You may want to complete this exercise by applying a Fixed restraint to the 
bottom of the tank and a material of your choice. Notice that the tank geometry 
makes it suitable for meshing with shell elements. 

Frequency analysis with pre-stress 

A frequency analysis of rotating machinery most often must account for stress 
stiffening. Stress stiffening is the increase in stiffness due to tensile loads. We 
will illustrate this concept with the example of a helicopter blade. Since 
HELICOPTER ROTOR model has four identical blades, switch to the 02 section 
configuration, which will work with geometry containing only one blade. The 
model comes with assigned material properties and two defined 
SOLID WORKS Simulation studies: no preload and preload. 

A load definition is not required in a Frequency analysis. However, if loads are 
defined, their effect will be considered. The Direct sparse solver is the only 
solver that accounts for the effect of loads in a Frequency analysis. 

A centrifugal load is defined as shown in Figure 21-10. An axis or a cylindrical 
face is required as a reference to define a centrifugal load. Review the restraint, 
which is the same in both studies. Restraints may be represented as Fixed 
restraints applied to hub. 

Centrifugal 

x 0 
Selected Reference 

Face <l > Angular Velocity (rpm): 180 

Angular Accelerat ion (rpm"2): O 
Centrifugal Force 

~ [ Metric (G) ... ] 

~ 180 ... rpm 

[[] Reverse direction 

~ a O ... rpm" 2 

rJ Reverse direction 

Figure 21-10: The Centrifugal load window with centrifugal force defined. 

A centrifugal load resulting from an angular velocity of 180 RPM is applied to 
the model, simulating the effect of rotation about the axis of the cylindrical face. 
Angular acceleration can also be defined. Metric units are used to express the 
angular velocity in RPM 
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Solve both studies and compare frequency results (Figure 21-11) with and 
without the pre-stress effect caused by a centrifugal force. Notice that the 
Frequency study with pre-load requires Direct Sparse solver; it won't run with 
FFEPlus solver. Select Direct Sparse solver in the study properties or select 
Automatic Solver Selection. 

3.0 

Blade not moving: 0.54Hz Rotating blade: 3 .26Hz 

Figure 21-11 : The frequency of the frrst mode of vibration with and without the 
effect of a centrifugal load. 

As shown in Figure 21-11 , the presence of preload significantly increases the 
first mode of vibration. In the first mode, the frequency increases by 6 times. 

The opposite effect (decrease in the natural frequency) would be observed if, 
hypothetically, the blades were subjected to a compressive load. 

For more practice, try conducting a frequency analysis of a beam under a 
compressive load. You may re-use the HELICOPTER ROTOR model. The 
higher the compressive load, the lower the first natural frequency. Higher 
frequencies follow the same pattern. The magnitude of the compressive load that 
causes the first natural frequency to drop to zero is the buckling load. This is 
where frequency and buckling analyses meet. 
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Interfere nee fit 

Interference fit, called in Simulation Shrink Fit is another type of Contact 
condition. We use it here to analyze stresses developed as a result of the 
interference (press fit) between two assembly components. Open the 
INTERFERENCE FIT assembly. The definition of the interference fit condition 
is shown in Figure 21-12. Review this model for defmitions of restraints, 
supports and contact conditions. 

The diameter of the hole (housing) is 20mm and the diameter of the shaft 
20.050mm. In the Basic Hole fits system this is force fit 20 H7 /u6. 

Notice that the contact condition does not include friction; therefore, the inside 
cylindrical face of the pressed-in component has been restrained in 
circumferential and axial directions to prevent rigid body motions. 

Contact Sets 

[ Shrink Fit 

Face<l>@INTERFERENCE FIT housing-! 

------------0 

Face <2>@1NTERFERENCE FIT shaft-! 

Properties 

[[] Friction 

+-+ 
w 0.05 

-
lD Advanced 

0 Face 1 : source 

Face 2: target 

Figure 21-12: Cylindrical Face 2 has a larger diameter than cylindrical Face 1. 
Solving the model with a Shrink Fit contact condition eliminates this interference. 

An exploded view should be used to select the interfering faces. 
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Apply a restraint to the ''tail'' of the housing and restrain the hole of the shaft as 
shown in Figure 21-13. This is necessary to eliminate rigid body motions of the 
shaft. 

Fixture ® 

x 

Type I Split I 

Example 

Standard 

Advanced(On Cylindrical Faces) 

I rm I Symmetry 

I (. I Cyclic Symmetry 

I (iJ J Use Reference Geometry 

I (0 I On Flat Faces 

( ~ I On Cylindrical Faces 

I O I On Spherical Faces 

Face <l >@FORCE ITT shaft-1 

0 

Translations 

~ [_mm _____ ~ .... ] 

I ~1 ° ___ .... __,j mm 

/ IL;~ IO .... rad 

- . 

• 

v 

v 

Fixed restraint to end face of tail 
(not defined in this window) 

On Cylindrica l Faces: 

Circumferential (rad): O 

Axia l (mm): 0 

and axial ""' IC Reverse direction 

restrained I ~ I O .... mm 

[[] Reverse direction 

Figure 21-13: Restraints applied to the hole in the shaft are required to eliminate 
rigid body motions. 

A restraint is applied using an On Cylindrical Faces restraint. 

The same could have been applied using Axis 1 as the reference geometry. 

There are no external loads acting on the model. 
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Mesh the model with a Imm element size using a Curvature based mesh and 
obtain the solution. Display the SX stress plot using Axisl as reference geometry 
to convert SX stress into radial stress (Figure 21-14). When stresses SX, SY, and 
SZ are plotted using an axis as a reference, as in Figure 21-14, SX becomes 
radial stress, SY becomes circumferential stress and SZ becomes axial stress. 
The symbol in the lower right corner indicates that the results are presented in a 
local cylindrical coordinate system. 

~ Stress plot 
SX (N/ mm" 2 (MPa)) 

Definition I Chart Options Settings I 
Display "' 
tg, [ SX: X Normal Stress · I 
I] IN/ mm ... 2 (MPa) · ] 

Advanced Options 6 
- C!Jl I Axisl 

ID Show as vector plot 

[J Sh~~ plot only on selected 
entrt1es 

~ Node Values 

J Element Values 

[Z] Average results across boundary 
for parts 

["l Deformed shape 

I 

v 

0 

0 

This symbol indicates that results 
are presented in a local 

cylindrical coordinate system 

Figure 21-14: Radial stresses developed due to the force fit. 

0 

z 

Notice that on contacting faces, the magnitude of contact stress is the absolute 
magnitude of SX stress. The highest contact pressure is numerically the lowest 
stress: -293MPa. 
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Review the options in the Stress Plot window in Figure 21-14 and use the vector 
display option to visualize the radial direction of stress SX (Figure 21-15). 

f$j Stress plot 

Definition Chart Options Settings -
Display 

~ ~[sx_:_X_N-or-m-al-St-re-ss~~~--... J 

(] [ N/ mm"' 2 (MPa) • J 

Advanced Options I -"I 
(!]! I IL..-A:J._is1 ____ ______.I 

10 Show as vector plot 

Show plot only on selected 
,._J e ntit1es 

@ Node Values 

J Element Values 

0 Average results across boundary 
for parts 

liJ Deformed shape 

Vector plot options 

Options 

tTT 99s 

30 

0 Surface only 

@ Match color chart 

-] Single color 

... 
• ... 

96 

96 

I Edit Color ... 

v 

.. . 
0 

-----

. \ 

\. 

Figure 21-15: Radial stresses SX presented as vectors. 

I I ~---

. I I 
,·f' , l .. 

Use the Vector plot options window to adjust the vector plot. 

SX (N/mm"'2 (MPa)) 

87.0 

53.0 

. 19.0 

• ·15.0 

r ·49.0 

' 
-83.1 

-117.1 

·151.1 

_ -185.1 

L--~- -219.1 

-253.1 

·287.1 

·321.1 

• • B. 

Only the housing component is shown. The tube is hidden in SOLID WORKS 
assembly model. 

Return to the fringe plot, explode the view, and probe the radial stresses on both 
contacting faces approximately in the same location (Figure 21-16). 
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Right-click stress plot 
and select Probe to 
display this window 

Probe Result 

x ...... 

Options 

~ At location 

From sensors 

U On selected entities 

Results 

Node Value (N. X (mm) Y (mm) Z (mm) Comp, 

37810 -184.9 8801708 8940378 :l625000 FORCE 

183644 -185.2 1551914 7968453 4375000 FORCE 

Summary 

Report Options 

Annotations 

[] Show Node/ Element Number 

ID Show X,Y,Z Location 

12:)show Value 

v 

v 

Value: -185.2 N/mm"2 (MPa) 

Probe on the outside of 
shaft 

Value: · 184.9 N/mm" 2 (MPa) 

Probe on the inside of 
housing 

SX (N/ mm"2 (MPa)) 

87.0 

53.0 

19.0 

• -15.0 

-49.0 

-83.1 

-117.1 

-151.1 

-185.1 

-219.1 

-253.1 

-287.1 

-321.1 

Figure 21-16: Radial stress SX on the face of the tube (top) equals the radial 
stress SX on the side of the hole (bottom). 

Radial stresses correspond to contact pressure which is the same on both 
contacting faces due to the equilibrium conditions. In the housing, probing is 
done on the inner face, which is not visible in the view used in this illustration. 
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Connectors 

A connector defines how an entity ( vertex, edge, face) is connected to another 
entity or to the ground. Using connectors simplifies modeling because, in many 
cases, you can simulate the desired behavior without having to create the detailed 
geometry or define contact conditions. 

SOLIDWORKS Simulation offers several types of connectors listed as Spring, 
Pin, Bolt, Bearing, Spot Welds, Edge Welds, Link and Rigid Connection. 
Selected connectors are briefly introduced in this chapter. For more information, 
refer to the SOLIDWORKS Simulation help documentation which offers 
extensive explanations with examples. To learn about Simulation functionality 
(including connectors), you may also use Advisor which is located in the 
SOLIDWORKS task pane. 

A connector definition is called by right-clicking the Connectors folder and 
selecting the desired connector type (Figure 21-17). 

~ fit Rigid link (-Default-) 

~ ~ Parts 

.... Ii i Connectic .:::1. 
~ i i Connel i i ,Connections Advisor ... 

~ ~ Comp ~ Contact .Set ... 
.... 1$ Fixtures 

, .,,p . ~ CQmponent Contact ... 
~ Fixed-

-----

.... !& External L ~ Contact Yisualization Plot ... 
.!. Force- Find !,!nderconstrained Bodies ... 

~ Mesh 

[[] Result Opj I .Spring ... 

I 

~ .ein .. . 

1J ~olt .. . 

@ ~earing ... 

$ Spot ,Welds .. . 

Jh, _Edge Weld .. . 

/ .Link .. 

~ Rigid Connection ... 

'V' Hide All 

tV' .Show All 

~ ,Copy 

Connectors 

Figure 21-17: Connectors are called from the same pop-up menu as contact 
conditions. 
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Connectors available in SOLIDWORKS Simulation are summarized in the 
table below. 

TYPE OF CONNECTOR FUNCTION 

Spring Connects a face of a component to a face of another component 
by defining total stiffness or stiffness per area. Both normal and 
shear stiffness can be specified. 

The two faces must be planar and parallel to each other. Springs 
are introduced in the common area of the projection of one of 
the faces onto the other. You can specify a compressive or 
tensile preload for the spring connector. 

Pin A pin connects cylindrical faces of two components. Two 

Bolt 

Bearing 

Spot weld 

Edge weld 

Link 

Rigid Connection 

options are available: 

No Translation: specifies a pin that prevents relative axial 
translation between the two cylindrical faces. 

No Rotation: specifies a pin that prevents relative rotation 
between the two cylindrical faces. 

Additionally, axial and/or rotational pin stiffness can be defined. 

Defines a bolt connector between two components. The bolt 
connector accounts for bolt pre-load. Configurations with and 
without a nut are available. 

Simulates the interaction between a shaft and a housing through 
a bearing. You have to model the geometries for the shaft and 
the housing. 
You can define spot welds to weld two solid faces or two shell 
faces. You should also defme a No Penetration contact condition 
between the two faces for proper modeling. 
The edge weld connector estimates the appropriate size of a 
weld needed to attach two metal components. The program 
calculates the appropriate weld size at each mesh node location 
along the weld seam. 

The Link connector ties any two locations in the model by a 
rigid bar that is hinged at both ends. The distance between the 
two locations remains unchanged during deformation. The link 
connector is available for static, buckling, and frequency studies. 

Defines a rigid link between the selected faces. Faces connected 
by a rigid link do not translate or rotate in relation to each other. 
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Rigid Connector and Pin Connector 

We will review the use of a Rigid Connector and a Pin in the assembly CRANE. 
This model comes with a defined Rigid Connection and three Pin connectors. 
The Rigid connector is shown in Figure 21-18. 

Connectors (?) 

...... 

Type I Split I 
Messa ge 

ed faces will be made rigid, and Select 
forced to move together. 

Type 

Rigid 

Face <l >@CRANE 02-2 

-
Face <l >@CRANE 02-1 

Symbo I Settings 

A 

' 

A 

... J 

Face 2 -
0 

-
v 

Figure 21-18: Rigid connector rigidly connects two faces. 

Face 1 

The selection of the face as a source and as a target is arbitrary. 
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Definition of one of the Pin connectors is shown in Figure 21 -19. 

Connectors (i) 

~ x ..... 

Type Split 

Message 

Reported st ress in the 1-diameter vicinity of 
the pin will usually be higher than the actual 
stress. 

Type 

~ Pin · ] 
~ I Face< l >@CRANE 03-1 

~ I Face <2>@CRANE 01-1 

Connection Type 

[t]with retaining ring (No translation) 

L) With key (No rotation) 

Advanced Option 

a [ SI 

~ fo .... ] N/ m 

*.§ 0 .... N.m/ rad 

D Include mass 

~ [o 

[El Strength Data 

Symbol Settings 

Definition of this 
Pin Connector is 

shown in the 
above window 

lkg 

· ] 

A 

A 

A 

A 

v 

v 

Rotational Stiffness (N.m/rad): O 

- Target 
C) 

-

Source 

Pin Connector symbol is hidden from this view 

Figure 21 -19: The Pin connector connects faces of two components. The gray 
pin is a connector symbol. 

In this model, each location requires two Connectors as shown above. A 
sectioned view is used to show the connected faces. You need to select the 
Strength Data box to perform a pass/no pass pin check. 
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Notice that the torsional stiffness of the Pin connector shown in Figure 21-19 is 
specified as O (this is the default value). This means that Pin connectors allow 
for rotation between the two components. All degrees of freedom on the selected 
faces are coupled (must be the same) except for circumferential translations, 
which are disjoined. Axial and torsional stiffness is specified in Advanced 
Options. Pin mass may be specified in Pin connector definition. 

Practice using Pin connectors using the assembly STAND. Our objective is to 
find the first mode of vibration of the assembly. This model has little relevance 
to real life devices but offers a good opportunity to practice Pin connectors. 

No Global Contact conditions exist in the study Modal (they have been deleted). 
In the absence of Global Contact conditions, all touching faces are treated as 
free; they are not bonded and penetration is allowed. Consequently, the four 
links are not bonded to the top or the bottom plate. They are connected to them 
by Pin Connectors. 

You may pin down the window with this thumbtack 
-

Connectors (i) 

Type I Split I 
Mes.sage 

Reported stress 1n the ! ·diameter vicinity of the 
pin will usually be higher than the actual stress. 

Type 
-

~ Prn .... I 

~ Face<l>@LEG-5 

Face<2>@STAND BASE PLATE·! 

Connection Type 

0 With retaining ring (No translation) 

[J With key (No rotation) 

Advanced Option "' 

~ !s1 .... J 

~ 0 ...,. N/ m 

';§, O ..... N.m/ rad 

([] Include mass 

~ _o ___ __,]kg 

O Strength Data v 

Rotational Stiffness (N.m/ rad): 0 

Figure 21-20: Definition of one of eight Pin connectors connecting legs with the 
top and bottom plate. 

You may pin down the Connectors window to create a number of pins in one step. 
All connectors will then be placed in a separate folder. Notice that ''pin'' as in 
''Pin down the window'' has nothing to do with ''pin'' as in the Pin connector. 
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The vertical shaft is connected by a Pin connector to the top plate. The important 
difference between this Pin connector and the previously discussed Pin 
connectors is explained in Figure 21-21. 

Connectors (1) 

...... Axial Stiffness (N/m): 0 

Type I Split I Rotational Stiffness (N.m/rad): O 

Message 

Reported stre 
pin will usuall 

ss in the ! ·diameter vicinity of the 
y be higher than the actual stress. 

Type 

~ Pin _.:..] 

~ Face <l >@STAND BASE PLATE-1 

Face <2>@TOP PLATE-5 

• 

Connection Type 

"' 

"' 

~ 

0 

-
"' 

Deselect l[]with retaining ring (No translation) 

No translation lc] with key (No rotation) 

. 

• 

Advanced O pt ion 

ll [~s1_ 
~ 0 

';§ 0 

O inclu 

~ 0 

de mass 

ICJ Strength Data 

"' 
· I 

• N/ m 

• N.m/rad 

]kg 
v 

Figure 21-21 : This Pin connector allows axial translation_ 

To allow axial translation, deselect ''With retaining ring (No translation)'' in the 
Connection Type definition. 

Pin connector defined in Figure 21-21 allows for angular rotation and axial 
translation of the top plate. This will be important in modes where the top plate 
moves in the axial direction. 
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Review the restraints of the model (bottom of the BASE PLATE is rigidly 
restrained), mesh with Curvature based mesh and default element size, then run 
a modal (Frequency) analysis. The first four modes of vibration are shown in 
Figure 21-22. 

Mode 1: 484Hz Mode 2: 5 92Hz 

Mode 3: 735Hz Mode 4: 1059Hz 

Figure 21-22: The first four modes of vibration of STAND. In mode 4 the top 
plate moves in the vertical direction: this motion is allowed by connector without 
retaining ring defined as shown in Figure 21-21. 

A summary of results from different modes may be prepared using Compare 
Results function. 
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Bolt connector 

To review the Bolt connector as well as the load type called Remote Load, open 
the assembly PIPES in the 01 long configuration and go to Simulation study 01 
long. The model comes with six bolt connectors already defined. Right-click one 
of the Bolt Connector icons and select Edit Definition to open the Connectors 
windows (Figure 21-23). 

Connectors <i I 

Type [j_p,·t~'--------

Message 

Type 

'f Bolt ... 

I~ lcfl [jl 
w 0n~ 

-- (o Edge<l >@PIPE 01-1 

Edge <2>@PIPE 02-1 

L 
Li.I Same head and nut diameter 

v 

.... 

0 Strength Data 

( Known Tensile Stress Area 

-l<iJ Calculated Tensile Stress Area 

~ 0.5 

Bolt Strength 

620 

Safety Factor 

2 

Pre-load 

c Axial 

l~ Torque 

i, 20 

.... __. 0 .2 

[ threads/mm • ] 

[ N/ mm" 2 (MPa • ] 

• N.m 

.... 

, 

From 
bolt specs. 

From -
bolt specs. 

Desired factor -
of safety 

Nut side 

Bolt head 
diameter 

( calculated) ~ 21 [mm • ] 

Bolt torque 

__ Coefficient of 
friction 

Bolt --I -i- 14 • [mm • ] Head Diameter (mm): 21 
Edge of bolt 
nut hole diameter 

(from CAD 
model) 

Alloy Steel 
material 
(default) 

-
lo Tight Fit v 

Nominal Shank Diameter (mm): 14 

Torque (N.m): 20 
Material 

~) Library (Alloy Stee~ 
Friction Factor(K): 0.2 

[ Select material... ] 

) Custom 

I] SI 

Ex 210000000000 • N/ m"2 

·i· o.2a • I Edge of bolt 
head hole 

0. 1.3e-OOS • / Kelvin (II<) 

[] Include mass 

~ 0 

Figure 21-23: One of six bolt connectors in the PIPES assembly model in 02 
short configuration. A no penetration contact condition must be defined between 
the touching faces of the two flanges. To transmit the shear force in the absence 
of friction between the flanges, a Tight Fit must be defined. 

The pre-load definition indicates that each bolt is loaded with 20Nm of torque; 
the coefficient of friction is 0. 2. Strength data is required only if bolt check is to 
be conducted. 
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Defining the Bolt Connector offers several options. In this example, we model 
the bolt with a nut. The bolt is made out of Alloy Steel, has a loose fit, and a 
diameter of 14mm. Automatically calculated diameters of the bolt head and nut 
are accepted. The bolt is preloaded with a torque of 20Nm. Review Advanced 
Options before proceeding. 

There is one set of contacting faces in the model and a contact condition must be 
defined, so you may define No Penetration as a Global Contact, Component 
Contact or a Contact Set. 

Review all six bolt connectors, loads and restraints as shown in Figure 21-24. 

1 OOOON normal force 
applied to the end face 

Fixed restraint 
to the end. face 

No penetration contact 
between the touching faces 
of two flanges. 

Figure 21-24: Load and restraint applied to the PIPES model. 

Exploded view is used; restraints symbols are not shown. 

Apply a mesh control of 4mm to the four rounds present in the assembly and 
mesh the model with the default mesh size. Notice that while the mesh is refined 
along the rounds it is at best marginal everywhere else. Upon solution, review 
the bolt forces which are available by right-clicking on the Results folder and 
selecting Define Pin/Bolt Check Force (Figure 21-25). 
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I • 01 long (-01 long-) 

• ~ Parts 

· i i Connections 

• i i Connectors 
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• ~ · 1$ Define Strain Plot. .. 
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Define Pin/Bolt Check Plot ... 

tgf Results Equations ... 
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Ii! List Connector Force ... 

~ ,Compare Results ... 

Create Body from Deformed Shape ... 

!?.(!, Save All Plots as JPEG Files 
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[ll ,Copy 

Pin/Bolt Check Plot 

x ...... 
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[] Include title text 

[[] Associate plot with name view orientation 

1_·F_ro_n_t ______ ..... _! <7 

Pin/Bolt Check 

F.l O Needs attention (3) 

I 'fi' bo1t 1 l 'fi' bolt 2 
'fi' bolt 6 ' 

8 ~ OK (3) 

- 'fi' bolt 3 

'fi' bolt 4 

'fi' bolt 5 

I Details ... I [ Help ... 
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I 
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Figure 21-25: The pop-up menu activated by right-clicking the Results folder 
(left). The Pin/Bolt Check window (top right) where failed bolts are shown in red 
(bottom right). 

Investigate Details in Pin/Bolt Check window. The window is accompanied by a 
plot locating passed and failed bolts. 
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Review von Mises stress results to notice that the mesh in the area of the stress 
concentration is insufficient (Figure 21-26). Maximum von Mises stress 
magnitude is more than double the yield strength proving that the assembly is 
severely overloaded. 

van Mise s (N/mm" 2 (MP a)) 

537 

492 

,.....___ ~ 448 

. 403 

• 358 

314 

269 
Max: 537 

• 225 

180 

_ 135 

_ 91 

. 46 

_ 2 

_____.~ Yield strength: 248 

Figure 21-26: A review of stress concentrations indicates that the mesh should be 
refined. Only one layer of elements is placed across the thickness of the flange 
and this is another reason why a more refined mesh should be used. Exploded 
view is used: bolt connectors are hidden. 

Stress concentrations that are attracted to nodes and are smaller than the 
element size indicate the need for mesh refinement. Notice that stresses are more 
than twice the yield strength, and if this does not disqualify the design right away, 
it certainly requires the analysis with a non-linear material to investigate the 
extent of the yield zone. 
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Remote load 

Stay with the PIPES assembly model and switch to the 02 short configuration 
and go to Simulation study 02 short. We use this configuration to demonstrate a 
Remote load. When a Remote load is used, it allows us to reduce the model size 
by cutting the pipe and applying a load as if the eliminated portion of the model 
was still present (Figure 21-27). 

-
Remote Loads/Mass Ci) 

x 

Type I Split I 

Type 

0 Force 

~ [_N ______ • ] 

~o ____ _ 

I~ 110000 

0 Reverse direction 

Load magnitude 
and direction 

Rigid _I_ 
connection j 

() Load (Direct transfer) -
~ ) Load/ Mass (Rigid connection) 

(:_-) Displacement (Rigid connection) 

[Jz o ______ • I 

Coordinates of load 
application point in 

global coordinate 
system 

Face<l >@PlPE 01-1 

0 

Reference Coordinate System 
-

~ ) Global 

-C> User defined 

;. II.....___ __ ___ 
Location 

~ [_mm~~~~~~-· ] 

ft O 

vJ:.. 200 

414 

Rigid connectors 

![] Moment v 

-
lcJ Mass v 

Symbol Settings v 

Figure 21-27: The load is applied in the location corresponding to Figure 21-24. 
The point of the load application is rigidly connected to the end face of the pipe 
in the 02 short configuration. 

The load is transferred from the point of application to the face by means of rigid 
connectors. 
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There are two types of Remote Loads: Direct Transfer and Rigid Connection. 
The choice between these two types depends on the stiffness of the 
suppressed/eliminated component as compared to the rest of the model. For 
example, a thin-walled tube would just transfer the load to the face of the link 
and the ref ore the Direct transfer option would have to be specified. A thick 
wall pipe, as in our case, stiff ens the end face of the short flange where it is 
attached, so we specify a Rigid connection. 

Load/Mass (Rigid connection) can also be used to define a remote mass. The 
Displacement (Rigid connection) option is used when displacement boundary 
conditions are specified. 

Remote load also offers a convenient way to apply a moment to a solid element 
model. Using Remote load, a moment load is automatically translated into an 
equivalent force load. 

Apply a fixed restraint to the opposite end of the model in configuration 02 short. 
Apply a mesh control of 3mm to the outside rounds on the loaded pipe only and 
mesh the model with 6mm mesh size (Figure 21-28). 

Von Mises stress results shown in Figure 21-28 are higher than those in Figure 
21-26 because of a more refmed mesh. Compare the maximum von Mises stress 
to the yield strength of material and notice again that the assembly is severely 
overloaded. 
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Figure 21-28: Mesh settings (top) and von Mises stress results (bottom) produced 
by the simplified 02 short configuration model with a load applied remotely. 

Shown are symbols of bolt connectors; mesh is not shown. 
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Edge Weld connector 

Open the assembly TUBE WELDMENT (Figure 21-29). The assembly consists 
of a square hollow tube modeled as a solid, endplates modeled as solids, and a 
hanger modeled as a surface. The hanger is connected to the tube by welds. We 
need to check if the welds are ''strong enough." 

We use an Edge Weld connector to connect the hanger to the tube and calculate 
the weld loads. Edge Welds model connections along a line where the weld 
would be located. Notice that the actual weld is not modeled, and welds are 
represented by lines connecting the surface to the solid. Loads transmitted by 
those lines are calculated and these loads are then used to assess if the specified 
weld is adequate. 

Fixed support 

,,,.. . . 
• 

Weld 
300lbf 

Weld 

Weld 

Weld 

Figure 21-29: TUBE WELDMENT model intended for weld strength analysis. 

The hanger thickness is 0.25 ''} and the weld is a double sided 3/16 '' fillet weld. 
Loads are pointing down and are applied to split faces on the cylindrical 
surfaces of the holes. See Figure 21-30 for load details. 

468 



Engineering Analysis with SOLIDWORKS Simulation 2018 

The load applied to the model is explained in Figure 21-30. 

Force/Torque 

x ...... 

Type I Split I _______ _ 

Force/Torque 

I.!. I Force 

I i1, I Torque 

Gc'J Face <l > @EPLATE-1 

0 

-
( 1 Normal -
(~ Selected direction -

Top Plane ~1 ____ _ 
(~ Per item -

Total 

Units 

~ [ English (IPS) 

Force 

I ~~ 11 0.224808943 ..,... lbf 

I ~'t 11 0.224808943 ..,... lbf 

1 ~JI I soo ..... lbf 

![{] Reverse direction 

Moment 

D Nonuniform Distribution 

v 

v 

Normal to Plane (lbf): 500 

Figure 21-30: Force load applied to the left endplate. 

Force is distributed uniformly over the split face. Alternatively you may apply a 
bearing load. Remember to apply 300lbf force to the other endplate. 

Four Edge Weld connectors have to be defined in the model. Figure 21-31 
shows the steps necessary to define them. 
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Edge Weld Connector 

Type I Split I 
Message 

Weld Type 

~ [ Fillet, Double-Sided 

Face Setl: 

Face<l>@web-1 

Face Set2 : 
• (Cl Face <2>@SQUARE TUBE-1 

Intersecting Edges : 

I Edge<l >@web-1 

Weld Sizing 

-@ American Standard 
-

~...., European Standard 

Electrode 

[ E60 

Weld strength 

139600 -= [_p_si ____ .... ___ ] 

Safety Factor: 

g American National Standard for 
....... Automotive Lifts 

-l. Under The Hook Lifting Devices 

6 

~ Estimated weld size 

0.188 ""' [..._in ____ .... _] 

v 

Figure 21-31 : Edge weld definition. 

Face of shell body 

Estimated weld size (in): 0.188 

Face of solid body 

The definition includes the weld type and size: it is a double sided fillet weld 
0.188 '' in size. It also includes the electrode material type: E60 in this example. 
The above window creates all four weld connectors. 

Mesh the assembly with Curvature based mesh element size 0.125' ' to place two 
elements across the tube wall thickness. Run the analysis and display the Weld 
Check Plot following the steps shown in Figure 21-32. 
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(2) 
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Review 
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~ Results Equations ... 
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~ List Result Force .. . 

---- List Weld Results .. . 

~ ~ompare Results ... 

Create Body from Deformed Shape ... 

~ Save All Plots as JPEG fi les 

(S Save All Plots as ~Drawings 

~ Create New Folder 

~ ~opy 

-

Weld Check Plot 

x 

Property 

I[] Include title text 

r:J As~ocia!e plot with name view 
onentatton 

I~ *F_ro_n_t ______ "' J (1 

Weld Check Plot 

8 Needs attention (1) 
• 
i t Edge Weld Connector-4 

8 OK (3) 
! ! Edge Weld Connector· l 
I 
i Edge Weld Connector-2 
' 
L ·· Edge Weld Connector-3 

Details ... [ Help ... J 

Click to review details 

------· 

This weld ( shown in red) 
needs attention 

(3) 
Review weld that 
needs attention 

Figure 21-32: The Weld Check Plot window indicates that a weld failed the 
check. 

The plot is accompanied by a Weld Check Plot window listing passed and failed 
welds. Also review List Weld Results shown in step (4). 
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Complete the analysis of the TUBE WELDMENT by reviewing List Weld 
Results. Review von Mises stress results and compare them to the yield strength 
of the assembly components. 

Bearing connector 

A bearing connector models support offered by a bearing and allows for angular 
rotation of the supported shaft. In the BEARING SUPPORT assembly model, a 
shaft loaded with a radial force is supported by two bearings (Figure 21-33). 

Radial load 600N 

Fixed restraint to the 
bottom face of the yoke 

Figure 21-33: Shaft supported by two bearings. 

Each bearing support is modeled by a Bearing connector. Notice that bearings 
are not modeled explicitly. The bearing connector connects the shaft to the 
bearing housings. Examine split lines on both ends of the shaft. Load is applied 
to the split face on the rotor, and restraint is applied to the bottom face of the 
yoke. 
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Notice that the yoke supporting the rotor has been created as a sheet metal part. 
By default, Simulation would mesh it with shell elements (Figure 21-34 left). To 
force meshing with solid elements, follow the steps explained in Figure 21-34. 
Mesh using default mesh settings. Notice that mesh would not be adequate for 
stress analysis due to sharp re-entrant edges causing stress singularities as well as 
due to high angular distortions of many elements 

qt Self alignmnet on both sides (-Default -) 

.... ~ Parts 

• ~ SHAFT-1 (-[SWJAISI 1020-) 

• ~ YOKE-1 (-[SW]AISI -
Apply/Edit Material ... 

.... i i Connections 

• ~ Component Conta 

1$ Fixtures 

!! External Loads 

~ Mesh 

[] Result Options 

(2) 
Right-click 

Surface body 
Select 

Treat as Solid 

Apply Favorite Material 

~ Shell Manager 

Edit Definit ion ... 

Create Mesh ... 

Ireat as Solid 

Treat as Beam ... 

Treat as Ee mote Mass ... 

! 0 Exclude from Analysis 

Make Rigid 

Fix 

Mixed shell/solid element mesh 

~ Self alignmnet on both sides (-Default-) 

.... ~ Parts (3) 

• tt!1 SHAFT-1 (-[SWJAISI 1020-) Solid bodies 

• tt!1 YOKE-1 (-[SW]AISI 1020-) 

.... i i Connections 

• c5> Component Contacts 

1$ Fixtures 

!! External Loads 

(!! Mesh 

[] Result Options 

Solid element mesh 

now represent 
rotor and yoke 

Figure 21-34: Converting the shell element mesh to a solid element mesh. 

Open the Parts folder and right-click the yoke part. Select Treat as Solid from 
the pop-up menu. 
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The definition of Bearing connectors is shown in Figure 21-35. 

Connectors 
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Type 
---------

@ ~n_g·~~~~~~~ 
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Left bearing connector definition Right bearing connector definition 

Left bearing 

Right bearing 

Figure 21-35: Definition of Bearing connectors. 

-

-

-

Shaft 

Housing 

Allow self­
alignment 

Stabilize shaft 
rotation not selected 

The ''Stabilize shaft rotation'' option is selected in the left bearing connector. 
Self-alignment is allowed on both sides. 
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The definition of the connectors on the left and right sides differ because we need 
to eliminate the rotation of the shaft about the z axis. This would result in a rigid 
body motion. 

Both bearings are modeled as rigid. Allow self-alignment is selected meaning 
that the deflecting shaft can rotate about the center of the imaginary bearing. 

Deformed shape of the shaft is shown in Figure 21-36. 

Figure 21-36: Deformed shapes of the shaft with supports defined as Bearing 
connectors. 

A user defined scale of deformation 100: 1 is used to show this plot. 
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Cyclic symmetry 

The use of Cyclic symmetry simplifies the analysis of a model with cyclic 
geometry. Generally, a cyclic pattern may be linear or angular but in 
SOLIDWORKS Simulation Cyclic symmetry applies to angular patterns only. 
Cyclic symmetry allows simplifying a model to one repetitive segment. The 
geometry, restraints, and loads must be the same for all segments made in the 
model. This means that the geometry as well as the loads and restraints must be 
characterized by the same angular pattern. Machine components suitable for 
analysis with Cyclic symmetry include turbines, fans, flywheels , motor rotors 
etc. 

Open the BLOWER part which is an idealized representation of a centrifugal 
blower; it has three configurations: 01 full, 02 half, 03 section. 

Next, switch to 03 section configuration and review 1/Sth angular section (Figure 
21-37). 03 section configuration represents I/16th of the model and requires both 
Cyclic symmetry and Symmetry boundary conditions. 

Figure 21-37: Complete model, and I/8th section for analysis with Cyclic 
symmetry (right). 

The 1 /8 section has been created with arbitrary curvilinear cut; any cut that 
defines a section with a cyclic symmetry can be used. 
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Definition of Cyclic symmetry makes Simulation enforce equal displacements 
at corresponding locations on two faces . The faces where Cyclic symmetry is 
enforced do not have to be of any particular shape. The only requirement is that 
the segment is a part of a repetitive geometry; that requirement itself makes the 
faces identical in shape. 

We 'II use 03 section configuration first, this requires Cyclic symmetry and 
Symmetry as shown in Figure 21-38. Next, we'll use 02 half configuration 
requiring Symmetry only. 

The definitions of Cyclic symmetry and Symmetry are explained in Figure 21-
38. 
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I 111 1 Symmetry 

I ~ I Cyclic Symmetry 
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~ Face<l > 

~· 
•• 

0 

Face<2> 
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. ...... .------------. 
Axis of symmetry 

v 

v 

Symbol Settings 6 
---.~---

[ Edit Color ... ] 

tTT 100 ..,. 

!!{] Show preview 

Face 1 
Symmetry 

-

• 
I 

• 

·~ 
Face2 ~ 1·, 

/ \ . 
. ! g 

0 

• 

,.' Axis of sym metr· 

I ~~~~~:-~::mmetry:IJ 

Figure 21-38: Definition of Cyclic Symmetry. Also shown is the face where 
Symmetry boundary condition must be defined. 

The definition of Cyclic symmetry requires a reference axis which is aligned with 
the central hole. 
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Define a Fixed restraint to the central hole; define Centrifugal load 3000RPM. 
Apply Mesh control 0.7mm to fillets and mesh the model with standard mesh 
size 3mm and obtain solution. 

Next, switch to 02 half configuration, define the same supports ( except, of course, 
for Cyclic symmetry), load and mesh parameters. 

Compare the results to see that both configurations provided the same results 
(Figure 21-39). 

von M ises (N/mm" 2 (MP a)) von M ises (N/mm" 2 (M Pa)) 

14.5 14.2 

13.3 13.0 

!------'·- 12 .1 11.8 

. 10.9 10.7 

9.7 • 9.5 

8.5 8.3 

7.3 7.1 

6.0 5.9 

4.8 4.8 

3.6 3.6 

• 2.4 ,.. 2.4 

. 1.2 • 1.2 

0.0 _ 0.0 

Figure 21-39: Von Mises stress results in the full model (left) and in the I/8th 
section of the model (right). 

The differences in results are caused by different discretization and solution 
errors in the above two models. 
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Review closely von Mises stress results and notice that the size of stress 
concentrations at the base of blades is small as compared to the element size 
even though an aggressive mesh refinement is used. Further mesh refinement 
would result in a very large model if we used a complete model but is quite easy 
when working with one angular section. Repeat analysis in 03 section 
configuration using sufficiently small elements in the fillets. 

Finally, solve BLOWER in 01 full configuration. 

Strongly nonlinear problem 

In the introduction, we said that not all Simulation capabilities such as nonlinear 
analysis will be covered. Indeed, nonlinear buckling analysis and large strain 
analysis have not been discussed so far. It is the author's belief that the topics 
presented in the book have provided you with an understanding of finite element 
tools and methods, as well as preparing you to tackle those more complex 
problems. To give you a taste of things to come, we will review two examples 
which present the unexplored capabilities of Simulation, in the analysis of 
strongly nonlinear problems. 

Open the CLAMP assembly and review the material properties of the clamp 
made out of Nylon 6/10 and a tube which has custom material properties of a 
silicon-like material: E = lMPa, £ = 0.45. This model is intended to analyze 
deformation of both components as the clamp moves over the tube from its 
initial to its fmal position (Figure 21-40). 
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Initial position 

Midway position 

-----------

Final position 

Figure 21-40: Clamp moves over the tube as it is pushed from its initial position, 
to its final position. 

Go to study O 1 NL, review the restraints, and notice that the clamp restraint is 
defined as a prescribed displacement to the split face. This is what forces the 
clamp to move over the tube which has a Fixed restraint applied to the split face. 
There are no loads defined in the model. Also review the Contact Set to see 
which faces participate in contact. 
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Solution of the CLAMP assembly model requires large displacements 
formulation. Strong nonlinearities present in this model cause significant 
numerical difficulties if the default solver settings are used. Review Figure 21-41 
to see what solver settings lead to a successful solution. Notice that the material 
of both components is linear. 
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When enabled, the nonlinear simulation will terminate if you switch to another 
SOUDWORKS document or close the active model. 
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Figure 21-41: Strong nonlinearities in CLAMP require custom settings of 
Step/Tolerance options. 

Often, these settings have to be adjusted following an unsuccessful solution. 
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Use the default mesh and solve the model with the options shown in Figure 21-
41; be prepared for a long solution time. 

Figure 21-42 shows strain results for time step 0.41s which corresponds to the 
displacement of the CLAMP of0.41 *50mm = 20.Smm. 

Model name:CLAMP 
Study name:01 Nl(-Default-) 
Plot type: Total Strain Strainl 
Plot step: 17 time : 0.406 719 Seconds 
Deformation scale: 1 

Max: 0.416 

Figure 21-42: Strain results. 

The maximum strain in the rubber tube is 42%. 

ESTRN 

0.416 

0.381 

- - 0.346 

_ 0.312 

_ 0.277 

0.242 

0.208 

0.173 

0.139 

_ 0.104 

_ 0.069 

_ 0.035 

0.000 

Large displacements cause high element distortion as seen in Figure 21-42 and 
Figure 21-43. The default mesh used in this example is sufficient to demonstrate 
the large displacement problem, but a more refined mesh should be used for 
strain and stress analysis. 
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The model with the mesh superimposed on the deformed shape is shown in 
Figure 21-43. 

Figure 21-43: Deformed model in the position where the tube experiences its 
highest deformation. 

Notice the ''bulging out '' of the tube due to a high Poisson's ratio of the tube 
material. 

You may want to repeat the above analysis treating displacements and strain as 
small (see study 02 LIN). Upon solution, review the displacement plot with a 1: 1 
scale of deformation to observe an incorrect solution. 

Review animated displacements in file CLAMP .avi. 

483 



Engineering Analysis with SOLIDWORKS Simulation 2018 

A similar problem is presented in assembly TWEEZERS shown in Figure 21-44. 

I 
Fixed restraint 

I 
Fixed restraint 

Figure 21-44: Rubber piece squeezed in a clamp. 

lOON 

lOON 

Configuration 
OJ barrel 

Configuration 
02 cylinder 

Sharp re-entrant edges near loads and restraints are acceptable because the 
model is not intended for stress analysis of the clamp. 

Notice the initial curvature of the rubber piece in the 01 barrel configuration. 
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Make sure that the model is in 01 barrel configuration and define a Nonlinear 
study called 01 barrel. In the study properties select all geometry nonlinearity 
options: 

Use large displacement formulation 

Update load direction with deflection 

Define all other settings as shown in Figure 21-41 including the use of default 
automatic time stepping. Use a linear load time curve. 

Def me one contact set between the upper portion of the rubber piece and the 
rounds of the upper arm of the clamp. Defme the second contact set between the 
corresponding lower part of the rubber piece and the lower arm. You may review 
the contact definition because the model comes with study O 1 barrel defined. 
Define the load and restraint as shown in Figure 21-44 and mesh the assembly 
with an element size of 4mm with no mesh controls. 

Simulation successfully completes the solution producing a deformed shape as 
shown in Figure 21-45 . 

~ Displacement plot ® 

~ x .... 
Definition Settings 

Fringe Options A 

I Continuous ~1 
Boundary Options A 

[Mesh ~] 
I Edit Color ... 
I 

Deformed Plot Options v 

Figure 21-45: Deformed shape of the model in the 01 barrel configuration. 

Notice that the rubber piece contacts round portions of the clamp. This is why we 
needed contact conditions in this problem. 

This mesh plot is shown with mesh drawn using an edited color. 
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Switch to the 02 cylinder configuration and set up a nonlinear study identical to 
the previous one. Expecting that the rubber cylinder will ''bulge out," define one 
contact set between the upper portion of the rubber piece and the rounds of the 
upper arm of the clamp. Define the second contact set between the corresponding 
lower part of the rubber piece and the lower arm. You may again review contact 
definitions because the model comes with study 02 cylinder defined. 

This time the solution terminates while executing step 11 , producing an error 
message shown in Figure 21-46. 

L cylinder 02 I I 

Simulation 

Solving: Time Step Number:11 

Memory Usage: 768,392K 

Elapsed Time:4m:47s 

I .t' AlvJays show solver status vJhen you run analysis 

[ Pause ] [ Cancel ] [ More>> ] 

~olution failure in a Step> 1, it could be due to: 
The solution may be at a buclding or limit point, i.e., 
displacements grow large under constant forces. If so, 
for force control or contact problems, th is is the end 
of solution (check out the response graphs). 

---

~ 
~ Search SOUDWORKS Knowledge Base for more information 

[ OK 

Figure 21-46: Error message produced in step 11 of the solution. 

The last successfully completed load step is step 10. 

] 

Messages in the lower window have to be acknowledged before the solver stops. 
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The last successfully completed step was step 10, which corresponds to a 
solution time of O. 7 s as can be read in the properties of the displacement plot 
(Figure 21-47). Since the load has a linear time history with a total time of ls, the 
last successfully performed step corresponds to 70% of the applied lOON load. 

~ Displacement plot 

x ..... 

Definition ! ....... S_e_tt_in_gs_l _____ _ 

Display 

~ [-u-RE_S_: -R-es-ult-a-nt-D-is-pl-ac-em- e-nt- ..... -j 

~ [~m_m _____________ ..... j 

Advanced Options v 

Plot Step 

~~ 
~ 0.7 ,A 

sec .... 0 

~ 10 ,;,. 

.... 

0 Deformed shape v 

-

Figure 21-47: Deformed shape under the load 70N. 

Notice severe deformation of the cy linder, especially in the area of contact with 
clamp. Zoom in to investigate the deformed shape of the elements. 

The large strain in the rubber cylinder visible in Figure 21-4 7 led to severe 
deformation of elements and was the reason for solution failure in step 11. 

Sub modeling 

Submodeling is a technique used when working with large models where the 
nature of analysis requires a highly refined mesh of a portion of the model, while 
the rest may be meshed with a coarser mesh. We will demonstrate Submodeling 
using a model named U BEAM. This model consists of three solid bodies. When 
Static study O 1 full model is created, these three solid bodies must be bonded 
using Incompatible mesh; this is the requirement of submodeling. 

The division of the U BEAM into three solid bodies and bonding using 
Incompatible mesh is done to prepare the model for this Submodeling exercise. 
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Define Static study O lfull model and select Incompatible mesh in Global 
Contact options (Figure 21-48). 
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~ Top 

h! Right 

~ 01 full model (-Default-) 

.,. ~ U BEAM 

• ~ SolidBody l (Arm 2) (- [SW 

• ~ SolidBody 2(Arm 1) (- [SW 

• ~ SolidBody 4{Arch) (- [SWJF 

.,. i i Connections 

• ~ Component Conta0 

• 1$ Fixtures 

0 

• !! External Loads 

~ Mesh 
--+-Arch 

[] Result Options 

• ~ Results 

Component Contact 

x .... 

Message 

Contact Type 

l) No Penetration 

~ ) Bonded -
O Allow Penetration -

Components 

0 Global Contact 

U BEAM.SLDPRT 

,--·, 
L" i _ , 

________ _, 
0 

Options 

c _) Compatible mesh 
-

·~ Incompatible mesh 

rJ Non-touching faces 

Arm!/ 

Ann2 / 

0 

Incompatible 
mesh 

Figure 21-48: The model ofU BEAM composed of three solid bodies and Static 
study O 1 .full model. Also shown is Component Contact window specifying 
Incompatible mesh. 

Review the Solid Bodies in the Feature Manager Design Tree to identify their 
locations in the model. 
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The load and restraint are shown in Figure 21-49. 

500lbf 

y 

z Fixed restraint 

Figure 21-49: Load and restraint on U BEAM. 

500lbf load is applied to the face of one plate in the positive Y direction. Fixed 
restraint is applied to the face of the other plate. 
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Run the Static study O 1 full model using a default mesh size. Review von Mises 
stress results as shown in Figure 21-50 and notice that the irregular pattern of 
fringes in the stress plot indicates the need of mesh refinement. Also examine 
the displacement results not shown here. 

van Mises (psi) 

27010 

24760 

22509 

20259 

_ 18008 

15758 

13507 

11257 

9007 

6756 

_ 4506 

_ 2255 

5 

_..., Yield strength: 31994 

Figure 21-50: Von Mises stress results produced by a linear analysis. 

Notice the ''spotty '' stress pattern indicating the need for a more refined mesh. 
The maximum stress location coincides with connection between two bodies. This 
is caused by incompatible mesh. 

The results of the 01 full model study can be treated only as preliminary as they 
indicate the need for a more refined mesh in the curved portion of the tube. 

We could refine the mesh either globally (less efficient) or locally (more 
efficient) but expecting the need for a number of runs, we use Submodeling, 
where Arch solid body is isolated from the model and the results of the study O 1 
full model are used only to provide displacement boundary conditions applied to 
this isolated model of Arch solid body. 

To create a Submodeling study based on the O 1 full model study, follow the 
steps shown in Figure 21-51 . 
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the study name 
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Create 
Sub modeling 

Study 
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click OK 
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~ 01 full model (-C--'_...__J_ .. _..) .... I _ ------------. 
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Rename 
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~ Save All Plots as JPEG Files 

Submodeling Information 

Submodeling Information 

Advantages: 

.,- Sub modeling can help transfer complex global loads from entire 
structure to local regions and obtain accurate stress in a local region. 

~ Enables to experiment with different designs for the region of interest. 

~ Helps in demonstrating the adequacy of mesh refinements. 

Limitations: 

x Parent study must have more than 1 body since there is no advantage in using 
sub modeling study on a single body. 

Sy default all bodies inside the sub modeling study v.ill be treated as solids 
X (meshed as solids). See help for more details on how you can have shells and 

beams inside a sub model study. 

X Parent study can not have •No Penetration• contact condition for all bodies. 

x 

x 

Parent study cannot have all the bodies connected to each other by 
connectors (bolts pins, etc.) 

Not available for 20 study. 

X Not available for Pure beam·beam bonded contact. I 
,....., Don't show again 

OK I 

Define Submode! 

x 

Message 

Submodeling allows you to select one 
or more bodies from a parent study to 
improve results.The selected bodies 
can have No Penetration contact only 
wrthin themselves.Refer to the online 
help for details . 

Submodel 

C( !01 full model 

No. Include 
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20 

Bodies List 
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... ~ Fixtures 
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! A External Loads 

~ Mesh 

[J Result Options 

(6) 
Notice displacement 
boundary conditions 
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parent study 

Figure 21-51: Creating Submodeling study. 

Every Submodeling study is based on a parent study. In this example, Submode/­
] study is based on the 01 full model study. 
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Creating a Submodeling study adds a new derived configuration to the 
SOLIDWORKS model; the study name is created automatically (Figure 21-51). 
You may rename it later. 

The Submodeling study may also be created from the Study window as shown 
in Figure 21-52. 

Study 

x 

Message 

Name 

Submodel-2 

General Simulation v 

Design Insight v 

Advanced Simulation v 

Specialized Simulation 

Submodeling 

~ Drop Test 

~ Pressure Vessel Design 

0 

Define Submodel 

x 

MeS-sage 

Submode! 

C( [ 01 full model 

No. Include 

10 
t-

20 -

Bodies List 

Arm 2 

Arm 1 

Arch 

Figure 21-52: Messages related to the Submodeling study. 

,..,. "'-""'J 

! V I 
i.. .. _J 

~] 

--+--

Having selected Submodeling study from the Study Window, follow steps shown 
in Figure 21-51. 
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In the U BEAM model hide solid bodies Arm 1 and Arm 2. The study Submodel-
1 is now ready for meshing; mesh it with an element size of 0.1'' (Figure 21-53). 

Figure 21-53: Fine mesh of the submodel. 

Using this small element size to mesh the parent model would mean a long 
solution time. 
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Run the Submodeling study where Arch is isolated from the full model and 
subjected to displacement boundary conditions imported from the parent study. 
Von Mises stress results are shown in Figure 21-54. 

Value: 25642 psi 

Artificial stress 
concentration 

Max: 28903 

Value: 24892 psi 

von Mises (psi) 

28903 

26565 

24228 

21890 

19552 

17214 

14877 

12539 

10201 

7864 

_ 5526 

_ 3188 

850 

---. .. Yield strength: 31994 

Figure 21-54: Von Mises stress results of the Submode!-] study. 

Notice an artificial stress concentration caused by displacement boundary 
conditions imported from the parent study. 

You may now study the effect of different mesh sizes on the results without 
having to re-run the full model. This can be done by duplicating the 
Submodeling study. 
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Terminology issues in Finite Element Analysis 

Finite Element Analysis (FEA), or Finite Element Method as mathematicians call 
it, is one of many numerical techniques of solving partial differential equations 
that describe, among others, the structural and thermal problems presented in this 
book. FEA has seen rapid development during the last few decades and it has 
displaced other numerical techniques into niche applications assuming a 
dominant position in the market of engineering analysis tools. Still, FEA is a 
relatively new engineering tool that has evolved from being an exclusive tool for 
highly trained analysts, to the present day where it has become an everyday tool 
of design engineers. Deeply rooted in mathematics and often developed 
independently by competitive commercial firms, FEA shows discrepancies in the 
development of terminology, which has not yet been unified across the industry. 

Users of different FEA programs may use different terminology for similar 
problems or use the same term describing different things. Constraints, restraints, 
supports and fixtures may all mean the same for some people while others will 
understand them differently. Many FEA users will argue that loads and boundary 
conditions are different entities; while others will say that loads are just one type 
of boundary condition because they are applied to the boundary of a model 
(loads external to the model are in fact boundary conditions, volume loads are 
not). Make sure you understand what is meant by each term you use and do not 
be afraid to ask exactly what is meant when an element "locks" or what a 
"nonconforming hexahedral element" is when you hear such a term. Many of 
those terms come from legacy sources and have long lost their relevance in 
modern programs such as SOLIDWORKS Simulation. 

While volumes could and in fact should be written about FEA terminology, here 
we will only review terminology issues that apply to names of analysis types 
used by SOLIDWORKS Simulation. As you know, the following studies are 
available: Static, Frequency, Buckling, Thermal, Drop test, Fatigue, 
Nonlinear, Linear Dynamic and Pressure Vessel Design. Don't take each name 
literally as a short description of the analysis capabilities of each study. Instead 
treat them just as labels; here is why: 

Static 

This can be a linear static analysis or a nonlinear static analysis. However, a 
nonlinear analysis is limited to large displacements and/or contact. In a nonlinear 
analysis conducted under a Static study, the user has no control over the load 
time history which must be linear ("ramping-up" the load at a uniform pace). 
Nonlinear material is not available. 

Frequency 

A common name for this type of analysis is modal analysis as you find in every 
textbook on vibration analysis. Modal analysis finds natural frequencies and the 
associated shapes of vibration. A combination of frequency and shape is called a 
mode of vibration. Modal analysis does not find displacements, strains, or 
stresses. 
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Topology Study 

A Topology study performs nonparametric topology optimization of parts. 
Starting with a maximum design space (which represents the maximum allowed 
size for a component) and considering all applied loads, fixtures, and 
manufacturing constraints, the topology optimization seeks a new material 
layout, within the boundaries of the maximum allowed geometry, by 
redistributing the material. The optimized component satisfies all the required 
mechanical and manufacturing requirements. 

Design Study 

This is used to optimize the model with respect to criteria such as the lowest 
mass, the maximum natural frequency etc. Specified design variables (model 
parameters) are assigned ranges of allowable variation and the optimum solution 
is found that does not violate constraints such as stress. 

Thermal 

A thermal analysis can be executed as a Steady State thermal analysis or a 
Transient Thermal analysis and is utilized to find temperatures, temperature 
gradients, and heat flux. Notice that thermal stresses are not calculated in a 
thermal analysis; they are calculated in a Static or Nonlinear analysis using the 
temperature results from a Thermal analysis. 

Buckling 

This is a linear buckling analysis which finds buckling load factors and the 
associated buckling shapes. The name "Eigenvalue based buckling analysis" is 
sometimes used. Linear buckling analysis does not say how far a structure will 
buckle or if it will survive buckling. To solve these questions, you must use a 
nonlinear buckling analysis which is available in Simulation under Nonlinear 
analysis. 

Fatigue 

A fatigue analysis uses results of a Static analysis to calculate fatigue life under 
periodic loads. 

Nonlinear 

A Nonlinear analysis will do everything that a Static analysis can do and much 
more, but at a higher computational cost. All types of nonlinear behaviors can be 
analyzed including nonlinear buckling and nonlinear materials. Simulation 
features an extensive library of nonlinear materials available in a Nonlinear 
study. Beware of the common misconception that a Nonlinear analysis is used 
only for nonlinear materials. In this book we have presented many examples 
where other types of nonlinear behaviors were present. Additionally, a 
Nonlinear analysis can be executed as static or dynamic. And so it is more 
general than a Linear Dynamic analysis. 
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Linear Dynamic 

This should really be called ''Linear Vibration'' analysis. Remember that FEA is a tool of structural 
analysis and as such, deals with elastic bodies. Any motion of elastic bodies can only take the form 
of vibration about the position of equilibrium. Linear Dynamic (Vibration) analysis is based on the 
Modal Superposition method and this makes it very numerically efficient, but less general than 
Nonlinear Dynamic (Vibration) analysis. Linear Dynamic analysis has four sub-categories in 
Simulation: Modal Time History, Harmonic, Random Vibration Analysis, and Response 
Spectrum Analysis. 

Modal Time History 

Vibration analysis textbooks call this a Time Response analysis (the term Dynamic Time is 
also used). This analysis is intended for problems where the load is an explicit function of 
time. 

Harmonic 

Vibration analysis textbooks call this Frequency response (the terms Steady State Harmonic 
analysis and Dynamic Frequency analysis are also used). This analysis is intended for 
problems where load is a function of frequency which in turn is a function of time. It is 
assumed that frequency changes very slowly (if at all), hence the alternative name: Steady 
State Harmonic analysis. 

Random Vibration Analysis 

Here, loads are given as a Power Spectral Density (PSD) of displacements, velocities or 
accelerations. Results such as RMS and PSD displacements, velocities and accelerations are 
calculated only in probabilistic terms. 

Response Spectrum Analysis 

This analysis is intended for excitation loads of longer duration that are non-stationary, and 
therefore cannot be presented as PSD. Instead, the excitation is presented as a Response 
Spectrum which is useful to analyze events such as earthquakes. 

Sub modeling 

A portion of a model is analyzed separately from the rest. The analyzed portion is subjected to 
boundary conditions imposed by the rest of the model. This approach allows the use of small 
elements which would be impossible if the entire model were analyzed. 

Drop Test 

This is a specialized type of analysis intended for analysis of collision between two bodies. This is a 
dynamic analysis based on the direct integration method, which is stable but very time consuming. 

Pressure Vessel Design 

This analysis offers a convenient way of superimposing results of different Static studies as required 
in the analysis of pressure vessels for compliance with safety codes. Notice that a Pressure Vessel 
Design study can be used to analyze superimposed results of anything, not only pressure vessels. 
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Models in this chapter 

Models come with studies partially or fully defined. 

Model Configuration Study Name Study Type 

OJ bad design OJ bad design Static 
GUSSET.sldasm 

02 good design 02 good design Static 

MESH QUALITY 01.sldprt Default Mesh quality Static 

MESH QUALITY 02.sldprt Default OJ no automatic transition Static 

02 automatic transition Static 

NON UNIFORM LOAD.sldprt Default Non uniform load Static 

HELICOPTER ROTOR.sldprt OJ four blades 

02 one blade no preload Frequency 

pre load Frequency 

INTERFERENCE FIT.sldasm Default Static J Static 

CRANE.sldasm Default Rigid link Static 

STAND.sldasm Default Modal Frequency 

PIPES' sldasm OJ long OJ long Static 

02 short 02 short Static 

TUBE WELDMENT.sldasm Default Welds Static 
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BEARING 
Default Self alignment on both sides Static 

SUPPORT.aldasm 

BLOWER.sldprt 01 full 01 full 

02 half 02 half Static 

03 section 03 section Static 

CLAMP.sldasm Default 01 NL Nonlinear 

02LIN Static 

TWEEZERS.sldasm 01 barrel 01 barrel Nonlinear 

02 cylinder 02 cylinder Nonlinear 

U BEAM.sldprt Default 01 full model Static 

Default - Submode! 1 

This derived Submodel-1 Static 
configuration is created 
automaticall v 
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Notes: 
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22: Practice problems 

In this chapter we present a number of problems that reinforce and expand 
concepts and modeling techniques discussed throughout this book. Detailed 
descriptions of all analysis steps are not given but a general analysis outline and 
objectives are introduced in each case. 

2DPlate 
o 2D Plane Stress analysis 

o Stress singularity 

o Displacement singularity 

o Classification of singularities 

Open 2D BEAM part which models a thin beam. The beam is subjected to 
1 OOOON load along the top edge and supported by two point supports as shown 
in Figure 22-1. Plate thickness is 1 Omm, material is 1060Alloy. 

lOOOON 

I I 
Fixed restraint Fixed restraint 

Figure 22-1: Loads and restraints in 2D BEAM model. 

The fixed restraints eliminate two degrees of freedom and effectively define hinge 
supports. The load is evenly distributed along the red edge. 
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We will use this model to demonstrate displacement and stress singularities 
caused by point supports. Create a Static study O 1 2D using Plane Stress 
simplification, define a model thickness of 1 Omm and apply loads and restraints 
as shown in Figure 22-1. Solve the problem using a default mesh. Next, copy 
study 01 2D into 02 2D and define a Mesh Control of 0.3mm to both points 
where the restraints are defined; obtain the solution. Copy study 02 2D into 03 
2D and define a Mesh Control of 0.05mm; obtain the solution. 

Displacement and stress results of the studies are summarized in Figure 22-2. 

Mesh control Max. displacement 
Max. von Mises 
stress 

Ol 2D none 0.032mm 198MPa 

02 2D 0.3mm 0.045mm 2851MPa 

03 2D 0.05mm 0.053mm 17023MPa 

Figure 22-2: Summary of the maximum displacement and the maximum stress 
results. 

You may use different settings of mesh controls. 

The results demonstrate stress divergence caused by stress singularities at the 
point supports. This result should not come as a surprise. What may be less 
obvious is that displacements are also divergent; with mesh refinement they tend 
to infinity albeit much slower than stresses. The rate of stress divergence is 
exponential while the rate of displacement divergence is logarithmic. 

To demonstrate this slow rate of divergence of displacement we have to use very 
small elements, and this is easily done using a 2D model. 
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Observe the pattern of displacement and notice that point supports ''cut into'' the 
model (Figure 22-3). Indeed, a restraint defined on an entity with zero area 
cannot provide a support and the only reason why the model doesn ' t ''sink 
through'' the supports is the discretization error. 

Undeformed 
shape 

Figure 22-3: Deformed model supported by two points. 

Locations of point supports are indicated by blue circles. 

We may expand the definition of singularity originally introduced in Chapter 3. 

Singularity Type 1: Infinite stress, finite energy 

Examples: sharp re-entrant edge, point load, line load, connection between 
materials with different elastic properties 

Singularity Type 2: Infinite stress, infinite energy 

Examples: point support, line support 
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Idler pulley 

Aluminum 
pulley 

Steel 
pulley 

o Symmetry boundary conditions in solid element model 

o Symmetry boundary conditions in shell element model 

o Analysis of reaction forces 

o Shell element mesh alignment 

o Limitations of shell elements 

Review two models: ALUMINUM PULLEY and STEEL PULLEY shown in 
Figure 22-4. The aluminum pulley is manufactured by die casting, and the steel 
p·ulley is stamped. 

Upper face 

Lower face 

Upper five edges 

I 

Lower five edges 

Figure 22-4: ALUMINUM PULLEY (top) and STEEL PULLEY (bottom) 
models. 

Both models have two configurations: 01 full and 02 half. The thickness of the 
steel pulley is 1. 5 mm. 
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Symmetry boundary conditions will be applied to two faces of the ALUMINUM 
PULLEY and to the total of ten edges of the STEEL PULLEY. 

Both pulleys are idler pulleys in a car serpentine belt drive; they do not transmit 
any moment, they serve only to change belt direction. For this reason the pulleys 
are loaded only with a uniformly distributed pressure which we apply to the split 
faces created for this specific reason. The size of split faces corresponds to a 90° 
belt wrap angle. The outside diameter of both pulleys is the same: 140mm. 

The pressure load and support are shown in Figure 22-5. 

Uniformly distributed 
pressure to split face 

Fixed restraint to the 
face of hole 

Figure 22-5: Pressure load and restraint applied to the die cast aluminum pulley: 
by using a fixed restraint we assume the pulley is supported by a solid shaft. 

The aluminum pulley is shown here; loads and restraints on the steel pulley are 
the same as those applied to the aluminum pulley. 

We don't know the magnitude of pressure; what we know is that it causes a 
lOOON reaction in the bearing. We'll apply a unit pressure of lMPa, measure the 
reaction and scale the pressure accordingly. Open ALUMINUM PULLEY, 
switch to 02 half configuration, create a Static study Static 1 and apply 
Symmetry Boundary Conditions as shown in Figure 22-6. 
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Figure 22-6: Four different ways of defining Symmetry Boundary Conditions for 
ALUMINUM PULLEY. 

Any of the above four methods of defining the Symmetry Boundary Conditions 
may be used for ALUMINUM PULLEY They all have the effect of restraining 
displacements of two faces in the plane of symmetry in the direction normal to 
those faces . 
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Apply a Fixed restraint to the hole and run the solution using a default mesh. 
Review reaction forces on the face where Fixed restraints have been defined. 

Result Force 

Options 
-
~ Reaction force 

Remote load interface force 

t.:."""" Free body force 

ContaetjFnct1on force 

e) Connector force 

Selection 

[ Update J 

Reaction force (N) 

Component Selection I Entire Model 

Sum X: -0.0042905 -0.0042905 

Sum Y: 1979.9 2016.6 

Sum Z: 76.485 -820.08 -
Resultant: 1981.4 2176.9 

Reaction Moment (N.m} 

Display Options 

Report Options 

FX: ·0.00429 N 

FY: l.98e+003 N 

FZ: 76.5 N 

FRes: l .98e+003 N 

v 
y 

v 

Figure 22-7: Review of reaction forces on the face where pulley is supported by a 
rigid shaft. Reaction force in Y direction is 1980N. 

Confirm that all moment reactions are zero; this is because solid elements don't 
have rotational degrees of freedom . 

The resultant force in Y direction is 1 OOON but results should report SOON 
because we are working with half of the model. Therefore, we need to scale the 
applied pressure by 500/1980 = 0.2525 meaning that the applied pressure should 
be 0.25MPa if rounded off to two decimal places. 
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Before we re-run the analysis with the adjusted pressure, let's have a look at the 
default mesh used for analysis. A quick review of the mesh shown in Figure 22-8 
(left) reveals high angular distortions in all four fillets where the turn angle is 90°. 
There are many ways to correct this; here we'll use Curvature based mesh with 
parameters shown in Figure 22-8 (right). 

Mesh 

Mesh Density 

• ----------lo 
Coarse 

Reset j 

~ Mesh Parameters 

@ Standard mesh 

(" Curvature-based mesh 

~ 1 Blended curvature·based mesh 

[] [mm 

~ S.81635012mm 

.,'\. 0.290817Slmm 

.... 

... .... . 

Fine 

0 

I [l Automatic transition 

Mesh 

Mesh Density 

• 
Coarse 

[ Reset 

0 MMh Parameters 

O Standard mesh 
,= 
~ Curvature-based mesh 

_ Blended curvature·based mesh 

(I [mm 

~ 2.00mm 

.,,A.,. 0.66666mm 

(!) 16 

••• -

0 
Fine 

Figure 22-8: Original (default) mesh with high element distortion in all four 
fillets (top) and the Curvature based mesh (bottom). 

The default mesh has elements with 90° turn angle situated along all four fillets . 
To improve the mesh, use Curvature based mesh with 2mm element size and 16 
elements in the circle as shown in the mesh window. 
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Adjust the pressure to 0.25MPa and obtain the solution with the new mesh. 
Animate the displacement plot and verify that both faces where symmetry 
boundary conditions have been applied remain flat while they deform (Figure 22-
9). 

Both faces in the plane of 
symmetry remain flat 
while model deforms 

Figure 22-9: Animate this displacement plot to see that both faces in the plane of 
symmetry remain flat. 

The flatness is the result of symmetry boundary conditions applied to these two 
faces. 
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Next, review the von Mises stress results shown in Figure 22-10. 

van Mises (N/mm"2 (M Pa)) 

1.3 

1.2 

- - 1.1 

• 1.0 

. 0.8 

0.7 

0.6 

_ 0.5 

. 0.4 

. 0.3 

. 0.2 

• 0.1 

- 0.0 

__. Yield strength: 27.6 

Figure 22-10: Von Mises stress results with mesh superimposed on the fringe 
plot. 

Location of stress concentration is on the side where pressure is applied. 

When reviewing stress results we always want to see fringe patterns that are not 
affected by the mesh, have no unjustified discontinuities, are not attracted to 
nodes, etc. Upon inspection of the stress plot in Figure 22-10 we find some 
minor irregularities of fringes in the area of stress concentration. This indicates 
the need for further mesh refinement which you may execute by mesh controls 
and/ or by using h adaptive solution. 

Now, repeat the above analysis using STEEL PULLEY. There is no need for a 
review of reaction forces; we'll apply the same 0.25MPa pressure. The only 
difference is the definition of symmetry boundary conditions. Make sure the 
model is in 02 half configuration and define symmetry boundary conditions as 
shown in Figure 22-11. 
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(i:l I Edge<7> 
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Rotation 
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Translations - Normal to Plane (mm): O 

Rotation - Along Plane Dir 1 Q: O 

Rotation - Along Plane Dir 2 Q: 0 

I 
~ I ,' ~.,. r 

/I 
/ / 

/ 

y 
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-
Figure 22-11: Symmetry Boundary Conditions for STEEL PULLEY. 

Using Reference Geometry is the only method to define symmetry boundary 
conditions in the absence of a flat face. Restraints symbols are not shown. 

Restraining translational degrees of freedom is not different from the definition 
of symmetry boundary conditions in ALUMINUM PULLEY_ The difference is 
in rotational degrees of freedom which were irrelevant in ALUMINUM 
PULLEY; remember that solid elements don't have rotational degrees of 
freedom. STEEL PULLEY will be meshed with shell elements; this is why the 
definition of symmetry boundary conditions must include rotation: both in-plane 
directions must be suppressed or else symmetry would be destroyed. 
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Define a shell thickness of 1.5mm with an offset from the top surface as shown 
in Figure 22-12. 

Type 

Shell Definition ® 

x 

-(~) Thin -
(f Thick -

Composite 

1.SOmm ""' [mm 

rJ Flip shell top and bottom 

(~) Full preview 

< No preview 

Preview shows shell thickness and offset. 

= Top face of shell 

= Bottom face of shell 

0.5 

The offset value is defined as a fraction 
of the total thickness measured from the 
midsurface to the reference surface. 

0 

Figure 22-12: Shell element thickness and direction of offset definition for 
STEEL PULLEY. 

Review the orientation of shell elements we are about to create; the top of shell 
elements is on the outside and is coincident with the surface. The surface itself is 
hidden in this illustration. 

Mesh the model with an element size of Imm; this will be a very fine mesh 
which is required to model stress concentrations on the surface curvature. The 
solution time won't be long because shell elements and, consequently, the 
number of DOF in the model is not large. 
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We are interested in the maximum tensile stress and the maximum compressive 
stress in the model. To see the maximum tensile stress, construct a plot of P 1 
stress on the Top of shell elements; this is where the maximum tension is found 
(Figure 22-13). To confirm this, review an animated stress or displacement and 
observe the pattern of deformation. 

Location of the 
maximum tensile stress Pl (N/mm" 2 (MP a)) 

r!j Stress plot (1) 

x ...... 

Definition I Chart Options j Settings I 
Display A 

~ I Pl: 1st Principal Stress · ] 
I] I N/mm" 2 (MPa) · I 
~ lrop · I 
Advanced Options v 

[[] Deformed shape v 

Figure 22-13: Plot of Pl stress on the Top of shell which is the outside of the 
model. The maximum tensile stress is 168.2MPa. 

The maximum tensile stress is 168.2MPa. 
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To see the maximum compressive stress, construct a plot of P3 stress on the 
Bottom of shell elements (Figure 22-14). Notice that the maximum compressive 
stress is the numerically lowest of three principal stresses. 

P3 (N/mm" 2 (MP a)) 

_ 0.3 

~ Stress plot 
_ -16.2 

_ -32.6 

Definit ion I Chart Options I Settings I -49.1 

-65.6 

Display A 

-82.0 
~ j P3: 3rd Principal Stress · I 

-98.5 
(] [N/ mm .... 2 (MPa) · I 
~ [ Bottom · I -115.0 

-- -131.4 
Advanced Options I v i 

• I L-., 

-147.9 
I[] Deformed shape v 

- -164.4 

-180.8 

-197.3 

Figure 22-14: Plot of P3 stress on the Bottom of shells which is the inside of the 
model. 

The maximum compressive stress is -197.3MPa. 

Compare plots in Figure 22-13 and Figure 22-14 and notice that the maximum 
tensile stress and the maximum compressive stress are found in the same 
geometric location; the only difference is definition of location: Top or Bottom 
of shell element. 

Pl and P3 stresses are vectors; you may want to review the above stress plots 
using vector display. 
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Figure 22-15 shows von Mises stress plots on the Top ( outside of the model) and 
on the Bottom (inside of the model). 

von Mises (N/ mm"2 (MPa)) 

Value: 144 N/ mm" 2 (MP a) 

Von Mises stress on Top 
of shell elements 

146 

133 

121 

. 109 

r- 97 

85 

73 

61 

... 49 

36 

• 24 

12 

0 

von M ises (N/mm"2 (MPa)) 

Value: 171 N/ mm" 2 (MPa) 

Von Mises stress on 
Bottom of shell elements 

173 

159 

144 

. 130 

116 

101 

87 

72 

. 58 

43 

_ 29 

• 14 

_o 

Figure 22-15 : Von Mises stress on the outside (Top) and on the inside (Bottom) 
of shell elements. 

Notice that the shell element model is ''transparent ''; stresses on the inside face 
(Bottom) can be seen even though we are looking at the outside (Top) face. 

Difference in von Mises stresses on the outside and on the inside can be shown 
on one plot if Render shell thickness in 30 is selected in Advanced Options or 
if solid elements are used. 

The use of solid elements to model stamped steel pulley geometry will be 
demonstrated using STEEL PULLEY SOLID model which has been designed to 
complement the STEEL PULLEY exercise. 
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Open STEEL PULLEY SOLID part, switch to 02 half configuration and notice 
that this model consists of two bodies as shown in Figure 22-16. 

Division into two bodies was implemented to facilitate the use of mesh control 
applied to a body; Body 1 will be meshed with smaller elements than Body 2. 

Pressure O .25MPa 

Body 2 

Body 1 

Fixed 
Symmetry BC 

Symmetry BC 

Figure 22-16: STEEL PULLEY SOLID model consists of two bodies to facilitate 
meshing with small elements. 

Body 1 and Body 2 are touching. 

To have Body 1 and Body 2 connected, leave Global Contact as Bonded, but 
use Incompatible Mesh in Global Contact options. This is done to eliminate 
the transition zone between fine mesh (Body 1) and coarse mesh (Body 2), to 
reduce the number of degrees of freedom in the model. 
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Apply the pressure load, symmetry BC and restraint as shown in Figure 22-16. 

Apply a Mesh Control of 0.35mm to Body 2 and mesh the model with an 
element size of 2.00mm (Figure 22-17). 

Mesh Control <v I Mesh 

~ x ~ x 

Selected Entities Mesh Density 

(Cl Body 1 • 
Coarse 

[E] Use per part size [ Reset 

[ Create Mesh j 0 Mesh Parameters 
-
~ Standard mesh 

Mesh Density 
Curvature-based mesh -

I 
Fine 

• 0 r- Blended curvature-based mesh 

Coarse Fine 
Element Size (mm): 0.35 (I [mm 

[ Reset l Ratio: 1.5 J 
A 2.00r,m • ... 

Mesh Parameters " • 
(] [ mm · I 

'" ,.. O.lOmr, 

,6,, 
0.35MM 

.... - • ... [E]Automatic transition 

,{, 1.5 • ... 

Mesh Control applied to Body 1 
Element size: 0.35mm 

Global Mesh 
Element size: 2mm 

Figure 22-17: Mesh settings in STEEL PULLEY SOLID model. 

Examine the transition of element size between bodies; a rapid transition is 
enabled by Incompatible Mesh selected in Global Contact definition. 

Obtain the solution and read the solver message to see that despite our efforts to 
reduce the model size (mesh control to Body 1 and no mesh transition between 
Body 1 and Body 2), the problem still has over 4 million DOF. 
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We now compare results of STEEL PULLEY and STEEL PULLEY SOLID 
using von Mises stress results (Figure 22-18). 

von Mises (N/ mmA 2 (MP a)) 

Value: 173 N/mm/\ 2 (MP a) 

? 
j 

j 
j 
f 

173 

158 

144 

130 

115 

101 

86 

72 

58 

43 

29 

14 

0 

- • Yield strength: 283 

I 

G 
Value: 134 N/ mmA2 (MPa) 

Compare this result to that on 
the Top of shell element model 

Figure 22-18: Von Mises stress results in STEEL PULLEY SOLID model. 

Body 2 is hidden. 

Results shown in Figure 22-18 may be compared to those in Figure 22-15. 
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o Nonlinear geometry analysis 

o Bending stress 

o Membrane stress 

o Shell element orientation 

We'll use PLANK model which originates from ''Vibration Analysis with 
SOLIDWORKS Simulation'' where it is used in a non-linear vibration problem. 
Here we use it to study different ways of reporting stress results provided by 
shell elements. Loads and restraints are shown in Figure 22-19. 

lMPa 

Figure 22-19: PLANK model shown in 02 shell configuration. 

Hinge supports can 't move in the horizontal direction. 

The PLANK problem is simila.r to LINK02 from Chapter 14. When loaded and 
restrained as shown in Figure 22-19, this problem requires a non-linear geometry 
analysis. This is because, in addition to Bending stress, it develops Membrane 
stress. 

Make sure the model is in 02 shell configuration and create a Static study O 1 
static NL with the Large displacements option selected. Defme a pressure of 
lMPa to the top face. 

Define supports to both ends as shown in Figure 22-20. 
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Fixture 

x ...... 

Example 

Standard 

Advanced(Use Reference Geometry} 

I [Ji Symmetl) 

~ Cychc S}mmetry 

I 
v 

v 

I j (i) I Use Reference Geometry 

I (t:I On Flat Faces 

Probe stress 
results here 

Additionally, define an 
Immovable restraint to 

any of four comers 

I On Cylindrical Faces 

I 

O On Spherical Faces 

Edge<l > 

Edge<2> 

I Top 

Translations 

(I Imm 

0 

j ~~ j O • mm 

[] Reverse direction 

I ~'t ' _o ____ ......... ! mm 

~ o • mm 

Reverse direction 

Rotation 

~ 0 • rad 

~t 0 • rad 

, 
r ~)' 0 • rad 

I 
y 

z 

Figure 22-20: Restraints of PLANK model. 

0 

Use Reference Geometry: 

Translations - Along Plane Dir 1 (mm): O 

Translations - Normal to Plane (mm): IO 

Both ends are restrained in X and Y directions as shown above. In addition to 
this, Rigid Body Movement in the Z direction must be eliminated. This can be 
easily accomplished with an Immovable restraint applied to any of the four 
corners. Rotations are not restrained. 

A similar restraint could be defined using Immovable restraints to both ends but 
that would prevent the edges from shrinking due to the Poisson's effect. 
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Use the Shell Definition to define a shell element thickness of 1 '' and Flip shell 
top and bottom to have the top of shell elements on the top face where pressure 
is applied (Figure 22-21 ). 

Shell Definition 

I Thick 

I Composite 

@ 1.00in "' ..... [ in ____ •_,] 

2) Flip shell top and bottom 

~ · Full preview 

~ • No preview 

Preview shows shell thickness and offset. 

= Top face of shell 

= Bottom face of shell 

The offset value 1s defined as a fraction of 
the total thickness measured from the 
m1dsurf ace to the reference surf ace. 

Top: green 
0 I 

Bottom: orange 

Figure 22-21: Shell element thickness definition and reversal of the shell element 
normal vector. 

The preview offered by the Shell Definition window shows the top face as green 
and bottom face as orange. When meshed, tops of elements are shown in CAD 
model color (here gray) and bottoms of elements are shown, by default, as 
orange. This color may be changed in Simulation Options. 

The colors of mesh should not be confused with the colors used in this 
illustration to indicate Top (Green) and Bottom (Orange). 

Copy study 01 static NL into 02 static LIN and deselect Large displacement; the 
problem becomes linear. Membrane stresses won't develop as if the two hinges 
could move closed to each other. Obtain solutions of both studies. Comparison of 
displacement results of both studies (Figure 22-22) shows the importance of 
Membrane stresses which have a very strong stiffening effect. 
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18.0 
URES (mm) 

16.5 

15.0 

_ 13.5 

~ 12.0 

1- 10.5 

9.0 Nonlinear solution 
~ 7.5 Max. displacement: 18.0mm 

.. 6.0 

_ 4.5 

_ 3.0 

_ 1.5 

0.0 

45.5 
URES (mm) 

41.7 

37.9 

_ 34.1 

... 30.3 

1- 26.5 
Linear solution 

22.7 Max. displacement: 45.Smm 
18.9 

_ 15.2 

,.. 11.4 

_ 7.6 

- 3.8 

0.0 

Figure 22-22: Resultant displacement results from nonlinear study (top) and 
linear study (bottom). 

Neglecting nonlinear effects (membrane stresses) produces 250% error in the 
resultant displacements. 

Having confirmed the importance of Membrane stress in the PLANK problem, 
we now return to the main topic of this exercise: analysis of bending and 
membrane stresses. 
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Engineering Analysis with SOLIDWORKS Simulation 2018 

Stay with the OJ Static NL study and create four SX stress plots: Top, Bottom, 
Membrane and Bending. Probe stress values anywhere along the mid-line 
shown in Figure 22-20. All results are summarized in Figure 22-23 

sx (N/mm" 2 (MP a)) 187.9 

149.2 tfl Str~ss plot 

110.S 
..,/ x .... 

71.7 Def,n1t1on I Chan Options! Settings j 

33.0 Display ,., 

·5.7 Cl ~ X: x Normal Stress ·] 
·44,4 II (;mm" 2 tMPa) ~ 
·83.2 

~ l sonom · ] 

·121.9 

·160.6 Value: 

·199.3 

Top ·238.1 Bottom 
-275.SMPa ·276.8 616.7MPa 

5X (N/mm"2 (MPa)) 181.0 I 5X (1'1Jmm"2 (MPa)) 
(fl Strns plot (?) 

176.6 
~ x .... 

172,1 

Definition} Chart Options I Sett ngs J 
167.7 

163.3 Display ,., 

158,9 
Cl ( SX: x Normal StrEss .. J 

(NJmm"2 (MPa) · ] II 
154.S 

~ I Bending · I 
150.0 

145.6 

141.2 

Membrane 136.8 Bending 
170.6MPa 

. 132.4 

-446.lMPa 
128.0 

Figure 22-23 : SX stress in the mid-span. 

Stress on Top is compressive, stress on Bottom is tensile. 

The following equations relate Membrane and Bending stress to Top and 
Bottom stresses: 

SXmembrane = (SXtop + SXbottom)/2 = ( -275.5 + 616.7 )/2 = 170.6 

SXbending = (SXtop - SXbottom)/2 = ( -275.5 - 616.7)/2 = -446.1 

The sign of Bending stress depends on the orientation of shell elements. Try 
flipping shell elements and re-run analysis to see that Bending stress will be 
+446.1. 

523 

616,7 

575.4 

534,1 

. 492.9 

451.6 

410.3 

369.l 

327.8 

286.5 

245.2 

204.0 

162.7 

121.4 

6.9 

·30.8 

· 68.& 

, ·106.4 

·144.l 

· 181.9 

·219.6 

·257.4 

·295.2 

·332.9 

·370.7 

·408.5 

· 446,2 



Engineering Analysis with SOLIDWORKS Simulation 2018 

SX stress is linearly distributed across the shell element thickness; this is a part 
of shell element design. Stresses in any cross section can be separated into 
Bending and Membrane as sometimes required by certain design codes, in 
particular in the field of pressure vessel design. This separation is shown in 
Figure 22-24 using SX stress results from Figure 22-23. 

SXtop= -275.SMPa 

-- + 

SXbottom = -616. 7MPa SXmembrane = 170.6MPa SXbencting= ± 446. lMPa 

Figure 22-24: Separation of SX stress in the mid-span of the PLANK into 
Membrane and Bending components. 

Sign of bending stress depends on the orientation of shell elements. 

To complete this exercise go to study 02 static LIN and look at plot of SXmembrane 
to confrrm that membrane stress does not exist in linear solution. 
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Torsion bar 

0 

o Cyclic symmetry boundary conditions 

o Following displacement boundary conditions 

o Defeaturing 

o Limitations of linear analysis 

Open part TORSION BAR and review three configurations: 01 full, 02 full, 03 
half. The first two configurations are shown in Figure 22-25. 

Fixed restraint 

to end face 

3500N 

0 

OJ full 02full 

Figure 22-25: Model TORSION BAR in two configurations. 

Configuration 02 full shows a couple of forces that apply pure torque to the 
torsion bar. Also shown is a restraint applied to the end face. Features deemed 
unimportant for analysis have been suppressed. 

The difference between two configurations shown in Figure 22-25 is that 02 full 
has small features suppressed. Those small features include the manufacturer's 
name, and external rounds; these features have no structural importance and 
would unnecessarily complicate the PEA model. Remember that defeaturing 
must be done very carefully so that structurally important features are not 
removed from the model. 

We start this exercise in the 02 full configuration. Create a Static study full LIN 
and apply restraints as shown in Figure 22-25 and loads as shown in Figure 22-
26. 

525 

3500N 



Engineering Analysis with SOLIDWORKS Simulation 2018 

Forcell orque 

x .... 

Type (iPaj__._t ------

Force/Torque 

I.!. I Force 

I i, I Torque 
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I .!. J Force 

i, I Torque 

Face<l > 

0 

Q i Normal 
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O Reverse direction 

-~ Per item 

Tota, 

0 

Figure 22-26: Load applied to left hole's top face and load applied to right hole's 
bottom face. 

Load is applied as Normal. Model is shown in the front view. Hole edge where 
load is applied is highlighted in blue. 

Holes are square for convenience of defining normal forces. This will simplify 
definition of a following load in the next study. Squa.re holes have sharp re­
entrant edges causing stress singularities. However, we are not interested in 
stresses around the hole but in the effect of torque load on the torsion bar; 
the ref ore, we accept the lack of rounds as an acceptable modeling simplification. 
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Define mesh controls as shown in Figure 22-27. 

Mesh Control (i) 

Selected Entities 
• ··­• 
\ 

Face <l > 

0 

[ ,, Use per part size 

[ Create Mesh ) 

• • 
'· • • . . 

• • 

\\ 
• • • 
'· • • • 
\ 
\ ', • • • • • • • • 

\ 
\ 

•• • 
\ 
• 
• • • • • . 

• • • • • 
Mesh Density 

\ 
\ • •, 
• 

• 
'• 
\ 

" 0 
Coarse Fine 

[ Reset ) 

• • • • • • • • •. 
\ ', • •, 

\ 
\ 

• • • • . 
• • • • 

•• 
\ 

'• • • • • • • • • • • • • • • 

Element Size (mm): 1 -Ratio: 1.5 

Mesh Parameters 

iJ [...._m_n1 _____ ___, 

~ 
• • 1 .QQQmr, 

1.5 
I 

Figure 22-27: Mesh control applied to the fillet. 

Also shown are forces applied to both holes. 

Mesh the model with a 5mm element size and obtain the solution. 

Next, create a Nonlinear study full NL with Use large displacement 
formulation and Update load direction with deflection options checked; use 
defaults for everything else and solve the nonlinear study. Notice that square 
holes rather than round holes make it easier to define the following load. 

Prepare plots of resultant displacements from both studies:full LIN and full NL; 
show the undeformed shape superimposed on the deformed shape using a 1: 1 
scale of deformation. Both plots are shown in Figure 22-28. 
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47.4 
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,.___ _ 39.S 
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7.9 

_ 3.9 

Linear solution _ 0.0 

46.S 
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34.9 

31.0 

27.1 

23.2 

19.4 

15.S 

• 11.6 

• 7.7 

• 3.9 

- 0.0 

Nonlinear solution with following load 

Figure 22-28: Plots of resultant displacements in 1: 1 scale of deformation with 
superimposed undeformed shape: linear solution (top) and nonlinear solution 
(bottom). 

In a linear solution, centers of holes trace straight lines while model deformation 
is animated. In a nonlinear solution, centers of holes trace an arc. 

As plots in Figure 22-28 indicate, the linear solution provides incorrect results. 
The lug appears to be growing in size and points trace straight lines when the 
displacement plot is animated. Displacements are large and linear analysis can't 
be used. A similar problem has been presented using NL002 model in Chapter 14. 
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We' ll now use the TORSION BAR model in 03 half configuration to 
demonstrate how this torsion problem may be solved taking advantage of the 
model ' s Cyclic Symmetry (Figure 22-29). 

I 
• 

• 

I - ·-·- · ·-·-·- · ·-·-· I I 

~ 
• 

• 

• 

I 
• 

Figure 22-29: Cyclic Symmetry of the TORSION BAR problem; when the left 
half of the model (yellow) is rotated by 180° about the axis of symmetry, it 
assumes position of the right half (green). This applies not only to geometry but 
also to load and restraint. 

Model is shown in the back view with center lines added. 

The symmetry shown in Figure 22-29 is a special case of Cyclic Symmetry; it 
may be called circular symmetry with the multiplier of 2. 

Switch to 03 half configuration and create a Nonlinear study half NL; select Use 
large displacement formulation and Update load direction with deflection in 
the study properties. 

Define the restraint and load, this time to one side only. 
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Define Cyclic Symmetry boundary conditions as shown in Figure 22-30. 

Fixture 

Type l Split I 
Example 

Standard 

Advanced(Cyclic Symmetry) 

rm Symmetry 

~ Cyclic Symmetry 

(() Use Reference Geometry 

(f:J On Flat Faces 

v 

v 

C clic S mmet 

0 

11 On Cylindrical Faces 

• 

I 

O I On Spherical Faces Face <1> 

~ Face<l > 
Face <2> 

0 

Face<2> 
D 

0 
/ 

.. ;·· I axis of symmetl) axis of S}'mmet')' 

Figure 22-30: Definition of Cyclic Symmetry boundary conditions. 

The definition is facilitated by a split line that creates Face 1 and Face 2. Notice 
Face < 1 > and Face <2> in the Fixture definition window and in the model view. 

Define a mesh control of Imm to the fillet and mesh the model with an element 
size of 5mm. 
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Obtain the solution and review displacements and stress results. A comparison 
between displacement results of the full model and half model with Cyclic 
Symmetry boundary condition is shown Figure 22-31. 

Full model 
Nonlinear solution 

URES (mm) 

46.4 

42.6 

,__ _ 38.7 
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0.0 
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_ 23.2 

- 19.4 

15.5 

- 11.6 

. 7.7 

. 3.9 
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Half model 
Nonlinear solution with Cyclic Symmetry 
Boundarv Conditions 

Figure 22-31: Resultant displacements of full model and half model with Cyclic 
Symmetry Boundary Conditions. 

Both plots are overlaid on the undeformed shape. 
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A comparison of von Mises stress results in the full model and half model with 
Cyclic Symmetry boundary conditions is shown in Figure 22-32. 

von Mises (N/mm"2 (MPa)) von Mises (N/mm"2 (MPa)) 

598.4 607.7 

,__ _ 498.9 • 506.5 

. 449.1 . 455.9 

399.3 . 405.3 

349.5 354.7 

299.7 ·"' 304.1 

250.0 - 253.5 

200.2 • 202.9 

/ l . <t> 150.4 • 152.3 
- ·-- ) J 

. 100.6 _ / . 101.7 

. 50.8 - 51.1 

_ 1.1 0.5 

Full model Half model 
Nonlinear solution Nonlinear solution with Cyclic­

Symmetry Boundary Conditions 

Figure 22-32: Von Mises stress results in the full model and half model. 

Minor differences in stress results are caused by different discretization errors. 
Plots have been clipped (only a portion of the round bar is shown) to fit better on 
this page. 

Cyclic Symmetry boundary conditions impose the same displacements in 
corresponding locations of the two faces shown in Figure 22-30; they may be 
classified as following displacement boundary conditions because the definition 
of a Cyclic Symmetry boundary condition remains valid as faces deform. 
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To complete this exercise, copy study half NL into half NL 360 which will be 
identical except for the load magnitude; make the load magnitude equal to 
36000N. This load magnitude will produce a full circle rotation which is an 
interesting result to review (Figure 22-33), even though stresses will be 
unrealistically high. 
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31.1 

28.5 

- - 25.9 

• 23.3 

20.7 

18.1 

15.5 

13.0 

10.4 
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. 5.2 

_ 2.6 

_ 0.0 

Figure 22-33: Resultant displacements of the model in 03 ha([configuration with 
Cyclic Symmetry boundary conditions and under a load magnitude that produces 
360° rotation of the lug. 

The magnitude of displacements is reported as the length of a straight line 
connecting the undeformed and deformed portions of corresponding points. It 
does not follow an arc that a given point traces as deformation progresses. 

Even though the deformation shown in Figure 22-33 would never happen for a 
steel bar (material would fail long before a full circle rotation is reached), this 
high deformation would be possible to observe for material such as rubber. 
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o Anti- symmetry boundary conditions 

o Non-following displacement boundary conditions 

Open model BRACKET SYM which is the same as the BRACKET model 
studied in Chapter 12 except for different configurations and no split lines. All 
four configurations are shown in Figure 22-34. The back face is fixed. The 
bracket is loaded with tractions uniformly distributed over the cylindrical face of 
the hole; this load produces bending. 

OJ full 02 halfsym 

0 3 half anti sym 04 quarter 

Figure 22-34: BRACKET SYM model in four configuration; configuration 04 
quarter is the only one that will be used for analysis. 

Red color indicates faces where symmetry boundary conditions apply. Green 
color indicates faces where anti-symmetry boundary conditions apply. 
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Our objective is to demonstrate the use of symmetry boundary conditions and 
anti-symmetry boundary conditions in this bending problem. The presence of 
symmetry in this problem is obvious; the presence of anti-symmetry is explained 
in Figure 22-35. 

Full model shown in a cross section 
along the plane of symmetry 

Anti-symmetry BC 

Model and load are shown as split into two 
along the plane of anti-symmetry 

Figure 22-35: Anti-symmetry boundary conditions apply to faces created by the 
cut. 

Anti-symmetry boundary conditions apply when geometry and restraints are 
symmetric on both halves of the model while load is the same in magnitude but 
opposite in its direction. In the illustration on the right two halves are moved 
apart for clarity of showing load symbols. Edges of faces where anti-symmetry 
BC are defined are shown in green color. 

We may now solve this problem using the 04 quarter configuration with 
symmetry boundary conditions applied to red faces and anti-symmetry boundary 
conditions applied to green faces as shown in Figure 22-34. 

Anti-symmetry boundary conditions are, by definition, exactly opposite to 
symmetry boundary conditions; therefore, we may first define symmetry 
boundary conditions and then ''flip'' them into anti-symmetry as shown in Figure 
22-36. 

535 



I 

Engineering Analysis with SOLIDWORKS Simulation 2018 

Fixture 

Type I Split I 
Example 

Standard 

Advanccd(On Flat Faces) 

111 1 
Symmetry 

I ~ 
1 

Cyclic Symmetry 

I O 
I 

Use Reference Geometry 

I (l) I On Flat Faces 

I a ' On Cylindrical Faces 

I Q 
I 
On Spherical Faces 

G:;) IFace<l> 

0 

Translations 

IJ [mm 

1~~1 o ___ • Jmm 

~ o 

[§] 0 

... mm 

"' mm 

[] Reverse direction 

Symmetry BC 

v 

v 

I 

First direction: free 
Second direction: free 
Third direction: fixed 

On Flat Faces: 
Normal to Face (mm): o 

Flip 

> 

Fixture 

Type [ Split I 
Example 

Standard 

Advanced(On Flat Faces) 

Ill) Symmetry 

f (i Cychc Symmetl)• 

(fl Use Reference Geometry 

1 ! G) I On Flat Faces 

j (j 
I 

On Cyhndncal Faces 

[ Q On Spherical Faces 

G;J I Face<l > 

0 

Translations 

IJ I mn, 

I ,r· I O .., mm 

u Reverse direction 

~ o "' mm 

O Reverse direction 

~ .I' I O "' mm 

v 

v 

I 

I 

Anti-symmetry BC 
First direction: fixed 
Second direction: fixed 
Third direction: free 

On Flat Faces: 
Along Face Dir l (mm): O 
Alon Face Dir 2 mm): O 

Figure 22-36: Anti-symmetry boundary conditions are easiest to define by 
defming symmetry boundary conditions first, then ''flipping'' them into anti­
symmetry boundary conditions. 

This method will work if symmetry boundary conditions are defined either as On 
Flat faces or Use Reference Geometry because these definitions allow us 
definition of individual directions. It won't work with Symmetry. 

Define symmetry and anti-symmetry boundary conditions, and fixed restrained to 
the back face. The load magnitude is 1 OOOON but since we are working with v.i of 
the model, apply 2500N as shown in Figure 22-37. 
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Force/Torque (i) 

x ....... 

-Type [iP it_l ______ _ 

Force/Torque 

( .!. j Force 

i, Torque 

Face<l > 

'. 
0 

• Normal 

,a Selected direction -

-
~~ Per item 

Total 

Units 

I) ....__[S I _____ __,• ] 

Force 

, ~ ~
1 

_1 ___ • N 

[§[1 
I\)~ I 2500 • N 

I./ I Reverse direction 

Figure 22-37: Load definition. 

The load is uniformly distributed over the cylindrical face of the hole. 

The model in 04 quarter configuration is very simple. We can easily mesh it with 
small elements without using any mesh controls; use a 2rnm global element size 
to mesh this model. 
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Von Mises stress results are shown in Figure 22-38; compare them to those 
shown in Figure 12-6. 

von M ises (N/mm/\ 2 (M P a)) 

80 

74 

67 

_ 60 

_ 54 

47 
I 

\ 40 

_ 33 

~ 27 

20 

_ 13 

- 7 

0 

_._. Yield strength: 207 

Figure 22-38: Von Mises stress results. 

Load symbols are shown to help you orient the model; the face where the anti­
symmetry boundary conditions are applied is not visible. 

As opposed to Circular Symmetry discussed in the previous example, the Anti­
symmetry boundary conditions do not follow deforming geometry. They may be 
used only in small displacement problems. Another reason why the Anti­
symmetry boundary conditions may not be used in a large displacement problem 
is that the location of neutral bending plane changes with curvature of beam. This 
would be impossible to model with Anti-symmetry boundary conditions even if 
they did follow the deforming geometry. 
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o Non-linear geometry analysis 

o Non-following displacement boundary conditions 

Open assembly LINKS and review the four configurations shown in Figure 22-
39. Two links are connected by a pin and supported by hinges at both ends. The 
vertical load of lOOOON is uniformly distributed between two faces as shown in 
Figure 22-42. 

170° 

0 
0 

0 Configuration OJ 170 

178° 

0 0 0 Configuration 02 178 

179° 

0 0 0 Configuration 03 179 

180° 

0 0 0 Configuration 04 180 

Figure 22-39: LINKS assembly in four configurations. 

The difference between configurations is the angle between the two links. 

Our objective is to study changes in the assembly stiffness while the load 
increases from O to 1 OOOON. The analysis of stiffness changes during the process 
of load application requires nonlinear analysis. 

In the CAD model, review the Sensor definition and location (Figure 22-40). 
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Sensor 

x 

Sensor Type 

lei [ Simulation Data 
Sensor location 

Data Quantity 

lei [ Workflow Sensitive 

Properties 

Vertex< l >@UNK03-1 

y 

0 

M Link to selection z 

Figure 22-40: Sensor definition and location. 

This sensor will be used to plot displacement in Y direction. 

We'll start this project in 01 170 configuration. Create a Nonlinear study 01 170 
and use all defaults in study properties. Verify that Use large displacement 
formulation option is checked; this way analysis will account for geometric 
nonlinearity if it is present. As always, remember that displacements don't have 
to be large to change stiffness significantly; this is contrary to what the name Use 
large displacement formulation implies. 

Defme Results Options as shown in Figure 22-41 . 

Result Options ~ 

x 

Message 

Quantities to save into file 

I./! Stresses and strains 

Save Results 

1Q) For all solution steps 

1 ) For specified solution 
steps 

Response Plots A 

~ [ Workflow Sensitive! """ ] 

Figure 22-41: Results Options definition. 

Response Plots will use the Workflow Sensitive sensor shown in Figure 22-40. 
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Define a Pin Connector to make a connection that allows for relative rotation 
between the two links. 

Apply the load as shown in Figure 22-42. Apply Hinge Support to the left and 
the right holes. 

Force/Torque (i) 

../ x 

Type I Split I 
Force/Torque 

j .!. j Force 

I i, I Torque 

fil Face< l >@UNK03-2 

Units 

Face<l >@UNK03-1 

0 

) Normal 

~ Selected direction 

() Per item 

IQ) Total 

(] [_~I _____ sr ] 
Force 

I ~~ I =1 ====--· N 

I ~t I =l ;....__ __ .;;....- · N 

I ~)' j 10000 sr N 

12] Reverse direction 

Variation with Time 
-~ Linear 

; curve 

I Edit... [ View ] 

Normal to Plane(Total) (N): 10000 

Figure 22-42: Load definition; the total load lOOOON is uniformly distributed 
among two flat faces. Variation with Time does not have to be modified because 
the load time history is linear. 

Loads and restraints symbols are not shown. 
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Defined a following load in the study properties, meaning that load remains 
perpendicular to faces where it is applied. However, the model won't experience 
large displacements and the difference between following and non-following 
load is negligible in this exercise. 

Mesh the model with default mesh and notice that elements in fillets are poorly 
shaped. The effect of poorly shaped elements is only local; therefore, we may 
accept this mesh if we limit our analysis to displacements only and do not 
analyze stresses. 

Obtain the solution and construct a Time History graph as shown in Figure 22-
43. 

Time History Graph (i) 

../ x 

Response 

~ Predefined locations 

l) AII nodes 

At remote locations 

Vertex 1 (Node 142) 

X axis: 

[rime 

I] Seconds 
-

Y axis: 

[ Displacement 

i:s. [ UY: Y Displacement 

I] [mm 

~] 

0 00 ............. . ........................ . ................. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
-0 10 .......... · .......... · .......... : .......... : .......... · . . . . . 

• . . . . . . . . . . . . . . . 
• • • • • .......... . . . . . 

E -0 20 · · · · · · · · · · .. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · . . . . . . . . . . . 
• • • • • . . . . . >- . . . . . 

0 30 
. . . . 

~ . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ,_, - . . . . . 
• . . 

• • 

. . . . . . . -0 40 · · · · · · · · · · ,, · · · · · · · · · .. · · · · · · · · · · ... · · · · · · · · · · · · · · · · · · · · . . . . . . 
• . . . 

0.00 0.20 0.40 0.60 0.80 1.00 

t 
Time (sec) t 

Load ON Load IOOOON 

Figure 22-43: Definition of Time History Graph of UY displacement time history. 

Predefined locations refer to the vertex where the sensor has been defined. 

As shown in Figure 22-43, the load-displacement curve is a straight line; this 
shows that the model in 01170 configuration does not exhibit geometric 
nonlinearities; stiffness is not changing during the process of load application. 
We could have solved it in a Static study with default settings but then we would 
be unable to see the displacement time history (Figure 22-43). 
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Repeat the analysis in 02 178 ( study 02 178) and 03 179 (study 03 179) 
configurations and notice that the load displacement graphs show curves; this 
means that stiffness changes during the process of load application (Figure 22-
44 ). 
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• 
• 
• 
• 

• . . 
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0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00 

t Time (sec) t t Time (sec) t 
Load ON Load lOOOON 

Configuration 02 178 

Load ON Load lOOOON 

Configuration 03 179 

Figure 22-44: UY displacement time history of the model in 02 178 and 03 179 
configurations. 

Scales on the ordinate axes of these automatically produced graphs have been 
adjusted to make them the same. 

A comparison of UY displacement time history graphs between 02 178 and 03 
179 configurations demonstrates that the model in the 03 179 configuration is 
softer and exhibits stronger nonlinear behavior. 

An attempt to solve model in 04 180 configuration produces an error message 
(Figure 22-45). 

Simulation 

Solution failure in the First Step may be due to: 
1. lack of adequate fixtures for one or more parts 
2. Material properties may not be properly defined. 
3. load Increment may be too large or too small. 

(too small displacements ·> convergence failure) 

fa ~'4 Search SOUDWORKS Knowledge Base for more information 

[ OK ] 

Figure 22-45: Error message produced by an attempt to solve model in 04 180 
configurations. 

Comments in the windows do not address the real problem. 

The reason for this solution failure is that in 04 180 configuration, two links are 
aligned and have no stiffness in the direction of the applied load. So what 
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happens when the solution is attempted with default settings shown in Figure 22-
46? 

Nonlinear - Static 

Solution Flow/Thermal Effects Notification Remark 

Stepping options 

Start time 1 0 --=i D Restart 

End time 1 0 Save data for restarting the analysis 

Time increment: 

~ Automatic (autostepping} 

Initial time increment 0.01 

Min le-08 Max 0.1 No. of adjustments 5 

<_} Fixed I 0.1 

Note: For nonlinear static analysis (except time dependent material like 
creep} pseudo time steps are used to apply loads/fixtures in small 
increments. For creep, time steps represent real time in seconds to 
associate loads/fixtures. 

Start time and End time are not used by the Arc Length control method defined in 
Advanced options. 

Geometry nonlinearity options 

0 Use large displacement formulation 

0 Update load direction with deflection (Applicable only for normal uniform 
pressure and normal force) 

[O Large strain option 

ID Keep bolt pre-stress 

Solver 

0 Automatic Solver Selection 

I FFEPlus .... 

Results folder F:\ FEA results 

Incompatible bonding options 

@ simplified 

v More accurate (slower) 

[ Advanced Options... ] 

[] 

[..__o_K __ J [ Cancel j [ ....... _ H_elp _ __,] 

Figure 22-46: Default setting of solution control. 

The above settings define force control. 

As shown in Figure 22-46, when auto stepping is used, the initial time increment 
is O.Ols which in our case means that the initial (step 1) load magnitude is lOON. 
Since the model has no shape stiffness and all (minute) stiffness present in the 
model comes from discretization errors, that 1 OON produces a very large 
displacement. Having detected a very large displacement, the solver attempts to 
reduce the initial load magnitude until it reaches the maximum allowed number 
of adjustments, which is 5 in default settings, and an error message is produced 
(Figure 22-45). 
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To solve the model in 04 180 configuration we need a different way of solution 
control. We have to use Displacement Control available in Advanced Options 
of Nonlinear study properties (Figure 22-47). This option requires the Direct 
Sparse solver. 

Nonlinear - Static 

Solution Advanced Flow/Thermal Effects Notification Remark 

Method 

Control Displacement 

Iterative technique [ NR (Newton-Raphson) 

Integration [Nei.vmarlc 

Displacement control options 

Select a vertex or reference point to control Vertex< 1 > 
the analysis 

Displacement component for the selected 
UY: Y Translation 

location 

Displacement variation with time Edit ... 

Arc·Length completion options 

Max1rr.un·, loaa-pattern rnultip11er Tin1e curve 

Curve information 
Maximum displacement (for translat10 .., 

Name Time curve 

~ 

-

· ] 
· ] 

-

-

. II 1111 

Graph 

Preview 

(1) Sel ect 

cement Displa 

(2) Sel ect the vertex 

the Sensor has 

efined 

where 

beend 

(3) Sel ect the UY 

displac ement component 

( 4) Cli ck Edit to define 

ement time history 

wn in the Time curve 

w 

displac 

as sho 

win do 

Maximum number of arc steps 
Shape [ User defined · ] 

ln1t1al arc length mult1pl1er 

Autornat1c time 1ncrernent(autostepp1ng): 

Min I te-08 I Max [ 0.1 I l'Jo. Curve data 

Step/Tolerance options 

[ sec · ] [N/A · I Do equilibrium iteration every 
Units 

Points x y 
[ Get curve... ] 

Maximum equilibrium iterations " 
1 0 0 

Convergence tolerance r· .. - ·,-· .. ···- .. ·-···-···-···-· ... 
2 1 !-15 , ............................................. 

[ Save curve ... ] 
Maximum incremental strain 

Singularity elimination factor (0 -1) [ View l 
Intermediate Results -
!v'l Show inter~ediate results upto currer 

End time = 1 sec 

(when running) [ OK J [ Cancel l [ Help I When enabled, the nonlinear simulation 
SOUDWORKS document or close the active model. 

I. OK l [ Cancel l [ Help I 

Figure 22-4 7: Displacement solution control in Advanced Options. 

The advanced setting tab must be activated from the Solution tab by clicking 
Advanced Options. 
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Using the Displacement Control setting shown in Figure 22-47, load increments 
are adjusted to keep the model in equilibrium after each increase in displacement. 
This approach overcomes the problem of nonexistent stiffness at the beginning of 
the solution. A very small initial displacement gives the model some initial 
stiffness and the solution may proceed until the displacement reaches 
approximately-15mm as defined in the Time curve window (Figure 22-47). A 
graph showing the UY displacement time history is shown in Figure 22-48. 
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Figure 22-48: Load factor as a function of displacement of the vertex selected in 
Figure 22-47. 

Displacement corresponding to 1 OOOON (load factor equal to 1) may be read from 
the graph. 
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Having obtained solutions for all four configurations we may now summarize the 
results; notice that the ordinate and the abscissa in the graph in Figure 22-48 will 
have to be reversed to make this graph directly comparable to graphs in Figures 
2-43 and Figure 22-44. 

A summary is shown in Figure 22-49. 

Load [N] 

Configuration OJ 170 

Configuration 02 178 

-6 -+-----.......; 

-7 -+---------' Configuration 03 179 

Configuration 04 180 
-10 ---------------------

Figure 22-49: Summary of displacement results from all four studies. 

Notice that the load-displacement curve for 04 180 configuration is tangent to 
the ordinate at the origin because the initial stiffness is zero. 

The load-displacement curve for OJ 170 configuration is a straight line; this 
proves that the problem is linear and could have been solved using a linear 
analysis. Configurations 02 178, 03 179, 04 180 require non-linear geometry 
analysis. 
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The changing of stiffness is easier to observe if we switch the ordinate and the 
abscissa and use absolute displacement as shown in Figure 22-50. 

Configuration 
01170 

0 2 

Configuration 

02178 

+ 

4 

Configuration 
03 179 

6 8 

Figure 22-50: Load as a function of displacement. 

Configuration 

04180 

10 

Absolute UY 
displacement [mm] 

This way of presenting results concords better with the Displacement control 
solution method used in Configuration 04 180 where displacement is the directly 
controlled entity and load follows displacement to balance the model after every 
displacement increment. 
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If the angle between line tangent to the curve and x axis is a, then stiffness in 
the point of tangency is k = LiF I Lix = tan a (Figure 22-51 ). 

Load [NJ 10000 

9000 

8000 

7000 

6000 

5000 

4000 

3000 

2000 

1000 

0 2 4 6 

Figure 22-51: Model stiffness for a given displacement. 

Only the curve for 04 180 configuration is shown. 

AF 

8 10 

Absolute UY 

displacement [mm] 

The graph in Figure 22-51 clearly demonstrates that the initial stiffness in 
configuration 04 180 is zero. 

Repeat studies of your choice with mesh controls added to the fillets to study 
stress results. 
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Models in this chapter 
All models have studies fully defined and ready to run. 

Model Configuration Study Name Study Type 

012D Static 

2D BEAM.sldprt Default 02 2D Static 

03 2D Static 

ALUMINUM PULLEY.sldprt 01 full 

02 half Static 1 Static 

01 full 
STEEL PULLEY.sldprt 

02 half Static 1 Static 

01 full 
STEEL PULLEY SOLID.sldprt 

02 half Static 1 Static 

01 solid 

PLANK. sldprt 01 static NL Static 
02 shell 

02 static LIN Static 

01 full 

full LIN Static 
02full TORSION BAR.sldprt 

full NL Nonlinear 

half NL Nonlinear 
03 half 

half NL 360 Nonlinear 

01 full 

02 half sym 
BRACKET SYM.sldprt 

03 half anti sym 

04 quarter Static 1 Static 

01 170 01170 Nonlinear 

02178 02 178 Nonlinear 
LINKS. sldasm 

03179 03 179 Nonlinear 

04180 04 180 Nonlinear 
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23: Implementation of FEA into the 
design process 

Topics covered 

o Verification and Validation of FEA results 

o FEA driven design process 

o FEA project management 

o FEA project checkpoints 

o FEA reports 

VERIFICATION AND VALIDATION OF FEA RESULTS 

Tools of Computer Aided Engineering (CAE) are now widely used to make 
design decisions. The reliance on CAE tools such as Finite Element Analysis 
(FEA) to make design decisions brings about the issue of how relevant results 
from FEA models are to real life design problems. To make sure that correct 
decisions are made, FEA results must be verified and validated. The terms 
''verification'' and ''validation'' are often used interchangeably in casual 
conversations. 

In FEA, verification and validation pertain to different steps in the FEA 
modeling process. We will define and differentiate these terms while describing 
FEA modeling steps. We will repeat and expand the discussion found in Chapter 
1. 

Step 1: Creation of the mathematical model 

Every FEA project starts with the creation of the mathematical model. The 
mathematical model needs information on the geometry of the part or assembly 
that we analyze for material properties, as well as loads and restraints assigned to 
that geometry. The definition of the type of analysis along with its simplifying 
assumptions (for example nonlinear static analysis, linear buckling analysis or 
transient thermal analysis) completes the creation of the mathematical model 
(Figure 23-1 ). 
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Modification 
of geometry 

Loads Restraints 

t t 

MATHEMATICAL 

MODEL 

Material Type of 
properties analysis 

CAD geometry FEA geometry 

Discretization Solution 

MATHEMATICAL 

MODEL 

FEA model Results 

Figure 23-1: Steps in an FEA project. 

This is a repetition of Figure 1-2 and Figure 1-3. 

All components of a mathematical model definition bring with them inherent 
simplifying assumptions which affect the results. A correctly formulated 
mathematical model captures aspects of the real object that are important in 
analysis. For example, analysis of a compliant link under a static load requires 
nonlinear formulation due to expected large displacements. Analysis of a cooling 
process requires transient thermal analysis and a drop test calls for nonlinear 
dynamic analysis. 
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Very serious errors may result if the mathematical model does not capture the 
physics of the analyzed phenomenon. For example, if we neglect large 
displacements and use a linear rather than nonlinear, large displacement analysis 
to calculate beam displacement, we produce nonsensical results as shown in 
Figure 23-2. 

! ! ! _ !_ !_ ! 

Linear analysis 

r---- !~ !-_ !~ !-"_~! ----'-------,! 

Nonlinear, large displacements analysis 

Undeformed 
shape 

Deformed 
shape 

Undeformed 
shape 

Deformed 
shape 

Figure 23-2: A cantilever beam in bending: displacements are shown in 1: 1 scale. 
Incorrect results produced by a linear analysis (top). Correct results produced by 
a nonlinear, large displacement analysis (bottom). 

Undeformed shape is shown with a following pressure load. Notice that the tip of 
the beam travels along a straight line as deformation progresses in linear 
analysis. 

Review studies in model BEAM for more information. 
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Similarly, analysis of a flat membrane under pressure requires a nonlinear 
analysis to account for the change in model stiffness during the deformation 
process (even though these displacements may be very small). Neglecting this 
fact and using a linear model formulation leads to a very serious and potentially 
more dangerous error than that shown in Figure 23-2 because results can look 
plausible (Figure 23-3). 
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Incorrect 
displacement results 
based on linear 
analysis 

Max. displacement 
21.3mm 

Correct displacement 
results based on 
nonlinear, large 
displacement analysis 

Max. displacement 
4.8mm 

Figure 23-3: A thin plate subjected to a pressure load must be treated as a 
nonlinear, large displacement problem. Neglecting nonlinear effect (here 
membrane stiffening) produces results with 444 % error. 

Section Clipping is used in these displacement plots to show the deformed shape 
better. 

For more information review studies 01 linear and 02 nonlinear in model 
ROUND PLATE NYLON. 
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A very serious yet common modeling error is using a model with stress 
singularities to find stress results in those singular locations (Figure 23-4 ). 

Sharp edge 

Round fillet 

Figure 23-4: Stress singularities caused by a sharp re-entrant edge (top). If 
stresses at the base of the cantilever are of interest, a fillet must be present in the 
analyzed geometry, no matter how small the fillet may be (bottom). 

Review model SUPPORT for more information. A similar problem was 
illustrated in chapter 2 using model L BRA CK.ET 
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A mathematical model may also have more ''trivial'' errors such as incorrect 
loading or incorrect material properties. In the author's experience, errors are 
commonly found in the restraints' definitions. For example, applying a rigid 
support to the entire back face of a support plate rather than to the bolt holes may 
lead to severe underestimation of displacements and/or stress (Figure 23-5). 
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1.85mm 

Figure 23-5: Errors caused by an incorrect restraint definition. Restraints are 
applied to the entire bottom face (top). Restraints applied to only the holes 
produce very different displacement results (bottom). 

Review model T FLAT assembly for more information: study 01 back face 
support, and study 02 bolt support. Notice that weld connectors are used to 
connect components of this assembly. 
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A mathematical model is never free of all errors. These unavoidable errors are 
known by a less intimidating term - simplifying assumptions. Every definition in 
making a mathematical model has some degree of simplifying assumptions 
which must be justified and are critical to the success of an analysis. It is our 
responsibility to assure that simplifying assumptions are not made 
''subconsciously'' and that they do not prevent the model from providing 
trustworthy results . 

Mathematical models are seldom simple enough to solve by hand and so we must 
use numerical techniques to solve them. FEA is one of these numerical 
techniques which, due to its versatility and ease of use, has dominated the 
commercial market of engineering analysis software. 

Step 2: Creation of an FEA model 

As with any other numerical technique, FEA works with a discretized model. 
Therefore, in preparation for a solution with FEA, the mathematical model must 
be discretized. In discretization, a continuous mathematical model is split into 
finite elements in the process commonly known as meshing. While a meshed 
model is easy to depict graphically, this graphical representation may be 
confusing because it implies that a mesh is imposed on the model geometry. In 
fact, there is nothing continuous left in the FEA model. Continuous geometry is 
replaced by discrete nodes, and the interaction between the nodes is defined by 
elements connecting these nodes. Finite elements defme relations between nodes. 
It is conceptually important to remember that loads and restraints are also 
discretized. Discrete loads and discrete restraints are applied to nodes. The 
model' s mass is no longer distributed continuously but rather, it is distributed 
among nodes. Unfortunately, FEA programs do not have graphical capabilities to 
show discretization of anything but geometry. 

The process of discretization which converts the mathematical model into an 
FEA model does have problems that add to errors in the mathematical model. 
Every discretization brings with it discretization errors which may be analyzed 
(and controlled) in the convergence process where we analyze the effect of 
element size on the results. There are many ''shades'' of a convergence process. 
Most often a mesh is refined and the results are examined in terms of their 
sensitivity to the refinement. Many modern FEA programs have capabilities to 
perform convergence processes automatically. 

Discretization of an FEA model leads to the discretization of results. The result 's 
nature depends on the type of elements used. The ability ( or the lack of ability) of 
elements to model the real displacement and stress distribution very strongly 
impacts the results. A common error is to use too large of elements which are 
unable to capture local stress concentrations (Figure 23-6). 
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Figure 23-6 Errors caused by incorrect meshing. 

Too large of elements; 
Maximum von Mises stress 
304MPa 

Default size elements; 
Maximum von Mises stress 
378MPa 

You may use model HOLLOW BRACKET from chapter 2 to produce these results. 

Problems depicted in Figure 23-6 are easy to catch by a trained eye and can all be 
rectified by mesh refinement. In fact, understanding the discrete nature of results 
will prevent the use of inadequate meshes. Even though discretization errors are 
easily preventable, experience indicates that they still plague analysis results. 

Step 3: Solution 

Once an FEA model has been created, its solution is just a matter of solving a 
large number of linear algebraic equations. This can be done by a variety of 
solvers. The solution introduces numerical errors which are usually very low. 

Step 4: Interpretation of results 

Finally, results must be analyzed and a design decision made. Incorrect 
interpretation of results is a topic for a separate article. Here we just mention a 
few common errors. Indiscriminate use of von Mises stress as a safety criterion 
is, in the author' s opinion, on top of the list. Von Mises stress is a valid safety 
measure for materials showing distinct plasticity on a stress-strain curve. For 
example, using it to analyze results of a ceramic part is not valid. Another 
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mistake is the incorrect use of element versus nodal stress results, which results 
from a lack of understanding the difference between these two. 

Each of the above steps takes us further away from the reality we are modeling. 
Errors can be made at each step, some of them are unavoidable such as errors 
inherent to the method, and others may be grave errors of PEA ''malpractice." 

We are now in the position to define the terms verification and validation. 

Verification checks if the mathematical model, as submitted to be solved with 
PEA, has been correctly discretized and solved. 

Validation determines if an PEA model correctly represents the reality from the 
perspective of the intended use of the model. It checks if results correctly 
describe the real life behavior of the analyzed object. 
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The difference between verification and validation is pictured in Figure 23-7. 

REALITY 

Modeling error 

MATHEMATICAL MODEL 
.... 

Discretization error Validation 

Verification FINITE ELEMENT MODEL 

Solution error 

,.. 

RESULTS 
.... 

Figure 23-7 Verification and validation of FEA results. 

A model with meshing errors would not pass the verification test. For example, 
having been discretized into too large of elements, the mathematical model 
would be solved incorrectly. Verification fails if discretization and/or solution 
errors invalidate results. Convergence analysis will usually reveal problems 
causing verification test failure and those problems can be treated by mesh 
refinement or by using higher order elements. 

A model with incorrect load definitions would pass the verification test because 
verification only concerns itself with correctness of solution of the mathematical 
model, not if the mathematical model itself is correct. 

Establishing the correctness of a mathematical model along with the correctness 
of its solution is the process of validation which should follow verification. 
Validation will fail because of conceptual errors in the definition of the 
mathematical model. These conceptual errors are much more dangerous than the 
errors of discretization. They may escape the modeler' s attention, especially 
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since there is no well-defined structured process to reveal conceptual errors. Our 
only protection is the true understanding of the analyzed problem. 

FEA DRIVEN DESIGN PROCESS 

We have already stated that FEA should be implemented early in the design 
process and be executed concurrently with design activities in order to help make 
more efficient design decisions. This concurrent CAD-FEA process is illustrated 
in Figure 23-8. 

Notice that the design begins in CAD geometry and FEA begins in PEA-specific 
geometry. Every time FEA is used, the interface line is crossed twice: the first 
time when modifying CAD geometry to make it suitable for analysis with FEA, 
and the second time when implementing results. 

This significant interfacing effort can be avoided if the new design is started and 
iterated in PEA-specific geometry. Only after performing a sufficient number of 
iterations can we switch to CAD geometry by adding all manufacturing specific 
features. This way, the interfacing effort is reduced to just one switch from FEA 
to CAD geometry as illustrated in Figure 23-8. 
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Figure 23-8: Concurrent CAD-FEA product development processes (left) and 
FEA driven product development process (right). 

The CAD-FEA design process is developed in CAD-specific geometry, while 
FEA analysis is conducted in FEA-specific geometry. Interfacing between the 
two geometries requires substantial effort and is prone to error (left). 

CAD-FEA interfacing efforts can be significantly reduced if the differences 
between CAD geometry and FEA geometry are recognized and the design 
process starts with FEA-specific geometry (right). 
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FEA PROJECT MANAGEMENT 

Now let us discuss the steps in an FEA project from a managerial point of view. 
The steps in an FEA project that require the involvement of management are 
marked with an asterisk(*). 

Do I really need FEA? * 
This is the most fundamental question to address before any analysis starts. FEA, 
just like any other CAE tool, is expensive to conduct and consumes significant 
company resources to produce results. Therefore, a decision to use FEA should 
be well justified. 

Providing answers to the following questions may help to decide if FEA 
is worthwhile: 

• Can I use previous test results or previous FEA results? 

• Is this a standard design, in which case no analysis is necessary? 

• Are loads, restraints, and material properties known well enough to make 
FEA worthwhile? 

• Would a simplified analytical model do? 

• Does my customer demand FEA? 

• Do I have enough time to implement the results of FEA? 

Should the analysis be done in house or should it be contracted out? * 
Conducting analysis in-house versus using an outside consultant has advantages 
and disadvantages. Consultants usually produce results faster while analysis 
performed in house is conducive to establishing company expertise leading to 
long-term savings. 

The following list of questions may help in answering this question: 

• How fast do I need to produce results? 

• Do I have enough time and resources in-house to complete FEA before 
design decisions must be made? 

• Is in-house expertise available? 

• Do I have software that my customer wants me to use? 
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Establish the scope of the analysis* 

Now we decide what type of analysis is required. The following is a list of 
questions that may help in defrning the scope of analysis. 

Is this project: 

• A standard analysis of a new product from an established product line? 

• The last check of a production-ready new design before final testing? 

• A quick check of a design in-progress to assist the designer? 

• An aid to an R&D project (particular detail of a design, gauge, fixture etc.)? 

• A conceptual analysis to support a design at an early stage of development 
(e.g. R&D project)? 

• A simplified analysis ( e.g. only a part of the structure) to help make 
a design decision? 

Other questions to consider are: 

• Is it possible to perform comparative analyses? 

• What is the estimated number of model iterations, load cases, etc.? 

• What are applicable criteria to evaluate results? 

• How will I know whether the results can be trusted? 

Establish a cost-effective modeling approach and define the 
mathematical model accordingly 

Having established the scope of analysis, the FEA model must now be prepared. 
The best model is of course the simplest one that provides the required results 
with acceptable accuracy. Therefore, the modeling approach should minimize 
project cost and duration, but should account for the essential characteristics of 
the analyzed object. 

We need to decide on acceptable idealizations of geometry. This decision may 
involve simplification of CAD geometry by defeaturing or idealization by using 
surface or wire frame representations. The goal is to produce a meshable 
geometry properly representing the analyzed problem. 
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Create a Finite Element model and solve it 

The Finite Element model is created by discretization (meshing) of a 
mathematical model. Although meshing implies that only geometry is discretized, 
discretization also affects loads and restraints . Meshing and solving are both 
automated steps, but still require input, which depending on the software used, 
may include: 

• Element type( s) to be used 

• Default element size and size tolerance 

• Definition of mesh controls (if any) 

• Automesher type to be used 

• Solver type and options to be used 

Review results 

PEA results must be critically reviewed prior to using them for making design 
decisions. This critical review includes: 

• Review of assumptions and assessment of results; this is an iterative step that 
may require several analysis loops to debug the model and to establish 
confidence in the results 

• Studying the overall mode of deformations and animating displacements to 
ensure that loads and restraints have been defined properly 

• Checking for Rigid Body Motions 

• Checking for overall stress levels ( at least the order of magnitude) using 
analytical methods in order to verify the applied loads 

• Checking for reaction forces and comparing them with free body diagrams 

• A review of discretization errors by comparing nodal and element stress 
results and performing a convergence process 

• A review of mesh quality (Aspect Ratio, Jacobian) and an investigation of 
the impact of element distortions on the data of interest 

• Analysis of stress concentrations and the ability of the mesh to model them 
properly 

• A review of results in difficult-to-model locations, such as thin walls, 
high stress gradients, etc. 
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Analyze results* 

The exact execution of this step depends, of course, on the objective of the 
analysis. 

• Present displacement results (preferably animated) 

• Present reaction force results supported by free body diagrams 

• Present modal frequencies and associated modes of vibration 
(if applicable) 

• Present stress results and corresponding factors of safety 

• Consider modifications to the analyzed structure to eliminate excessive 
stresses and to improve material utilization and manufacturability 

• Discuss results, and repeat iterations until an acceptable solution is found 

Produce report* 

• Produce a report summarizing the activities performed, including 
assumptions and conclusions 

• Append the completed report with a backup of relevant electronic data 

FEA PROJECT CHECKPOINTS 

FEA project management requires the involvement of the manager during project 
execution. The correctness of FEA results cannot be established by only 
reviewing the analysis of the results . A list of progress checkpoints may help a 
manager stay in the loop and improve communication with the person 
performing the analysis. Several checkpoints are suggested in Figure 23-9. 
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,. 

Do you really need FEA? 

.. 

Modeling approach O .K.? 

.. 

Geometry, loads, restraints O .K.? 

Mesh O.K.? 

.. 

Results O.K.? 

Figure 23-9: Example of checkpoints in an FEA project. 

Using the proposed checkpoints, the project is allowed to proceed only after the 
manager/supervisor has approved each step. 
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FEAREPORT 

Even though each FEA project is unique, the structure of an FEA report follows 
similar patterns. The following are the major sections of a typical FEA report 
and their contents. 

Section 

Executive Summary 

Introduction 

Analysis type 

Geometry 
Material 

Loads 

Restraints 

Mesh 

Solver 

Analysis of results 

Content 

Objective of the project, part/assembly number, 
project number, essential assumptions, results and 
conclusions, software used, information on where 
project backup is stored, etc. 

Description of the problem: Why did the project 
require FEA? What kind of FEA ( static, contact 
stress, frequency, etc.)? What were the data of 
interest? 

Structural, thermal, linear, nonlinear, types of 
nonlinearities 

Description and j·ustification of any def eaturing 
and/ or idealization of geometry 

Justification of the modeling approach ( e.g. solids 
elements, shells elements, beams elements, 2D 
elements) 

Description of the material properties and 
applicable failure criteria 

Description of loads and restraints, including free 
body diagrams 

Description of the type of elements, global element 
size, mesh controls, number of elements, number 
of DOF, type of automesher used 

Justification of why this particular mesh is 
adequate to model the data of interest 

Type of solver, adaptive method used (if any) 

Presentation of displacement, strain, stress, 
temperatures etc. results, including plots and 
animations 

Justification of the type of stress used to present 
results and failure criteria 

Discussion of errors in the results 
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Conclusions 

Project 
documentation 

Follow-up 

Recommendations regarding structural integrity, 
necessary modifications, further studies needed 

Recommendations for follow-up testing procedure 
( e.g., strain-gauge test, fatigue life test) 

Recommendations on future similar analyses 

Full documentation of the design, design drawings, 
FEA model explanations, and computer back-ups 

Notice that building in-house expertise requires 
very good documentation of the project besides the 
project report itself. Significant time should be 
allowed to prepare project documentation. 

After the completion of tests, append the report 
with test results 

Disc·ussion of the correlation between analysis 
results and test results 

Discussion of the corrective action taken in case 
the correlation is unsatisfactory (may involve a 
revised model and/ or tests) 
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Models in this chapter 

All models come with studies fully defined and ready to run. 

Model Configuration Study Name Study Type 

01 linear Static 

BEAM.sldprt Default 
02 nonlinear Static 

01 linear Static 
ROUND PLATE NYLON.sldprt Default 

02 nonlinear Static 

01 incorrect 01 incorrect Static 

SUPPORT.sldprt 

02 correct 02 correct Static 

01 back face support Static 

T FLAT.sldasm Default 

02 bolt support Static 
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24: Glossary of terms 
The following glossary provides short descriptions of selected terms used in this 
book. 

Term 

20 element 

Aspect ratio 

Beam element 

Boundary Element 
Method 

CAD 

Clean-up 

Convergence criterion 

Definition 

Depending on the type, 2D elements are 
intended for analysis of plane stress, plane strain 
and axi-symmetric problems. Nodes of 2D 
elements in structural analysis have 2 degrees of 
freedom. 

Measure of element distortion (largest/ smallest 
size). 

A beam element is intended for meshing wire 
frame geometry. Nodes of beam elements have 
6 degrees of freedom. 

An alternative to the FEA method of solving 
field problems, where only the boundary of the 
solution domain needs to be discretized. Very 
efficient for analyzing compact 3D shapes, but 
difficult to use on more ''spread out'' shapes. 

Computer Aided Design. 

Removing and/or repairing geometric features 
that would prevent the automesher from creating 
a mesh or would result in an incorrect mesh. 

A condition that must be satisfied in order for 
the convergence process to stop. In 
SOLIDWORKS Simulation this applies to 
studies where an h-adaptive or a p-adaptive 
solution has been selected. 
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Term 

Convergence process 

Defeaturing 

Discretization 

Definition 

This is a process of systematic changes in the 
mesh in order to see how the data of interest 
changes with the choice of the mesh and 
(hopefully) proves that the data is not 
significantly dependent on the choice of 
discretization. A convergence process can be 
performed as h-convergence or p-convergence. 

Anh-convergence process is done by refming 
the mesh, i.e. , by reducing the element size in 
the mesh and comparing the results before and 
after mesh refinement. Reduction of element 
size can be done globally, by refming the mesh 
everywhere in the model, or locally, by using 
mesh controls. Anh-convergence analysis takes 
its name from the element characteristic 
dimension h, which changes from one iteration 
to the next. 

A p-convergence analysis does not affect 
element size. Elements stay the same 
throughout the entire convergence analysis 
process. Instead, element order is upgraded from 
one iteration to the next. A p-convergence 
analysis is done automatically in an iterative 
solution until the user-specified convergence 
criterion is satisfied. 

Sometimes, the desired accuracy cannot 
be achieved even with the highest available 
p-element order. In this case, the user has to 
refine the p-element mesh manually in a fashion 
similar to traditional h-convergence, and then 
re-run the iterative p-convergence solution. 
This is called a p-h convergence analysis. 

Def eaturing is the process of removing ( or 
suppressing) geometric features in the CAD 
geometry in order to simplify the finite element 
mesh or make meshing possible. 

This defines the process of splitting up a 
continuous mathematical model into discrete 
''pieces'' called elements. A visible effect 
of discretization is the finite element mesh. 
However, model mass, loads and restraints 
are also discretized. 
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Discretization error 

Element stress 

Finite Difference 
Method 

Finite Element 

Finite Volume Method 

Frequency analysis 

Gaussian points 

h-adaptive solution 

This type of error affects FEA results because 
FEA works on an assembly of discrete elements 
( the mesh) rather than on a continuous structure. 
The finer the finite element mesh, the lower the 
discretization error, but the longer the solution 
time. 

This refers to stresses at Gauss points of a given 
element. Stresses at different Gauss points are 
averaged amongst themselves (but not with 
stresses reported by other elements) and one 
value is assigned to the entire element. Element 
stresses produce a discontinuous stress 
distribution in the model. 

This is an alternative to the FEA method of 
solving a field problem, where the solution 
domain is discretized into a grid. The Finite 
Difference Method is generally less efficient for 
solving structural and thermal problems, but is 
often used in fluid dynamics problems. 

Finite elements are the building blocks of a 
mesh defined by the position of their nodes and 
by functions approximating distribution of 
sought after quantities, such as displacements or 
temperatures. 

This is an alternative to the FEA method of 
solving a field problem, similar to the Finite 
Difference Method, and is also often used in 
fluid dynamics problems. 

Also called modal analysis, a frequency analysis 
calculates the natural frequencies of a structure 
as the associated modes (shapes) of vibration. 
Modal analysis does not calculate displacements 
or stresses. 

These points are locations in the element where 
stresses are calculated. Later, these stress results 
can be extrapolated to nodes. 

An iterative solution which involves mesh 
refinement. Iterations continue until 
convergence requirements are satisfied or the 
maximum number of iterations is reached. 
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h-element 

Harmonic analysis 

Idealization 

Idealization error 

Jacobian 

Linear material 

Meshing 

Modal analysis 

Modal Time History 
analysis 

Modeling error 

Nodal stresses 

Numerical error 

Anh-element is a finite element for which the 
order does not change during solution. 
Convergence analysis of the model using 
h-elements is done by refining the mesh and 
comparing results (like displacement, stress, 
etc.) before and after refinement. The name, h­
element, comes from the element characteristic 
dimension h, which is reduced in consecutive 
mesh refinements. 

Dynamic analysis where excitation is a function 
of frequency. 

This refers to making simplifying assumptions 
in the process of creating a mathematical model 
of an analyzed structure. Idealization may 
involve geometry, material properties, loads and 
restraints. 

Representing a structure as a surface for shell 
element meshing or wireframe for beam element 
meshing are examples of idealization. 

This type of error results from the fact that 
analysis is conducted on an idealized model and 
not on a real-life object. Geometry, material 
properties, loads, and restraints are all idealized 
in models submitted to PEA. 

Measure of element curvilinear distortion. 

This is a type of material where stress is a linear 
function of strain. 

This refers to the process of discretizing the 
model geometry. As a result of meshing, the 
original! y continuous geometry is represented by 
an assembly of finite elements. 

See Frequency analysis. 

Dynamic analysis where excitation is an explicit 
function of time. 

See Idealization error. 

These stresses are calculated at nodes by 
extrapolating stress from Gauss points and then 
averaging stresses ( coming from different 
elements) at nodes. Nodal stresses, by virtue of 
averaging, produce continuous stress 
distributions in the model. 

This is round-off error accumulated by the 
solver. 
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p-element 

p-adaptive solution 

Pre-load 

Power Spectral 
Density 

Principal stress 

Random analysis 

Rigid body mode 

or 

Rigid body motion 

RMS stress 

P-elements are elements that do not have 
a pre-defined order. The solution of a p-element 
model requires several iterations while element 
order is upgraded until the difference in user­
specified measures ( e.g. total strain energy, RMS 
stress) becomes less than the requested accuracy. 
The name p-element comes from the p-order of 
polynomial functions which defines the 
displacement field in the element. This order is 
upgraded during the iterative solution. 

This refers to an option available for static 
analysis with solid elements only. If the 
p-adaptive solution is selected (in the properties 
window of a static study), SOLIDWORKS 
Simulation uses p-elements for an iterative 
solution. A p-adaptive solution provides results 
with narrowly specified accuracy. 

A pre-load is a load that modifies the stiffness of 
a structure. A pre-load may be important in a 
static or frequency analysis if it significantly 
changes structure stiffness. 

A function describing random excitation; its 
argument is frequency. 

Principal stress is the stress component that acts 
on the side of an imaginary stress cube in the 
absence of shear stresses. A general 3D state of 
stress can be represented either by six stress 
components ( normal stresses and shear stresses) 
expressed in an arbitrary coordinate system or by 
three principal stresses and three angles defining 
the cube orientation in relation to that coordinate 
system. 

The dynamic analysis of a system response to a 
random excitation. 

A rigid body mode is the ability to move without 
elastic deformation. In the case of a fully 
supported structure, the only way it can move 
under load is by deforming its shape. If a 
structure is not fully supported, it can move as a 
rigid body without any deformation. A structure 
with no supports has six rigid body modes. 

Rigid body motions are only allowed in 
Frequency (modal) analysis. 

Root Mean Square stress. 
RMS stress may be used as a convergence 
criterion if the p-adaptive solution method is 
used. 
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Shell element 

Small Displacement 
assumption 

Solid element 

Steady state thermal 
analysis 

Structural stiffness 

Symmetry boundary 
conditions 

Thermal analysis 

Shell elements are intended for meshing surfaces. 
The shell element that is used in 
SOLIDWORKS Simulation is a triangular shell 
element. Triangular shell elements have three 
comer nodes. If this is a second order triangular 
element, it also has mid-side nodes, making the 
total number of nodes equal to six. Each node of 
a shell element has 6 degrees of freedom. 

Analysis based on small displacements assumes 
that displacements caused by loads are small 
enough to not significantly change the structure 
stiffness. Analysis based on this assumption of 
small deformations is also called a linear 
geometry analysis or a small displacement 
analysis. 

However, the magnitude of displacements is not 
the deciding factor in determining whether or not 
a small displacement solution will produce 
correct results. What matters is whether or not 
those displacements significantly change the 
stiffness of the analyzed structure. 

This is a type of element used for meshing solid 
geometry. The only solid element available in 
SOLIDWORKS Simulation is a tetrahedral 
element. It has four triangular faces and four 
comer nodes. If used as a second order element 
(high quality) it also has mid-side nodes, making 
the total number of nodes equal to 10. Each node 
of a tetrahedral element has 3 degrees of 
freedom. 

Steady state thermal analysis assumes that heat 
flow has stabilized and no longer changes with 
time. 

Structural stiffness is a function of shape, 
material properties, and restraints. Stiffness 
characterizes a structural response to an applied 
load. 

These refer to displacement conditions defined 
on a flat model boundary allowing only for in­
plane displacement and restricting any out-of­
plane displacement components. Symmetry 
boundary conditions are very useful for reducing 
the model size if the model geometry, load, and 
supports are all symmetric. 

Thermal analysis finds temperature distribution, 
temperature gradient and heat flux in a structure. 
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Topological 
optimization 

Transient thermal 
analysis 

Ultimate strength 

Vibration analysis 

von Mises stress 

Yield strength 

Finding the best material layout within a given 
design space, for a given set of loads, boundary 
conditions and constraints with goals such as 
minimizing mass, maximizing stiffness, etc, 

Transient thermal analysis is an option in a 
thermal analysis. It calculates temperature, 
temperature gradient and heat flow changes over 
time as a result of time dependent thermal loads 
and thermal boundary conditions. 

The maximum stress that may occur in a 
structure. If the ultimate strength is exceeded, 
failure will take place (the part will break). 
Ultimate strength is usually much higher than the 
yield strength. 

An analysis of oscillations of a model about its 
position of equilibrium. 

This is a stress measure that takes into 
consideration all six stress components of a 
3D state of stress. Von Mises stress, also called 
Huber stress, is a very convenient and popular 
way of presenting FEA results because it is a 
scalar, non-negative value and because the 
magnitude of von Mises stress can be used to 
determine safety factors for materials exhibiting 
elasto-plastic properties, such as most types of 
steel and aluminum alloys. 

The maximum stress that can be allowed in a 
model before plastic deformation takes place. 
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Notes: 
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25: Resources available to FEA 
users 

Readers of "Engineering Analysis with SOLIDWORKS Simulation" may wish to review the books: 

• ''Vibration Analysis with SOLIDWORKS Simulation 2018'' (Figure 24-1) 

• ''Thermal Analysis with SOLIDWORKS Simulation and Flow Simulation 2018'' (Figure 24-
2) 

These books are not introductory texts; they are written for users who are familiar with topics 
presented in ''Engineering Analysis with SOLIDWORKS Simulation.'' Both are available from 
SDC Publications and from online booksellers. 

• 
SIS 

with SOLIDWORKS.Simulation 2018 

Paul M. Kurowski 

o•r••• 
)rt? .... ...... 

Figure 25-1: ''Vibration Analysis with SOLIDWORKS Simulation 2018." 
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• 
SIS 

with SOLIDWORKS.Simulation 2018 
and Flow Simulation 2018 

Paul M. Kurowski 

(1••••• ""' ... ....... 

Figure 25-2: ''Thermal Analysis with SOLIDWORKS Simulation and Flow 
Simulation 2018." 

Readers of "Engineering Analysis with SOLIDWORKS Simulation" may also 
benefit from the book ''Finite Element Analysis for Design Engineers'' which 
expands on many topics discussed in this book (Figure 25-3). 
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INTERNATIONAL, 

Paul M. Kurowski 

Figure 25-3: ''Finite Element Analysis for Design Engineers." 

''Finite Element Analysis for Design Engineers '' Second Edition, is available 
through the Society of Automotive Engineers website (www.sae.org) and online 
booksellers. 
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Engineering literature offers a large selection of literature related to topics 
discussed in ''Engineering Analysis with SOLIDWORKS Simulation," a few of 
which are listed here: 

1. Adams V., Askenazi A. ''Building Better Products with Finite Element 
Analysis," On Word Press 

2. Incropera F., Dewitt D., Bergman T. , Lavine A. ''Fundamentals of Heat 
and Mass Transfer," John Wiley & Sons, Inc. 

3. Inman D., "Engineering Vibration" Prentice Hall 2007 

4. Kim N.H., Sankar B.V. "Introduction to Finite Element Analysis and 
Design," John Wiley & Sons, Inc. 

5. Logan D. ''A First Course in the Finite Element Method," Brooks/Cole 

6. Szabo B., Babuska I. ''Finite Element Analysis," John Wiley & Sons, Inc. 

7. Zienkiewicz 0., Taylor R. ''The Finite Element Method," McGraw-Hill 
Book Company 

Several professional organizations like the Society of Automotive Engineers 
(SAE) and the American Society of Mechanical Engineers (ASME) offer 
professional development courses in the field of Finite Element Analysis. More 
information can be found at www.sae.org and. www.asme.org. 

With so many applications for FEA, attempts have been made to create a 
governing body overlooking FEA standards and practices. One of the leading 
organizations in this field is the National Agency for Finite Element Methods 
and Standards, better known by its acronym NAFEMS. It was founded in the 
United Kingdom in 1983 with the specific objective: ''To promote the safe and 
reliable use of finite element and related technology." NAFEMS has published 
many FEA handbooks such as: 

• A Finite Element Primer 

• A Finite Element Dynamics Primer 

• Guidelines to Finite Element Practice 

• Background to Benchmarks 
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The full list of these publications can be found at www.nafems.org. Another 
internet site with a number of FEA related publications is presented by Design 
Generator Inc. Publications related to FEA fundamentals, training, and 
implementation can be found at www.designgenerator.com. 

The SAE International offers on-line training seminars closely related to the 
topics of ''Engineering Analysis with SOLIDWORKS Simulation'': 

''Finite Element Analysis for Design Engineers'' WB 1241 

''Vibration Analysis with FEA'' WB 1401 

''FEA Beyond Basics: Nonlinear Analysis'' WBl 725 

''FEA Beyond Basics: Thermal Analysis'' WB 1726'' 

These seminars are taught by the author of this book. More information may be 
found at http://training.sae.org/webseminars/ 
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Notes: 
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26: List of exercises 

C hapter Part Assembly Other 

Cover page COUPLER* 

1 BRACKET DEMO* 

LUG 01 * -

LUG 02* -

CONTACT 01* -

VASE 01 -

2 HOLLOW PLATE 

3 LBRACKET 

4 PIPE SUPPORT 

MISALIGNMENT* 

5 LINK 

6 TUNING FORK 

PLASTIC PART 

7 PIPE CONNECTOR 

HEATER 

8 HEAT SINK 

9 HANGER 

CONTACT DEMO 

10 LOOP DEFORMED LOOP 

11 I BEAM 

12 BRACKET 

13 RING 

14 NL002 LINK02 

NL002 solid* 

CLIP 

CLIP DEFORMED 

ROUND PLATE 

LINK02 

BRACKET NL 

SPRING 
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Chapter Part Assembly Other 

15 FLYWHEELOl 

FLYWHEEL02 

FLYWHEEL03 

16 ROPS 

OUTRIGGER 

17 VASE 

PRESSURE VESSEL 

HOLLOW PLATE 2D 

LBRACKET2D 

CONTACT 

18 lDOF 

2DOF 

19 HD HEAD 

20 BRIDGE 

BRIDGE 50% 

BRIDGE 65% 

BRIDGE 80% 

WATER BASIN 
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21 

22 

23 

MESH QUALITY 01 * 

MESH QUALITY 02* 

NON UNIFORM LOAD* 

HELICOPTER ROTOR* 

BLOWER* 

UBEAM* 

2DBEAM* 

ALUMINUM PULLEY* 

STEEL PULLEY* 

STEEL PULLEY SOLID* 

PLANK* 

TORSION BAR* 

BRACKET SYM* 

BALL** 

UBRACKET** 

TRUSS HANGER** 

BEAM* 

ROUND PLATE NYLON* 

SUPPORT* 

* Simulation study saved with model 

GUSSET* BLOWER.analysis.eprt 

INTERFERENCE FIT* CLAMP.avi 

CRANE* 

STAND* 

PIPES* 

TUBE WELDMENT* 

BEARING SUPPORT* 

CLAMP* 

TWEEZERS* 

LINKS* 

DOF** 

TFLAT* 

** These models are used in SAE Web Seminar WB1241 ''Finite Element Analysis for Design 
Engineers'' 

587 



Engineering Analysis with SOLIDWORKS" Simulation 2018 

• Concurrently introduces SOLi DWORKS Simulation 2018 and Finite Element Analysis 
• Covers a wide variety of Finite Element Analysis problems 
• Uses hands on exercises that build on one another throughout the book 
• Includes a new chapter on topological optimization 
• Printed in full color 

Description 

Engineering Analysis with SOLIDWORKS Simulation 2018 
goes beyond the standard software manual. Its unique 
approach concurrently introduces you to the SOLIDWORKS 
Simulation 2018 software and the fundamentals of Finite 
Element Analysis (FEA) through hands-on exercises. A 
number of projects are presented using commonly used 
parts to illustrate the analysis features of SOLIDWORKS 
Simulation. Each chapter is designed to build on the skills, 
experiences and understanding gained from the previous 
chapters. 

Topics Covered 

• Linear static analysis of parts and assemblies 
• Contact stress analysis 
• Frequency (modal) analysis 
• Buckling analysis 
• Thermal analysis 
• Drop test analysis 
• Nonlinear analysis 
• Dynamic analysis 
• Random vibration analysis 
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