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ABSTRACT

Author: Mula, Rahul. MSE
Institution: Purdue University
Degree Received: May 2019
Title: A Systematic Methodology for Fatigue Analysis of Machine Elements with Characterized
Dynamic Loads
Committee Chair: Dr. Zhuming Bi
Fatigue analysis is essential for the optimization of products subjected to dynamic loads. However,
a number of fatigue analysis theories have been developed, how to apply an established method in
real-world product designs is not a trivial task. Most of small or medium sized enterprises (SMEs)
still rely heavily on the experiments to evaluate the fatigue lives of products. Among existing
fatigue design methods (i.e., experiments, analytical methods, and simulations), the simulationbased methods have the advantages of low cost, low risk environment and enable a designer to
determine the accuracy and performance of a product design without building physical prototypes.

Regarding the methodologies for fatigue analysis, some identified challenges are (1) the
characterization of dynamic loads, (2) the formulation of finite element models which can be
aligned with applications or testing scenarios, and (3) the verification and validation of simulations.
To make a simulation-based fatigue analysis more practical for real-world product designs, the
solutions to the aforementioned problems must be found. This thesis aims to establish a systematic
methodology to perform the fatigue analysis for product design with any material, carbon steel
material is used for the present case study to illustrate and verify the proposed methodology for
fatigue analysis.
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Major tasks involved in this thesis study are:
1. The method for the characterization of dynamic loads. It is a numerical method to simulate the
kinematic and dynamic behaviors subjected to the given motion, and it is expected to extract
interacting dynamic forces of components to be analyzed.
2. The systematic method and procedure to formulate the problem of fatigue analysis as a finite
element analysis model and find the solution of fatigue life of product.
3. The procedure and approaches are developed to verify and validate fatigue analysis models
and procedure used for the present case study.
4. The parametric studies with a set of design variables to show the feasibility and flexibility of
using simulation methods to evaluate the influence of multiple design variables on wheel
products.

Key Words: Wheel products; Fatigue analysis; Static analysis; SolidWorks; Finite Element
Analysis (FEA); Characterization of dynamic loads; Motion simulation; Verification and
validation.
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1

INTRODUCTION

In general, wheel products are used in many industries such as automotive, railway, agriculture,
and medical applications. In every application, wheel components can be critical since they make
direct contacts between products and environment. Therefore, a major concern of a wheel is its
durability subjected to the given operating conditions. In their design processes, wheel products
are mostly tested to estimate the durability of wheels by testing on rolling drums and the machines
for dropping. It is well expected that virtual analysis can be applied to partially replace physical
tests in predicting fatigue lives of wheels.

The load on a tested wheel is fluctuated. The wheel products are mostly tested experimentally, and
no such a procedure is available to analyze wheel designs virtually to replace physical tests. As far
as numerical methods are concerned, finite element methods become prevalent as a default virtual
analysis tool. However, most of the relevant works on wheel designs were performed with the
assumptions of static loads, few works were reported on the fatigue studies of wheels under
dynamic loads.

Purpose of Thesis Study
From the existing literatures of FE analysis, wheel products are mostly analyzed subjected to
static loadings; those works are insufficient to estimate the failure life of a wheel under dynamic
loading conditions. In practice, the durability of wheels must be tested physically using rolling
drum tests and weight drop tests. While fatigue analysis by physical experiments is timeconsuming, which could take a few hundreds of hours for only one-wheel design subjected to
one specified set of loading conditions. Therefore, two main objectives of this study are:
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(1) identify the dynamic response of wheel assembly when undergoes dynamic loading that
happens over time as opposed to static loading condition, which particularly carries into
account the response of a system at step by step. This requires inertial and damping effects
to be included in defining the loads. This type of loading is featured as variable amplitude
cyclic loading;
(2) develop a systematic approach to simulate the behaviors of wheel products under dynamic
loading conditions and predict a fatigue life of products a virtual environment. The
developed numerical approach is expected to fully or partially replace physical tests.

Moreover, the thesis work is driven by a client company. The company is seeking a computer
aided engineering (CAE) solution for their product design and testing. The company is especially
interested in developing finite element models using the SolidWorks Simulation for the scenarios
of applications similar to their current rolling-drum tests. With such a model, engineers will be
able to predict the fatigue lives of wheel products with the minimized need of physical tests.

Technical Challenges
A fatigue analysis by the finite element method involves three following steps, and this thesis
aims to develop the solutions to perform the activities in these three steps:

1. Characterization of dynamic loads - A new method is needed to simulate the behaviors of
products to obtain the interacting forces on wheels equivalent to the scenarios in rolling
tests.
2. Static stress analysis – A template of FEA model is needed to determine the stress
distribution over products subjected to normalized static loading conditions.
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3. Fatigue analysis – A template of FEA model is needed for fatigue analyses of products
subjected to characterized dynamic loads.

In step one, dynamic loads will be characterized by a Motion Study in the SolidWorks to obtain
the information of dynamic loading conditions in testing conditions. For the same system
constraints, the boundary and loading conditions will be defined accordingly in the template of
FEA models. The setup for a Motion Study allows the changes of some design parameters such as
spring constant value and geometry of wheels to match the testing conditions. Besides the
challenges in finite element modelling, this study also needs to address the following issues:

1. For verification and validation, there should be an appropriate physical test results.
Therefore, it is very important to have some physical studies to verify and validate the
simulation model and compare the procedures, the behaviors of the components when the
loads are applied.
2. For virtual analysis, better computing resources are the prerequisites for the extensive
investigation on different design parameters as well as some critical settings of a finite
element model such as the options of element types, mesh sizes, solving methods to
overcome convergence issues, and the definitions of contact conditions.
3. A parametric study is expected to examine the impact of various design variables. However,
it needs many iterations and takes a long time if a large number of combinations of design
variables and levels are evaluated. In general, design variables should be carefully selected
for some main factors on fatigue lives.
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4. There are very few previous studies relevant to the proposed study where the fatigue
analysis will be conducted by virtual analysis on castor wheels. A few of the articles on
fatigue analysis of wheels were based on experimental dynamic loads. This poses a
challenge for the verification and validation of the proposed study since the data to be used
will not be the same to the targeted testing environment.
5. It is always better to have the sufficient material data, in particular, the Strength versus
Number of cycles (S-N) data for the fatigue study. However, such data is scarce for plastics
or composites.

Scope of Thesis
The objective of the research is to develop the solutions to address the aforementioned issues in
three critical steps. Those solutions are fundamental to fatigue analysis on wheel products with
any selective materials and designs. The thesis includes (1) the characterization of dynamic
loadings applied to roller bump test, and (2) the development of new virtual model or system
representing the physical setup and run the model with relevant loading and boundary conditions.
A systematic approach refers to the procedure of developing an FE model, which can be used as a
general template for static and fatigue analysis of any specialized castor wheels. The inputs of the
test setup for static and fatigue analysis are made manually; these inputs include material data, SN data for fatigue study, loading and boundary conditions. For the present simulation, the
verification and validation must be conducted by comparing with existing case studies in the
relevant literatures.
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Organization of Thesis
This thesis includes seven chapters. The first chapter gives an overview, the purposes and the scope
of this study and the rest of the chapters are organized as follows.
In Chapter 2, the literatures related to the proposed research field are surveyed and discussed, and
the covered topics include failure modes of products, static and fatigue analyses, mathematic
methods on statistical analysis, and the preparation for virtual analysis of product designs.

In Chapter 3, the procedure for the characterization of dynamic loads is presented; it is achieved
by the Motion Study in the SolidWorks, and it is used to evaluate the influence of dynamic factors
for fatigue analysis.

In Chapter 4, the systematic approach is developed to define FEA models for static and fatigue
analyses of wheel products. All the activities in defining an appropriate FEA for wheel products,
including product geometries, boundary and loading conditions, meshing, and terminating
conditions, are discussed in detail.

In Chapter 5, the verification and validation of simulations are performed to illustrate the
effectiveness of the proposed methods.

In Chapter 6, the feasibility of using the proposed simulation approach is elaborated, the capability
of developing parametric study for the comparison of a variety of design options is developed.

In Chapter 7, the presented work is summarized, the main contributions are discussed with the
recommendation of future research upon the developed approach.
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2

LITERATURE REVIEW

In this chapter, the literature review is presented, and the focuses are on (1) static and fatigue
analysis of products and (2) the characterization of dynamic loads. In Section 2.1, existing
methodologies for static and fatigue analysis of products are reviewed. In Section 2.2, the
characterization of dynamic loads for fatigue analysis is examined thoroughly. In Section 2.3, the
relevant works of using numerical simulations for static and fatigue analysis are summarized. In
Section 2.4, the specific area of performing fatigue tests using rolling drum testers for wheels is
discussed. In Section 2.5, existing works on the simulation-based fatigue analysis of wheels are
covered. Finally, in Section 2.6, the limitations of existing works on fatigue analysis of wheels are
identified to clarify the direction of research in this thesis.

Static and Fatigue Design Theory
Fatigue analysis, as it known today has come a long way. According to Wöhler (1855), in the 19th
century, fatigue was considered as ‘mysterious’ failure; since a fatigue fracture did not show a
visible plastic deformation. Later, Jean-Victor Poncelet, a designer of cast iron axles for mill
wheels, formally coined the word "fatigue" for the first time in a text on mechanics (Poncelet 1939).
Systematic fatigue fractures tests were done in laboratories, notable by August Wohler (1855).
Since then, fatigue analysis was considered as a major engineering problem. Fatigue refers to the
formation of crack initiation as well as the crack growth from a pre-existing defect, Fatigue damage
is accumulated until a critical stage is reached (Wang et al. 2011). Fatigue analysis was conducted
to describe a relationship among applied loads and strength (Albert 1838).
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Budynas et al. (2011) divided the progress of fatigue damage in-to three different stages. The ﬁrst
stage was the initiation of micro cracks due to the cyclic plastic strain. The corresponding size of
cracks at the first stage was often invisible to naked eyes. At the second stage, micro level cracks
were progressed to macro level cracks, with a fluctuated loading condition, the cracks on the
surface were repeatedly opened and closed which causes a continuous growth of crack at the third
stage. The leftover material could no longer carry the employed loads and the cracks growth
uncontrollably to cause a sudden fatigue fracture.

In using a finite element method for a fatigue study, the dynamic loads have to be identified.
Fatigue strength can be analyzed in different ways such as analytical methods, experimental
methods and numerical simulations. The approaches to evaluate the fatigue life of solids have been
presented widely by Hamrock et al. (1999), Bundynas et al. (2014) and Nickerson et al. (2017).
The three major procedures used in design and analysis are stress life methods, strain life methods
and linear elastic fracture mechanics methods.

1. Stress life method – In this method, the fatigue is quantified as the number of cycles the object
can survive without a failure. Fatigue is the phenomenon of weakening caused by cyclic loads
(Ramachandran et al. 2005). Fatigue is continuous and confined structural damage under a
dynamic load. Depending on the load range, fatigue is classified as Low cycle and High cycle
fatigue (Coffin 1954). The component behavior not only depends on material properties, but
also relates to characteristics of loads such as static or dynamic, temperature, environment, and
surface conditions (Nanninga 2008). The stress life method (S-N method) is based only on
stresses in the model, and it is mostly suited to the prediction of a high cycle fatigue. It is the
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most traditional method and easy to implement in large range of applications. A S-N curve is
plotted to provide the correlation among stress range and cycles to the failure (Basquin 1910).
The stress life method was widely used by most of the researchers (Richart 1948).

2.

Strain life method (ɛ-N method)- This method needs more detail analysis, since it takes in to
account plastic strains in case of material fails due to fatigue (Laird 1963). The stresses
occurring to stress concentration locations exceeds the material’s elastic limit then causes
plastic strains. A strain life method is more suitable for low cycle fatigue analysis.

3. Linear elastic fracture mechanics method (LEFM) was discussed by Anderson (1995) and
Irwin (1957); it applies when the crack already exists in object. Damage can be analyzed by
estimating the increase of the crack subjected to the given stress cycles, and the crack length
is associated with the stress intensity. This approach is particularly helpful when the fatigue
crack has previously been recognized (Griffith 1920, Westergaard 1939). Mott (1948)
proposed a dynamic fracture mechanics, which considered of the Griffith’s kinetic energy.
Dynamic stress-intensity factors were then also proposed together with the dynamic
generalization of Irwin’s correlation (Freund 1990).

Out of three different methods, the stress life method is mostly used to predict fatigue lives of
products by most researchers (Basquin 1910). The stress-life method has its advantages of
requiring the minimum amount of material properties on fatigue, i.e., Strength-Number of cycles
(S-N) curves of materials. It is mostly used to predict the fatigue life of a part at a low-level stress
in comparison to its yield strength. Dowling et al. (2009) stated that for an application with higher
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elastic strains, the stress life method was equivalent to a strain life method. One essential piece of
the information is to determine the endurance limit of the material. An endurance limit refers to
the critical stress value for an infinite fatigue life. In practice, an infinite fatigue life corresponds
to an acceptable large number of cycles, more especially greater than 106 cycles. To simplify a
fatigue analysis, a dynamic load is usually simplified as a periodical sinusoid to represent the
dynamic characteristics of loads. However, for the majority of components involved in machines,
external loads are very complicated. Simplified periodical sinusoids have their limitations in
characterizing dynamic properties appropriately since frequencies and amplitudes change
continuously with respect to time.

In describing a dynamic load for a fatigue analysis, the waveform or shape is not so critical;
however, peak values and frequencies of loads are critical. To this end, the maximized stress σmax
and the minimized stress σmin in each loading cycle should be determined to characterize the
dynamic change of stress in the cycle. In regard to the impact of static stress level on the fatigue
life, a mean stress in a cycle should also be determined. Ranging above and below the mean stress
can be modelled to characterize the changing pattern of stress.

A mean stress and alternating stress correlate to the maximized and minimized stresses. Assume
that the maximized and minimized stresses are denoted as σmax and σmin, respectively, the mean
stress σm and alternating stress σa can be determined as:

𝜎𝑚 =
𝜎𝑎 =

𝜎𝑚𝑎𝑥+𝜎𝑚𝑖𝑛
2
𝜎𝑚𝑎𝑥−𝜎𝑚𝑖𝑛
2

(2.1)
(2.2)
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Where σm is the mean component of stress and σa is the alternating component of stress.
As a further note, the mean and alternating stresses will be used to analyze the fatigue cycle of
objects in the speciﬁed failure criterion. Figure 2.1 shows some commonly used failure criteria
(Budynas et al. 2011, Nickerson 2017) to take into the impact of mean and alternative stresses on
fatigue life simultaneously. These methods are widely used to predict whether or not a fatigue
failure will occur subjected to given dynamic loads. To evaluate the fatigue damage with respect
to number of cycles (Aid et al. 2011, Manson et al. 1981), the accumulation of fatigue damage
must be determined, the Miner’s rule by Miner (1945) can be applied to take into consideration of
all the eﬀects due to frequency and amplitude changes of stresses (Yang 1998).

Figure 2.1 Fatigue Failure Criteria (Budynas et al. 2011)
If there are k levels of stress Si over the give number of cycles, each stress level has a repetitive
cycle of ni, and the number of cycles at each stress level is given as Ni, then, the accumulated
damage can be determined as (Miller et al. 1977, Ye 1996).
𝑛

∑ ( 𝑖) = 𝐷
𝑁𝑖

(2.3)

where ni is the cycle number of stress level accumulated in the loop count matrix, Ni is the failure
corresponding to Si, and D is the accumulated damage over the given number of cycles. Note that
D is normalized and dimensionless.
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When the damage fraction is equivalent to one, then a fatigue damage is expected to happen. The
number of the remaindered cycles leading to a fatigue damage can be defined as the inverse of the
damage fraction. In the Minor’s rule, the stress level Si at each sub-period is actually an alternating
stress. If there is a combination of σa and σm in the period, the σa must be ﬁrstly modified by taking
into consideration of σm to find an equivalent stress level (Si) at a zero-mean stress (Aid et al. 2012).
This is necessary since the Minor’s Rule assumed the fatigue strength in S-N curve is fully
alternative one. Therefore, a stress state with a non-zero mean stress has to be adjusted to use the
Minor’s rule. The defined Si is also used to calculate Ni based on the S-N curve.

Numerous works have been reported on fatigue analysis of parts (Lee et al. 2005, Chaboche et al.
1988, Lagoda et al. 2005, Shang et al. 1998). For example, Fatemi et al. (1998) developed an
improved model of cumulative damage and made a comparative study with other models. They
conducted a comprehensive literature review on cumulative damage theories from 1945 to 1992.
The presented approaches included linear damage rules, nonlinear damage curve and two-stage
linearization methods, the life curve modification techniques, crack growth procedures, the
methods are based on continuum failure mechanics models, and energy-based theories.

In a cumulative damage model, the numbers of cycles under different levels of stresses must be
defined. Lee et al. (2005) discussed the method to calculate the number of cycles from a specified
dynamic load with respect to time. Many researchers adopted the rain-ﬂow method to calculate the
cycles (Dietz et al. 1998, Stichel et al. 1998, Luo et al. 1998, Han et al. 2013, and Li et al. 2015).
In a rain-flow method, the number of cycles is defined by following the procedure of counting the
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number of fatigue cycles present in a load-time history and used to extract their respective range
and mean (Endo et al. 1968).

When a numerical simulation such as finite element analysis (FEA) is applied to determine
dynamic loads, it turns into a challenge to define appropriate boundary conditions in a FEA model
(Dietz et al. 1998). It is true when relative motions occur at contacts subjected to the dynamic
loads. Moreover, the uncertainties involve in contact surface increase the complexity of boundary
conditions. Liao (2011) proposed an alternative method called the inertia relief analysis technique
to determine boundary conditions. Unfortunately, this technique was applicable only to the
unconstrained structures where the external forces and moments were determined at the
equilibrium states of objects. The dynamic load related to the motion can be calculated by the
multi-body simulation (MBS), an is MBS allowed to generate the realistic loads for static and
fatigue analyses of components.

Normally, a cumulative failure model is developed within the time domain. However, the history
of dynamic stress can be analyzed in a frequency domain (Fatemi et al. 1998, Cui 2002). Younesian
et al. (2009) compared different methods to predict fatigue life in the time and frequency domains,
respectively. In evaluating fatigue life in a frequency domain, the power spectral density (PSD)
function of stress was obtained using the FE software, and the fatigue life was estimated by
applying the Rayleigh technique on PSD. It was found that the cumulative damage model in the
time domain was more conservative than that in the frequency domain; but the frequency domain
simplified the fatigue analysis for a dynamic load with random vibrations. Since the dynamic loads
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of objects were determined though numerical simulation, the more conservative method in the time
domain was preferred.

Characterization of Dynamic Loads
A dynamic load refers to a load that is subjected to change over the time. When an object is in
motion, a dynamic load counts for all types of forces including external, inertial, friction, damping
forces. In contrast, a static load refers to a load on a structure whose amplitude and direction remain
constant over the time. An external load with slow change can be simplified as a static load
(Kurowski 2005). The dynamic load must be determined to evaluate the variables for fatigue
analysis. These variables include mean and alternating stresses, as well as their dependences on
time factors. In characterization of a dynamic load, the time is viewed as a reference variable, and
the damage growth depends on both of time factor and stress level (Dattakumar et al. 2017).

Many researchers used the experiments to identify dynamic loads of structures or products. For
examples, Redfield et al. (2012) established a procedure to evaluate dynamic loads and they
developed a dynamic model for the testing of wheel drums. Marques et al. (2014) evaluated the
dynamic loads and performed the fatigue failure on a railway bridge; they used the seismographs
that were fixed with tri-axle accelerometers for measurements. An FEA model with 3D beam
elements was built to analyze the dynamic behaviors of bridge. In addition, the mean stress effect
caused by the weight was considered, and equivalent alternating stress was determined using the
Goodman criterion. To characterize a dynamic load, Pozuelo et al. (2014) proposed to use a
vertically mounted accelerometer to track the engaged force when the vehicle passed over the
bumps. The accelerometer was placed at the center of gravity approximately.
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Quantifying the effect of a dynamic load on a component is not a trivial task. Note that
understanding a dynamic load with continuous impact forces is essential to analyze fatigue life of
a part. One option to obtain the dynamic load is through the motion simulation, which can be
performed using commercially available software tools such as the Motion Study in SolidWorks
(Kurowski 2005). These tools allow engineers to investigate the dynamics of moving parts, so that
the forces involved in mechanical components can be determined. Early computer aided tools for
motion analysis can be traced back to the computer codes such as SEURBNUK, REXCO and
ICECO (Kendall et al. 1980). Motion Study will help to calculate the effect of transient loads on
the structure. It is desirable that an FEA package can be integrated with a motion-analysis package
so that the loading conditions of an FEA model can be directly retrieved for finite element analysis.
In addition, when these two types of numerical simulation tools are integrated, the impact of design
variables in a product can be accessed using a parametric study to optimize product design
(Kurowski, 2005). For example, ADAMS was applied to investigate the combination of most
critical loading conditions in an FEA model (Bianchi et al. 2000). As a summary, the integration
of motion simulation and FEA helps to build and examine virtual models of mechanical systems
in a shortened time. One limitation of an FEA is that the model cannot evaluate the forces of a
rigid body subjected to motion. Therefore, the motion simulation is widely used to characterize of
dynamic loads. For example, Jianfeng et al. (2013) and Sha et al. (2014) used ADAMS to define
dynamic loads for the fatigue analysis of a connecting rod in piston assembly. Chen et al. (2015)
had studied the prediction of the fatigue life of an all-terrain vehicle when it was maneuvered on
rough and uneven surfaces. Bo et al. (2011) indicated that most of the vehicle manufacturers use
the dynamic simulation to evaluate loads of the components in a vehicle. In the flexible multi-body
model developed by Cuadrado et al. (2004), the structural deformations were considered, which
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was considered as an improvement of dynamic simulation of rigid bodies. Yang et al. (2012)
investigated the fatigue life of wheels whose deflections subjected to the loads were taken into
consideration. Rathod et al. (2009) presented an analytical model of a multi-body railroad vehicle;
it dealt with the dynamic coupling of 3D contacts with rail track, both the cases of a flexible rail
track and a rigid rail track were taken into consideration.

The method of motion study was widely applied in some scenarios such as the case where a wheel
experiences dynamic loads due to track joint locations and track turn out locations. In these
locations, the load at contacts will be fluctuated. Besides, the issue of wheel flatting has been
widely studied over the years, a flatted wheel in motion was another good example of dynamic
loads over the structure. Han et al. (2017) and Vyas et al. (1992) developed the numerical method
to characterize the dynamic loads of wheel-rail interaction; this was for the scenario of flatted tires
in the high-speed motion. Dukkapati et al. (1999), Nielsen et al. (1995), and Baeza et al. (2006)
proposed a theoretical model to predict the rail interaction of the flat induced wheel. An extended
state-space vector approach was used together with the complex modal superposition for the track;
the relative displacement excitation was determined using the Kalker’s methods. Pieringer et al.
(2014), Cai (1988), Thambiratnam et al. (2008), Chang et al. (2010), and Bian et al. (2013) used
the finite element analysis structure to analyze the simply supported beams on an elastic foundation
of arbitrary length. Unfortunately, the accuracy of the simulation output of the dynamic contact
model was unsatisfactory in contrast to the real values in the application. Xu et al. (2016)
investigated the dynamic loads of the wheel at rail turnout locations, and they obtained the dynamic
loads using multi body dynamics SIMPACK. Furthermore, ANSYS were used to evaluate the
stress distribution at the contact; the obtained dynamic loads were then used as external forces in
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an FEA model. Wu et al. (2000) investigated the dynamic behavior of railway and load under the
higher-velocity motion. The dynamic load of the structure and load due to action of multi-roller
carriage was identified using an FEA model. Han et al. (2017) considered the wheel with the realtime dynamics of high-speed motion. The wheel rail was involved in the dynamic interaction, and
this depended on many factors such as design parameters of wheel and rail, material properties,
and contact nonlinearities. They found that the impacting force at the wheel-track contact was
greater than static axial load on wheel. Wen et al. (2005) used the FEA simulation to characterize
dynamic behaviors of wheel at rail joint regions, and they found that the axial load of structure
affected the contact forces of wheel and rail significantly in contrast to the case under a constant
speed. Cai et al. (2007) developed an ANSYS implicit and LS-DYNA explicit code to solve the
model, and they concluded that train speed affected contact force more than the axial force of
wheel.

Numerical Simulation for Testing
The literature review for the numerical simulation is further divided in to the activities in 1) finite
element analysis for numerical simulation, 2) experimental testing for validation, and 3) numerical
simulation as validation.

2.3.1

Finite Element Analysis for Numerical Simulation

The FEA technique is a mathematical solution applied to engineering system; it uses a computing
system to find solutions (Cook et al. 1989). To illustrate its value in engineering application, the
results from FEA must be acceptable to the original problems, and they have to be obtained at a
reasonable cost. With the current FEA technique, running an FEA model for a simple and well-
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defined problem is straightforward. However, it may face some technical challenges when the
design problem become complexity.

It is easy to analyze a simple structure but to analyze a complex structure; the structure must be
made (hypothetically) into the elements; these are small enough to obtain correct displacement and
stress distributions. The finite element method can be dated in early 1940s, when the
mathematician Courant wrote a report in the Bulletin of the American Mathematical Society.
However, even though that Clough was known as the one to coin the concept of finite element
analysis, it is hard to tell who invented the finite element technique. Numerous mathematicians
and engineers contributed to the discretization methods in the 1940s and 1950s (Strang et al. 1975).
The papers by Turner et al. (1956) and Argyris et al. (1955) were regarded as one of the important
contributions to FEA. In the automotive field, the FE method was used to evaluate many structures
from steering columns (Gotoh et al. 1992), car body joints (Sharman et al. 1987) to wheel products
(Morita et al. 1987).

The failure of metals due to a reformed load was firstly reported by Albert (1829). There by, an
important care is taken on the deformation behavior of metals in reversed loading conditions. The
fatigue has been examined from many various aspects and some of the notable methods were
discussed by Lee et al. (2012).

2.3.2

Experimental Testing for Validation

The experiments provide a high level of confidence of testing results. The basic settings of an
application can be recreated with less time. However, if a large number of design options are
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evaluated and/or the operating conditions are broadly changed, the setups and operations of
experiments take a long time and the cost is high (Pace 2004).

In addition, experimental results are profoundly subjective because of the likelihood of human
errors since a physical testing needs to specify the varying level of each design variable (Groesser
2012). There is a high risk where a human error occurs in setting up the experiments. Design of
experiments (DOE) is not a trivial task; it might lead to unrealistic situations such as unrealistic
loading and boundary conditions (Balci et al. 1994). In general, an experimental method is very
time-consuming process and it is very expensive in contrast to numerical simulation. A fatigue test
could take several days, months, and years to complete the process. The experiments also have the
limitations in providing sufficient data and guides to match testing conditions with real-world
operation conditions.

2.3.3

Numerical Simulation as Verification

For products subjected to dynamic loads, FEA tools can be used together with the motion study
tools. Integrating FEA with the motion study might minimize the need of costly physical
prototypes and tests. Engineers can estimate and handle the complicated interactions occurring to
motion, structures, actuation, and controls, and the results can be utilized to optimize product
designs for review, safety, and comfort. Many software tools are commercially available for
motion studies. ADAMS and SolidWorks are two of prevalent software tools for motion studies.
For example, ADAMS is optimized for the dynamic simulation of large-scale multi-body systems.
The methods and tools for motion study have discussed by many researchers (Nikravesh 1988,
Roberson et al.1988). For example, Haug (1989) reviewed different computational methods for
the motion analysis and multi body systems.
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The procedures include the use of multi body simulation packages by Jalon (1995) and Shabana
et al. (1989) to determine the dynamic loads, use the dynamic loads finite element model, and
identify stress concentrations of components on which the dynamic forces are acting. Gang et al.
(2013) and Bo et al. (2010) have studied and developed a model of connecting rod using multi
body dynamic followed by FEA to solve the fatigue life of the component. Kłodowski et al. (2015)
had created the human motion simulation using multi body dynamics, by which he could be able
to define the dynamic knee cartilage loading, allows evaluations of stresses and strains for a
problem across the whole motion cycle. Chen et al. (2013) have modeled a terrain vehicle using
multi body simulation to predict the fatigue life.

After building the finite element model, the simulation can be carried to predict the stress and
strain of the structure. The fatigue loading time history can be established according to the actual
situation (Cheng et al. 1998, Dowling 1977, Lemaitre et al. 1979, and Mesmacque et al. 2005). In
the case of the high cycles and low stress level, the stress life method is adequate; in the case of
the low cycles with a high stress level, the strain life method is adequate (Lemaitre et al. 1979). In
the case of multiple amplitudes of stresses, the Palmgren-Miner linear damage rule is used to
calculate the damage accumulation (Kocabicak et al. 2001).

Existing Works of Fatigue Analysis
Fatigue life simulation is the most common type of numerical analysis, which is carried out on
wheels to predict the life and investigate the location of stress concentration. In general, stresses
in wheels are caused by dead loads by its weight and dynamic loads due to ground unevenness.
There are various types of wheels varying with designs and materials. For examples, plastic wheels,
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composite wheels are mostly used for agriculture and medical equipment, and the wheels made of
steel and aluminum material are used mostly in automobile and railway industries.

Castor wheels are majorly used for medical and agricultural equipment. Castor wheels are made
of plastic, nylon and polyurethane materials. The wheel manufacturers evaluate the fatigue lives
of these wheels by performing an experimental test called rolling drum test and obstacle test. Fig
2.2 shows the setup of such experiments (Mhatre et al. 2017).

Wheel
Bumps
Rotating Base

Figure 2.2 Setup of Drum Test (Mhatre et al. 2017)
The existing testing procedures of wheels used in other industries such as railways, the researchers
had developed in direction of high speed and over load of locomotives (Bullet trains) by China
(Xiong et al. 2015). Locomotive wheel undergoes in various types of loads such as static loads,
dynamic loads, lateral loads and loads caused by low level vibrations; these dynamic loads cause
overall fatigue damage to products. Yang et al. (2012) had developed the procedure of estimating
the durability of a locomotive wheels subjected to random or variable amplitudes of dynamic loads,
and it was combined with the multi-body dynamic simulation with finite element analysis. Liu et
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al. (2006) had studied the fatigue crack initiation and life prediction of locomotive wheels, finite
element model was developed using Ansys software to predict fatigue damage using the stress
histories of one complete wheel rotation. Patel et al. (2013) studied the fatigue occurring to wheel
rail contact and focused on the initiation of damage and crack. Palaniselvam et al. (2014) studied
locomotive wheel with rolling contact fatigue. Various failure modes are discussed, and simulation
results were compared with the Hertz solution of stress calculation. Fatemi et al. (1988) developed
a multi axial durability model for rolling contact fatigue analysis. Sraml et al. (2003), Kim (2005),
and Akeel et al. (2011) used the Hertz theory to evaluate the stress distribution and treated a multi
axial fatigue problem. Miyashita al (2003) explained the wheel rolling contact fatigue using the
3D wheel track interaction model. The Hertz theory was used to estimate the pressure distribution.
The simulation results were compared to criteria for rolling contact fatigue life estimation by Dan
Van et al. (1989). Katheriya et al. (2014) studied the design variables of axial load and the vehicle
speed at rail joint. They used a 3D finite element model by Ansys and applied the dynamic loads
on the structure to predict the stress at sections, and they concluded that the effect of axel load
increased more von-Mises stress and maximum shear in components than the speed of train. Akeel
et al. (2011) had studied the RCF damage in wheel rail contact by considering the interaction
between the both wheels at the transition, straight and curved areas.

In these days, most of the investigations on the durability of wheel structures aimed at the
automotive industry. Wang et al. (2009) studied the reliability of wheel durability under constant
and variable amplitude of loading spectrum and obtained distance-related curves of reliability
under varying road situations. Zhou et al. (2010) and Zheng et al. (2009) had solved for stress
change of FE model under varying working requirements by using FE analysis and solved for
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crack initiation in spokes for multi axial loading conditions. Firat et al. (2010) introduced a
computational procedure for the failure evaluation of metallic automotive parts. Vijayan et al.
(2008) explained an FE model of a 3 -piece mining wheel. Taheri (2014) and Wei et al. (2014) had
studied the durability of the wheel subjected to dynamic loads when wheels roll over obstacles and
path holes. Chang et al. (2008) and Cerit et al. (2010) had performed a FE model subjected to
dynamic force to representing the physical test, it led to the relation of function of time with
maximum wheel displacement.

Fatigue analysis by finite element method involves in different types of loadings of wheels. The
loading condition can match the real situations well; the better results can be obtained by numerical
simulation. Ganesh et al. (2014) analyzed the wheels with various types of materials.
Satyanarayana et al. (2012) explained the durability of wheels under radial loading conditions.
Moreover, both of static and fatigue studies of aluminum alloy wheel (A 356.20) were conducted
using the finite element analysis. In addition, the static stresses were identified on the specific
zones with stress concentrations. Wang et al. (2013) modeled the wheel rim section using
SolidWorks, to examine stresses and deformations under the conjoint impact of radial load and
inflation pressure. Pan et al. (2014) and Thakare (2017) conducted the FE simulations of dynamic
cornering fatigue test of the wheel with steel material. Furthermore, conducted fatigue analysis to
estimate the durability of automobile wheels. Kumar et al. (2013) performed the topology
optimization based on the impact test performed on the aluminum wheel. Das et al. (2014)
optimized aluminum wheel for automotive usage from the perspective of weight reduction. Yadav
et al. (2013) investigated the impact of camber angle on stress patterns and durability of the wheel
rim subjected to the fluctuating radial loading condition.
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Limitations of Existing Works
Due to the importance, numerous works have been reported on the fatigue analyses of products
such as wheels, while most of relevant publications are generic, which were based on fatigue tests
of rolling contacts; very few of the works are tired to certain products. Very few of research papers
have discussed the dynamic loads on wheels (Yang et al. 2012), and their loading data was either
from experiments or assumed artificially. It is encouraging that commercially available FEA
software tools are very powerful now, and they have been widely applied to analyze motions.
Therefore, we are highly motivated to integrate the motion-simulation software with the FEA
package so that the need of dynamic load in fatigue analysis can be directly obtained from motion
simulation. Only few articles are found in using similar strategy to conduct fatigue study with
combination of motion study followed by finite element analysis. One of the articles was reported
by (Yang et al. 2012): the multi body dynamics ADAMS was applied to obtain a random loading
with respect to time, and the fatigue analysis was done in ANSYS.

As a summary, the following limitations have been identified from existing research works:
1. There is some limited works on fatigue analysis of machine elements incorporating
their motions, in particular on polymer or metal wheels under dynamic load
conditions. Few relevant numerical studies were found on caster wheels.
2. Very limited work was found on the characterization of dynamic loads thought
motion simulation. Most of dynamic loads on fatigue analyses were obtained by
experiments. Redfield et al. (2012) identified the disadvantages of experimental
approaches such as it is more time consuming and costlier than a virtual setup.
3. No systematic approach or procedure has been developed to integrate the
characterization of dynamic loads with fatigue analysis. There are limited studies
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integrating the experimental way of characterizing dynamic loads with fatigue
analysis but not exactly with numerical methods.
4. Limited work of using fatigue analysis by simulation have been found as an
effective way to fully or partially replace experiments of fatigues tests. The
limitations of fatigue tests are the previous study are related to automotive wheels
and loading conditions are not relevant.

35

3

NUMERICAL SIMULATION

Abstract
This chapter focuses on the preparation of creating a numerical simulation for fatigue analysis. To
utilize the capabilities of embedded algorithms in commercially available software tools, designers
must prepare all the required data as the inputs of numerical simulation models. A numerical
simulation model relies on various inputs such as part geometries and dimensions, external loads,
characteristics, and materials properties. The accuracy of simulation depends greatly on the
appropriateness of inputs, additional efforts are needed to collect background information about
part and its application in working environment. The fatigue analysis of part relates to the dynamics
of external loads, and different methods have been used to identify dynamic loads of parts. In this
chapter, a systematic method of using SolidWorks Motion Simulation is proposed to evaluate the
dynamic loads of parts, and the required dynamic loads are then characterized to determine mean
and alternative stresses.

Keywords: motion simulation, fatigue design, design procedure.
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Fatigue Design Procedure
In fatigue analysis, repeated loads are applied on a component to evaluate the lifespan of product.
The fatigue analysis needs all of inputs such as materials properties, boundary conditions, external
loads and their characteristics. A general procedure of fatigue analysis for a given part is shown in
Fig 3.1.
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Figure 3.1. Flow Chart for Fatigue Analysis
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In the procedure of finite element analysis, step one begins with the preparation of inputs for parts
and its application conditions such as part geometry, load conditions, and material properties. The
part models are created and assembled in the assembly interface by applying constraints. The
dynamic loads are obtained from a separated motion analysis where the dynamic loads
characterized using SolidWorks motion study. The motion analysis helps in kinematic and
dynamic analysis of the mechanism to study the reaction forces and stress variations in wheel
throughout the specified time of simulation. During dynamic analysis, special care has to be given
to the higher stresses due to the inertial loads. Finally creates time history of the structure as output
to create a variable loading event in fatigue analysis.

Material properties of a component characterize the response behavior of the part to external loads.
The materials which are ductile in nature commonly considered as cycles >106 for operations such
as steel material. S- N is the widely used method to predict the fatigue life of a component. In step
two, the peak force data is extracted to evaluate the stresses in the wheel to verify the product can
withstand from the applied peak loads. Static loads are applied in the global direction on the
assembly and find the Von-Mises stresses, elastic strain and total deformations. From the results
of static study, one can ensure that the structure can withstand applied loads. The next step is to
validate the durability of part versus time. The estimated elastic stress range is utilized with S-N
curve to determine the failure as per the stress level. The structure is loaded to small repeated loads
that can produce cumulative failure upon the time.

In a fatigue analysis, the characterization of external loads is critical since the fatigue life for the
materials at a given position depends to two main components, i.e., the mean component which is
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static associated with ultimate tensile strength, and the fully reverse alternating component which
is dynamic associated with fatigue strength. In this thesis, wheel products are mainly discussed
and used as case studies to illustrate the proposed methods for load characterization and fatigue
analysis of products.

In its application, a wheel experiences dynamic force. For simplicity, it is assumed that the
dynamic loads on a wheel can be obtained in a testing environment. As shown in Fig 3.2, a wheel
under testing is mounted on a plate which is attached to the cylinder and due to cylinder pressure,
the wheel is forced to sustain contact with drum. The drum is provided with four bumps/obstacles
equally spaced and every time the wheel passes over a bump, the reaction force from the drum to
the wheel is fluctuated. A dynamic load in the complicated application scenario requires an
advanced evaluation technique to quantify the stress response. For the dynamic forces on wheels,
there is always a non-zero mean force and the forces in case of wheel rolling over a rough surface
can be purely tensile.

Cylinders

Obstacle

Wheel

Roller

(a) Experimental Setup

(b) Obstacle Plates Attached on Roller

Figure 3.2 Rolling Drum Test Setup (RWM Casters)
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Load Characterization - Mean and Fluctuated Loads
Mean stress is an average of the maximum and minimum stresses in a motion cycle. In case of a
completely reversed cycle, the fatigue strength in a fatigue test is usually obtained at the zero-mean
stress. The stress ratio R is defined as the minimum stress over the max stress. R= -1 represents
the constant reversed cycle. In case of variable stresses, the mean stress is not equal to zero. The
most commonly used loading patterns are called block loading (Alder 1964, Fisher 1983) and
random discrete loadings patterns (Albrecht et al. 1979) as shown in Fig 3.3. According to the
Miner’s theory, it is limited by two factors that the minor cycles are neglected for patterns when a
constant minimum or mean stress is considered in the calculation.

(a) Type 1: Block Loading Pattern

(b) Type 2: Random Discrete Loading Pattern

Figure 3.3 Types of Fatigue Loading Patterns (Kurt 1984)
Wheel rolling over a rough surface or over a roller with bumps produces the contact stress patterns
as shown in Figure 3.3 (b). The mean stress effect is captured by using the rain flow counting
method and the hypothesis of summation of fatigue damage by the Palmgren-Miners rule. The rain
flow method helps to account for the minor cycles in the loading curve.

Motion Simulation for Characterization
A multi-body dynamic system is a system which consists of a set of solid components and links
which are connected by joints. Comparing with flexible structure studied using FEA, these
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mechanisms are represented as the assemblies of rigid components have a few degrees of freedom.
Finite element analysis cannot analyze such a mechanism because the motion analysis can move
the parts without experiencing deformations. Most of the motion simulation software’s have the
graphical animation capability and also have the CAD/CAM integration such as SOLIDWORKS,
ADAMS and Pro/Mechanica.

Motion study is performed utilizing a time-based method for rigid body kinematic and dynamic
issues. The simulation begins by interpreting assembly mating circumstances into identical
kinematic combinations such as universal joints, pivot joints, and sliders. And it also calculates
and gives the complete quantitative information about velocity, accelerations and displacements,
and the dynamics of this analysis gives joint reactions, inertial forces with in a needed range of
moving mechanism. After the calculation, every component can be exported independently under
the motion-induced loads. The exported component can be loaded in the FEA package as a
deformable structure. In short, the motion study gives the inputs to finite element analysis with the
necessary information to convert from a mechanism part to a structure. The followings are some
of the properties used to simulate the assembly to extract the output force data from motion study.

Motor. A motor tool is used to define motors to move components in assembly. Rotary types of
motors are used in wheel designs. The motor tool has its option to specify the constant or random
revolutions per minutes (RPM).

Force. The force tool is to apply forces on an object; a force can be applied on any of the surface
or edge of objects constantly thorough out the simulation time.
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Spring. The spring tool defines the elastic force acting between two parts over a distance, the
definition involves in selecting two different surfaces to employ a spring action between them.
The definition of a spring element can replicate functions like hydraulics or suspensions.

Dampers. The damper tool specifies the force acting between components by some distance. A
damper can be specified between two surfaces or components. The damping force is calculated
based on the relative velocity in motion.

Gravity. The gravity tool defines the gravity force over the structure. all of the components
account for the same gravitational force regardless of components mass. The gravity option can
be specified in a direction by selecting a plane or a surface and can set the numeric gravity value
other than the standard gravity value. Motion due to motors can be replaced by motion due to
gravity.

Contact. The contact tool specifies the contact types of two surfaces. When the assembly have
the components that come in contact during simulation. The parts can be grouped to prevent the
penetration with each other. A frictional force can be assigned to the components, one can specify
static or dynamic friction and elastic properties explicitly.

Free Body Diagrams (FBD)
When the rolling drum testing system is subjected to dynamic loads, the stress distribution on the
wheel assembly is affected by all types of forces including the inertial forces and the reaction
forces from other elements. It will be helpful from a free-body diagram (FBD) of the assembly, to
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identify the most critical loading factors related to the characterization of loading. The forces
acting on the wheel are shown in Fig 3.4.

The direction of
rolling drum rotation

Frictional force
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The direction of
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Reactional side force
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Figure 3.4 Free Body Diagram (FBD) of Wheel Assembly
It is subjected to five loads, i.e., the normal reaction force and friction force by driving rolling
drum, the gravity force and external force, also the reaction side force from the spring support on
the right side. Applied external force and gravity forces are constant throughout the study, and
other force components will be varying when the rolling drum is in motion. Especially, wheel
experiences a peak force when it rolls over a bump on the drum. A motion study will be used to
obtain the historical data of dynamic loads with respect to time.

Kinematics and Dynamics of Machines
A machine is a combination of rigid bodies to transfer a motion and mechanical energy. A machine
has relative motions involved in its constitutive components and a kinematic chain represents the
assembling relations of rigid bodies by joints. A mechanism with a given kinematic chain is a
representation of a machine without a fixed rigid body as the ground. To analyze a machine,
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kinematics concerns the relations of the motions of machine elements. A motion is represented by
the functions of displacement, velocity, and acceleration with respect to time. While the motions
of a machine can be described in either of a joint space and task space, kinematics can be classified
as forward kinematics and inverse kinematics. Similar to kinematics, dynamics can be classified
into forward and inverse dynamics, forward dynamics is to determine the displacement, velocity,
and acceleration of the motion in task space when all of the driving forces and torques at joints are
given and the inverse dynamics is to determine the required driving forces and torques at joints
when the motion in the task space is pre-defined. The motion study of a machine is to model the
kinematic and dynamic behaviors of the machine under the given application.

To characterize the dynamic loads on wheels, the rolling drum tester will be represented as a
mechanical system; it will be modelled in the SolidWorks for a motion study to determine the
dynamic loads under testing conditions. From the assembly interface, it allows to define any
mating relations of two components as an appropriate joint. To make simulation results
comparable to those from standardized fatigue tests, the virtual model of the mechanical system is
based on actual testing setup, such a virtual model is shown in Fig 3.5.

44

Bumps on
Drum

Wheel

Wheel
Shaft

Fork
Spring

Spring
support

Roller shaft

Rolling Drum

Rolling
Contact

Pivot
Joint

Cylindric Cylindrical
al Joint
Joint

Figure 3.5 Virtual Model of Rolling Drum Tester
The roller drum is driven by a motor (an option from SolidWorks motion study) with 200 RPM
(the number of revolutions per minute). An external load is applied on the surface of cylindrical
joint in the direction of wheel. Note that the testing system is set horizontally, so the direction of
the gravity is vertically downside. The spring is placed between the wheel assembly and the
cylindrical support at the other end to ensure that the wheel always stays in contact with the rolling
drum. It represents a hydraulically driven system whose force can be adjusted based on testing
needs. A contact is applied between wheel and roller to ensure that there is no penetration between
two components. To sustain a constant contact of the wheel assembly and the rolling drum, the
preload of the spring force must be larger than inertial forces at any time. In determining the values
of these attributes, the accelerations of components must be obtained, since these relate to inertial
forces and thus to the stiffness requirements of spring. Axis of the roller shaft is constrained to
stay in a same plane. After the mechanical system is modelled, a Motion Study can be created for
kinematic and dynamic analysis to determine the loads on the wheel. In order to obtain the force
data of one complete revolution of roller, the start and end time had to be adjusted accordingly.
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From the results of the motion study, a curve of the reaction force is extracted as shown in Fig 3.6.
The curve shows the force with respect to time. In the current scenario the wheel experiences a
compressive force. The maximum force in the curve is around 15-KN and minimum is zero. The
peak forces in the curve are due to the fact that the wheel contact with bumps on the roller. The
fluctuations in the curve are due to bumps, every time the wheel rolling over a bump.

Figure 3.6 Magnitude of Reaction Force Curve
Impact of Dynamic Loads on Fatigue Damage
In case of variable amplitude of loading, the software uses the theory of collective fatigue failure
study which plays a major role in estimating life of structures. The load history is then processed
with the rain flow-counting algorithm (Endo et al. 1968) which helps in the simulation of fatigue
data in order to reduce a spectrum of varying stress into a set of simple stress reversal (Downing
et al. 1982). The software implements the method as follows,
1. Obtain the range of stress changes from the loading history.
2. Add initial and final data point similar to the data in middle if it is needed.
3. Identify the higher range and rearrange the loading pattern in such a way that higher peaks
come in the first and last points.
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4. From the first four peaks of 1 to 4, the rain flow cycle method is applied if the next peak is
vertically smaller than first and third sections as shown in Fig 3.7.

Figure 3.7 Rain Flow Counting Method (Matsuishi et al. 1968)
5. If a cycle is computed, the software begins from the initial stage of the record by avoiding
peaks which are counted previously. If no peak is computed, the software inspects for the
following collection of peaks (peaks 2, 3, 4, and 5) further procedure continues. At the end,
every peak and every trough correspond to a Rain-flow cycle.
6. Distribute the stress amplitudes and mean stresses in several bins mention in study
properties. The user can see the results from the rain flow matrix chart.

A 3D graphical representation of the rain flow matrix is shown in Fig 3.8. These graphs can be
obtained from the simulation results directly if the given loading condition is variable. This
method divides the mean and alternating stresses (range) in separate bins which represents the
formation of the load history. The rain flow chart is a 3D histogram, in which the X and Y
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represents the mean load and load range. The values of vertical axis for bins represent for the
number of counted cycles counted from rain flow charts and the limited or partial damage
occurred based on the damage matrix chart.

Figure 3.8 3D Rain Flow Matrix
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4

NUMERICAL SIMULATION FOR STATIC AND FATIGUE
ANALYSIS

Abstract
This chapter focuses on the numerical simulation approach to predict fatigue life of a part under a
dynamic load and static analysis of a component under a static load. Any finite element software
can be adopted as a numerical simulation tool to illustrate the procedures of static and fatigue
analysis. A fatigue study requires a static analysis to determine the stress distribution for a nominal
load, so that a fatigue study can be continued sequentially. In developing a fatigue analysis model,
three main inputs are material properties of objects, boundary conditions, and loading condition.
The software is equipped with a material library with most of commonly used engineering
materials, it also includes S-N curves for popular materials such as alloy steels or carbon steels.
The software provides the flexibility for users to define boundary conditions and loads via graphic
user interface (GUI). In the post-processing, the software allows to export the curves in form of
excel. The modelling procedure of static and fatigue analysis has been developed in detail in this
chapter.

Key words: Fatigue analysis, Numerical simulation, Static analysis, S-N curve.
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Case Study of Fatigue Analysis
To illustrate the procedure of using numerical simulation to predict fatigue life of wheels, the
experimental setup as shown in Fig 3.2 is used as base in the modeling process. A motion study is
conducted to determine the loads under testing conditions. As a result, from the motion study a
reaction force curve is obtained as shown in Fig 3.6 and peak forces from this curve are noted.
A static simulation setup consists of the wheel placed on a roller vertically by representing the
physical test scenario. The boundary conditions are applied as similar to the physical test setup,
and the load applied from the center of the wheel hub against the roller. Wheel CAD geometry
part for this simulation is modeled in SolidWorks as shown in Fig 4.1. As the wheel design is
symmetrical, partial structure of the wheel design is used for the simplification of the simulation.

Figure 4.1 Wheel Model used for Static Analysis
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Conducting a fatigue analysis starts with a static analysis subjected to nominal loads. In a static
analysis, a set of nominal loads applied on the wheel against the roller, where the nominal loads
can be determined as the averages of the dynamic loads over the period from motion simulation,
which has been introduced in Chapter 3. According to the generic procedure of finite element
analysis (FEA), the simulation model for static analysis needs to follow the steps below.

1) Import a CAD model,
2) Assign material properties,
3) Define boundary conditions and loads,
4) Create meshes,
5) Solve the boundary valued model, and
6) Post-process the results.

The fatigue analysis is further performed to predict total numbers of cycles that an object can
survive without a fatigue failure. If the nominal loads are set as the maximized load in the
application and the calculated maximized stress is below the yield strength of materials, one can
only tell the material will not experience a static failure. However, any materials will lead to fatigue
failure eventually. In design practice, if the material can survive sufficiently longer than the
expected life of product one can refer such material or product has an infinite fatigue life. Fatigue
analysis calculates the number of cycles the material at certain position can last based on the given
characteristics of dynamic loads. Software provides options to compute the alternating stress for
the fatigue study such as 1) Stress intensity 2) Von Mises Stress 3) Max Principal Stress, the
selection depends on type of analysis. Goodman criteria is used for the mean stress correction; it
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defines a failure criterion by including the variable mean stresses. It is usually made by plotting
mean stress versus alternating stress and it does not help to predict the life, but it shows if there is
a potential for fatigue failure. Miner’s rule is one of the most commonly used cumulative damage
method for failures caused by fatigue. Step by step procedure for the fatigue life estimation using
the S-N method is shown below:
1) Analysis of external forces acting on the structure.
2) Evaluating the stress distribution in the component upon applying peak static loads.
3) Selection S-N curve (Stress Versus No. of Cycles) from Material Library or construction
of S-N curve adequate for given material.
4) Identification of the stress parameter used for the determination of the S-N curve
(nominal/reference stress).
5) Identification of appropriate stress history.
6) Extraction of stress cycles (rain-flow counting) from the stress history.
7) Calculation of fatigue damage for each stress amplitude.
8) Fatigue damage summation (Miner-Palmgren hypothesis).
9) Determination of fatigue life in terms of number of stress history repetitions,
the number of cycles to failure.
10) The procedure must be repeated several times if multiple stress concentrations or
critical locations are found in a component or structure.

Static Analysis
The goal of this static study is to evaluate the stress distribution in the wheel for applied boundary
and loading conditions. A fatigue study refers to linear or non-linear structural or to a particularsolution step from nonlinear or modal time history dynamic studies. It estimates the response of a
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design under the specified restraints and loads. If the analysis assumptions are observed and the
computed stresses are within material strength for infinite life, it determines that the design can
sustain in this environment despite how many times the load is applied. In static studies, the stress
values such as Von Mises stress or Stress Intensity or Max Principle stress are used to evaluate the
strength of material. The number of the cycles required for a fatigue failure to occur at a location
depends on the material and the stress fluctuations. This information for a certain material, is
provided by a curve called the S-N curve (Alternating Stress Versus Number of cycles).

In this case study the wheel component is analyzed for the static loads taken from the variable
amplitude loading curve. The result of the static study is used as stress amplitude to perform fatigue
calculations. The static load is applied on a component is to estimate how many impulsive loadings
this component will sustain for the applied load. Minimum value of each factor of safety is greater
than 1, therefore the part will not fail under applied load. Consequently, it is sensible to analyze
this part under cyclically variable loads. Generally, in case of non-constant amplitude of loading
the static stress is evaluated for 1(units depending on the time history) of load. Because the
software multiplies the magnitude of maximum stress to the given time history curve.

Material Properties
Software provides a library of engineering materials whose properties are pre-defined. The
majority of commonly used engineering materials, such as carbon steels and aluminum alloys, are
covered in the library. In addition, the software tool provides the interface to create a custom
material; the created new materials can be stored in the material library permanently. Without
losing the generality, the engineering materials available from the material library are selected as
materials of components in simulation.

53
Each solid object in a Static Analysis can be assigned with different materials. The simulation
model for fatigue analysis consists of the wheel and roller. Since a stress level of a product with a
long fatigue life is very low, the response of the product subjected to a low level of external load
must be in the elastic range of deformation. Table 4.1 shows that the selected material for the roller
and wheel, which is linear isotropic material whose properties are same in all of the directions.
Table 4.1 Steel Material Properties (Ansys Material Library)
Material: Carbon Steel
Properties

Value

Units

Elastic Modulus

205000

N/mm2

Poisson’s Ratio

0.29

N/A

Mass Density

7858

Kg/m3

Ultimate Strength

625

N/mm2

Yield Strength

282

N/mm2

Endurance Strength

87

N/mm2

In fatigue study, the material properties of objects must be the same to the ones in static analysis.
However, the fatigue strengths of materials must be defined which refers to the S-N curves. The
performance of a material under repetitive loading is characterized by this curve. An S-N curve is
the relation of a fully reversed alternating stress with respect to number of cycles as show in Fig
4.2. By plotting a result of structure on this log-log graph with the stress ranges on the vertical axis
and the number of cycles on a horizontal axis would result a large scatter. If the alternating stress
exceeds the endurance limit of the material, therefore the component can survive for finite number
of cycles. Finite life has two different regions called low cycle fatigue and high cycle fatigue. Low
cycle fatigue are high stress levels with low number cycles and the material behavior in the net
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section will be predominantly plastic. In high cycle region the stress levels are relatively low, and
the material behavior is in elastic range. If the stress levels are below the endurance limit of a
material, then the structure experiences a large number of load cycles without damage.

Finite life

Infinite life

Figure 4.2 S-N Curve of the Material
Boundary Conditions and Meshing
To match the simulation model with the experimental setup up, the CAD model for the static
analysis is developed. It is an assembly model consisting of the roller and the wheel. Two parts
are assembled in the vertical position, i.e., the wheel is located on the top of the roller which
represents the experimental scenario. The boundary conditions of the structure are defined based
on the free body diagram (FBD) illustrated in Section 3.4. Note the model is simplified as shown
in Fig 4.3 for effective analysis stress distribution of wheels subjected to external loads.
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Y

Z
X

Figure 4.3 Static Analysis Setup
In defining the boundary conditions, the base of the roller is set as ‘fixed’ with no mobility. A
‘roller/slider’ condition is used to specify that the geometric element can move freely on the
specified planar surface; its motion perpendicular to the plane is completely restricted. In this
model, the wheel is fixed along X and Z translation. In defining the loading condition, the external
force is applied at the center of the wheel, and the direction of the force is with the negative Y
direction against roller which reflects the real-world scenario of experimental setup in Fig. 3.2.
The magnitude of the load can be any value in the range of dynamic load over time. In this case
study, the nominal load is set as the peak load of from the plot of the dynamic force obtained in
the SolidWorks Motion Simulation.
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Figure 4.4 Mesh Model
A meshing process discritizes a contiual domain into discrete elements and nodes. The behavior
within an element is represented by the behaviors on its associated nodes. The meshing process is
crucial in the FE simulation in sense of accuracy and computation efficiency. In every pre
processing tool there is an ‘auto’ option for meshing; once it is activated, the software
automatically creats the mesh with preferrable element types such as solid (3D), shell (2D) and
beam (1D) elements. Moreover, the software determines the types of elements in a mesh
automatically based on the geometric features of solids; from the above shown Fig 4.4 the model
is automatically meshed with the commbination of tetra and hexa elements. There are three
common types of solid elements , i.e., tetra, penta and hexa element. Among these 3D elements,
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tetrahedral elements are mostly used to mesh solid objects since tetrahedral elements are most
capable to deal with the complexity of geometries.

The roller and the wheel makes one mutal contact in the assembly model. The goal of the static
study is to determine the stress distribution in the wheel; while the stress distribution in the roller
is secondary. As far as the geometry of a wheel is concerned, a wheel is usually not a one piece
solid or solid with simple structure, it has an optimised design of weight distribution and
restrengthed components, for an example, a structure with eight spokes in the wheel. The possiblity
of the maximimized stress often occur to at the weakest portion of the geometry. As far as the
discussed wheel with eight spokes, it is at the roots of spokes. The accuracy of the simulation
results depends on the quality of the mesh. The quality of mesh rely on a number of circumstances
such as ‘mesh control’, appropraiteness of ‘contact condition’, and the ‘global element size’ and
‘tolerence’. In particular, the mesh control allows to select surfaces for a refined element size.

Contact Conditions
For an assembly model with multiple objects, the spatial relations of two objects must be taken
into consideration. Fig. 4.5 shows that a ‘bonded’ contact is assigned between the contact surfaces
of the roller and wheel. As shown in the figure, the software allows one to specify two sets of
contact surfaces, so that a bonded relation can be applied on the parts. With a bonded contact, the
mesh can be specified as ‘compatible’ or ‘no compatible’. If a compatible mesh is specified, the
software merges the nodes along the interface. In addition, one side of contact surface should be
specified as ‘master’ surface and the other is treated as ‘slave’. In this case study, the wheel
surface is specified as a ‘master’ and the roller surface is specified as a ‘slave’ surface. An
incompatible bonding is dealt with in two ways. The first one is to use the simplified bonding, in
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this the source body is represented using its nodes, while the target is represented through the
element faces. But the only elements that participate in the bonding are the ones upon which a
node directly lies. The second one is to use more accurate bonding; with this algorithm the source
entities use the full description of the geometry not just the nodes. This means that the edges of
the source not just its nodes participate in the bonding leading to complete and accurate description
of both the source and target.

Master

Slave

Figure 4.5 Settings to Create Contact
Mesh Independent Solution
In the solving process, one of critical issues is to determine the termination conditions where a
satisfactory solution is reached. It is also referred as a convergence problem, i.e., how many
iterations should be performed to obtain a solution with a specified tolerance of accuracy. In the
majority of cases, the accuracy is mainly affected by element sizes. Therefore, the convergence
can be quantified in sense of the influence of the simulation results affected by the change of
average element size of model. The most common method to investigate the convergence of
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solving process is to generate the relations of average von Mises stress with respect to the mesh
refinement. To plot a graph, the model at least needs two or more iterations for mesh refinements.
In FEA model, there are two ways for mesh refinements are the ‘h-adaptive’ method and ‘padaptive’ method shown in table 4.2. The p-adaptive method uses high polynomial order elements
in the regions where stresses are changed significantly in iteration. The h-adaptive method
increases the solution accuracy just by reducing element sizes in the locations where the changes
of calculated strain energy are significant in iteration; while mesh sizes at some regions where the
change of the strain energy is insignificant can be increased. Either mesh refinement method has
to run the solving process in multiple loops. Taking an example of using the p-adaptive method,
firstly, calculate the strain energy of element at the initial mesh (or the mesh at previous step) and
use it as a reference; secondly, do the same calculation for the refined mesh and compare the
discrepancies of results; thirdly, determine it the discrepancies are within the acceptable tolerance;
if they are, the solving process can be terminated. If not, one must check the number of iterations,
if the number of iterations is below the maximum iterations, return to the first step for next iteration;
if it reaches the maximum iterations, the solving process fails, and one must change the initial
mesh for a retry. The table shown below explains the options given in motion study to set as
accordingly.
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Table 4.2 Adaptive Method for Convergence
Type of Setting

Explanation

Adaptive Method

H-adaptive method: Applies a mesh
refinement at critical areas.
P-adaptive method: Applies the mesh
with higher order elements.
Allows to set the percentage of
accuracy.
Allows to set the max number of
iterations to achieve the accuracy
percentage of results.

Target Accuracy
Maximum No. Loops

In general, finer mesh can generate a better and accurate results; in particular, it is desirable to
increase mesh density at the stress concentrated areas. The software is equipped with the
capabilities of using the discussed methods to refine the mesh automatically, note that it is not
mandaory to use ‘mesh control’ to create a fine mesh at critical locations manually. If the
convergence method is employed in the simulation, the software automatically refines with the
fine mesh in critical areas while the other areas remain with a global mesh size which is given
initially. Fig 4.6 shows a mesh model with a combination of coarse and fine mesh.

Coarse mesh

fine mesh

Figure 4.6 Combination of Coarse and Fine Mesh
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From the results of static analysis a mesh convergence curve is generated as shown in Fig 4.7, Yaxis represents the Maximum stress of each iteration and X-axis represents the number of iterations.
The element sizes must be continously refined until the solution has been converged with an
accaptable accuracy.


Max von Mises stress – The points in the graph represents the von Mises stress values for
each iteration. If the model achieves two consucutive stress results by a acceptable
difference, with in specified iterations then the model is converged.

Figure 4.7 Convergence Graph for Case Study
For each iteration the mesh is refined untill the last two consucutive solution are same. From the
above graph it shows that from first iteration to the second iteration the Maximum stress in the
component raised 0.01MPa and from second to third iterartion the solution is not varied. At this
point the results are independent of mesh, because even after refining the mesh size the results
remain same.
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Goodman Criteria
Mean stress is equal to the average of the maximum and minimum stress during a fatigue load
cycle. Much of fatigue data is generated assuming a zero-mean stress, which means that the load
cycle is completely reversed. The stress ratio, also referred to as R or R-ratio, is defined as the
minimum stress over the maximum stress and is used to quantify the mean stress. A stress ratio
of -1 represents a fully reversed loading. If the loading is other than fully reversed, a mean stress
exists and may be accounted by using a Mean Stress Correction. There are multiple approaches to
include the mean stress effect in the fatigue study. Goodman approach is one of the method to
calculate a mean stress correction.

A Goodman method defines a failure criterion for a varying mean stress and it helps to include the
varying mean stress to predict the fatigue life of a component. It is constructed by plotting a mean
stress on x-axis and alternating stress on the y-axis. The first point of Goodman line can be plotted
at a mean stress of zero and an alternating stress equal to the endurance limit. The second point is
an alternating stress of zero and a mean stress equal to the ultimate tensile stress, connecting these
two points with a line defines the Goodman line as shown in Fig 4.8. Any point that falls under
the Goodman line will not fail in fatigue which is called as safe zone; any point that falls outside
the Goodman line will eventually fail in fatigue. Goodman approach to calculate a mean stress
correction to obtain an effective alternating stress that can be used with an S-N curve of stress ratio
of -1.
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Alternating Stress

Unsafe Zone

Safe Zone

Mean Stress

Figure 4.8 Goodman Criteria
Solving Process and Postprocessing
The complexity of a model depends on many factors such as types of elements, numbers of nodes
and elements, non-linearity of material properties, and boundary conditions such as contacts. The
time required by the solving process by a computer depends on the complexity of the model. It is
common that a simulation needs several iterations for the mesh refinement to obtain a reasonable
solution. Due to the settings of numerous parameters, one might leave these parameters as defaults
at the beginning of the solving process, where the parameters for mesh refinement are set as default
ones. For the mesh generation, we highly recommend using automatic where software decides the
appropriate method for the simulation. After all of inputs are defined appropriately, the fatigue
analysis can be performed.


Loading Type: If the structure is experiencing a dynamic load, the fatigue loading type
must be variable to predict the accurate results. For which a history data is given as input
to the study.
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Scale Factor: Loading Scale Factor that will scale all stresses, both alternating and mean
by the specified value.



Analysis Method: Stress Life is based on S-N curves (Stress – Cycle curves). Stress Life
traditionally deals with relatively high numbers of cycles and therefore addresses High
Cycle Fatigue (HCF), greater than 106 cycles inclusive of infinite life.



Computing alternating stress: Provides options to compute the alternating stress for the
fatigue study such as 1) Stress intensity 2) Von Mises Stress 3) Max Principal Stress, the
selection depends on type of analysis.



Infinite Life: By defining the infinite life of a model, it helps to calculate the damage by
dividing the design life by available life. By setting up a higher value helps to control
small alternating stresses beyond the limit of the SN curve.

Once the solution is obtained, the stress distribution and displacements in the model can be
visualized. For the results of structural analysis model, three important field variables worth to
examine are von-Mises stress, displacement and strain. In software tool, these results are stored
and linked to model tree usually located on the left side of layout. One can access those results just
by double click on each tab.

Summary
The finite element (FE) model of the wheel and roller structure was consisting of two isotropic,
homogeneous and linear–elastic materials joined together along interfaces. Because of symmetry,
only one half of the structure was modeled to predict the fatigue life. It has been found that the
maximum von-Mises stress occurs at the expected location, which is below the yield strength of
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material. From the evaluated static analysis, it shows that the component can sustain for a given
load.

The obtained results from the fatigue study are the number of cycles to the failure and fatigue
damages over objects. Fig. 4.9 (a) shows the distributed contours of life over the part. Fig 4.9 (b)
shows that the maximum damage occurs to the position with the maximized stress. And it is
expected that the wheel component can survive about 1.1×105 cycles before failure. From the
damage plot it is shown that there is a 100% damage in the model before the design life is reached.
Note that the presented procedure is generic which is applicable to analyze wheel with any design
and material.
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(a) Life Plot

(b) Damage plot
Figure 4.9 Fatigue Simulation Results
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In this chapter, a case study of wheel fatigue analysis is presented, and it is used to illustrate the
procedure of fatigue analysis. Fatigue analysis is developed to estimate the durability of the
materials. The details of the fatigue analysis have been discussed in Section 3.1. When using finite
element method, static and fatigue analysis must be performed in a sequence. In the case study,
the result of static analysis tells that the obtained maximum stress is around the wheel spoke
location which is way below the yield strength of a material; which means the part will not
experience static failure. However, we will provide the verification and validation to support these
arguments in Chapter 5. As long as all of inputs can be defined correctly, a fatigue analysis is
relatively straightforward, and the results from the fatigue analysis shows fatigue damage and
fatigue life of parts. However, the obtained results will be validated, which will be discussed detail
in Chapter 5.

Hertz Contact Stress
In the context of wheel design, not all industries such as agricultural, medical and manufacturing
firms, use the wheels with spokes. To sustain heavy loads on wheels and to strengthen the structural
integrity of the wheel, these products are made with one-piece solid body.

When any two solid and curved bodies of any radii come in to contact, the initial contact will be
in form of a line or a point. The size of the contact area depends on the load and the materials of
the components. With the application of the smallest load, the elastic deformation enlarges these
into contact areas across which the loads are distributed as pressures. This concept was presented
by Heinrich Hertz in 1881 based on some assumptions: 1) the bodies are isotropic and elastic 2)
the surfaces are friction less and 3) the area of contact is small compared to bodies. The process
toward the solution of this contact stresses is determining the size and shape of the contact area
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and the normal pressure distribution resulting in contact stresses and deformations. A schematic
diagram is shown in Fig 4.10 explaining the scenario of the case study. When it is compared to the
physical test setup the circular wheel is rolling against the drum, the possibility of the high stresses
can be observed at the contact location which can be solved using the Hertz contact theory.

F

d1

Length=L

2b

d2

F

Figure 4.10 Schematic Diagram of Hertz Contact Stress Test Setup
The parameters used for the analytical model are:
Diameter (d1) = 25 mm
Diameter (d2) = 25 mm
Length of Contact (L) = 5 mm
Force = 10 N
2b = Width of the contact
Aluminum material properties are used for the analytical calculations (matweb.com)
E = 70000 MPa
Poisson’s ratio = 0.35
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The analytical equations of the Hertz contact as follows:
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𝑃𝑚𝑎𝑥 = 63.7 𝑀𝑃𝑎

Numerical simulation for the Hertz Contact stress is carried out using an Abaqus solver. Two
cylinders are modeled with the thickness of 5 mm assembled on the same axis as to apply normal
load on the cylinder. To reduce the run time of the analysis, each of the cylinder is divided in to
two parts and meshed with different element sizes. A small element size is maintained at the
location of contact to generate accurate result. Load is applied on a single node on top of the
cylinder shown in Fig 4.11. The moment is fixed in side ways to avoid slip and the model is
allowed to move only in the direction of applied force. The large portion of the bottom cylinder
(at center nodes) is fixed in all 6 degrees of freedom. A bonded contact is established between two
cylinders at the contact location to avoid penetration. Remaining parameters such as diameter,
force, length of contact and material are used same as in analytical model.
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Load

Fixed

Figure 4.11 Simulation Model Setup in Abaqus
Fig 4.12 shown the counter plot for the location of maximum contact pressure. The numerical
analysis, the contact pressure is 67.9 MPa. The percentage error is calculated by using equation
4.10, the difference is about 6.2% comparing the numerical with analytical solution. To ensure the
acceptable solution from finite element analysis, one must be very careful in reviewing the
difference in geometry, boundary conditions, magnitude of load and direction, type and size of
elements. Further fatigue study can be conducted to estimate the life cycles for the obtained
equivalent stress.
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Max 67.9 MPa

Figure 4.12 Simulation Results of Hertz Contact Analysis
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5

VERIFICATION AND VALIDATION OF SIMULATION

Abstract
Numerical simulation using finite element analysis (FEM) has proven its great potentials in
accelerating the development of new products, reducing design cost, and exploring more design
options without prototyping and testing. However, one must ensure if a physical system is
modelled adequately and satisfactory solutions can be found from the solving process. In this
chapter, the V&V for the proposed simulation method is discussed. There are many different
techniques for verification and validation. In general, a simulation model can be verified and
validated by the comparisons with experimental results. When no physical test data is available,
other alternatives can be explored. Since the client company will not be able to prepare for the
testing data for V&V, some case studies validated by others from the literatures are used for our
V&V purpose, this approach is said to be model to model method. The procedure for V&V of the
proposed simulation is introduced, V&V is performed, and the accountability of the developed
simulation method is proven.

Key Words: Verification and Validation, Model to Model correlation, Static analysis, Fatigue
analysis, Numerical Simulations.
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Purpose of Verification and Validation (V&V)
In general, the verification and validation (V&V) are involved in determining whether a model
and its results can be used to obtain acceptable results for a purpose. Verification and validation
are relevant but different. Verification is the task of determining if the implementation of a model
has been done correctly, and validation is a task of determining if the model constructed accurately
interpret the underlying real system being modeled; in other words, does the method lead to the
right solution to a real-world problem? These simulation models represent the real-world system,
but they are based on a number of assumptions, due to which model should be verified and
validated to the extent required for the models' proposed purpose or application. If a simulation
model has not been verified and validated, it is doubtful that even if the simulation plan will
succeed to yield results, the results might not be the right answers to the defined problems.
Verification and Validation of engineering designs are of primary importance as they directly
influence production performance and ultimately define product functionality. In this chapter,
verification and validation for the developed procedure of fatigue simulation will be performed,
the benchmark problems from the literatures are used for V&V purpose, and the models for static
analysis and fatigue analysis were verified, respectively.

Implementation of V&V
As we have discussed earlier, there are several other methods to verify and validate the model. In
this thesis, an alternative method for V&V is used which refers to model to model method also
known as a back to back testing or docking method. This system compares various results of the
simulation model being validated to the results of other valid models. This means that output
comparison between two different models with similar boundary conditions is conducted using
this technique.
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Needs
Proposed
Study
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input
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code

Output
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Figure 5.1 Flow Chart Representation for Verification and Validation

The contents or activities of each functional block in the flow chart are given in Table 5.1.
Tasks in V&V Implementation are-
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Table 5.1 Explanation of Tasks in V&V
Tasks
Identification of Needs
Proposed Study
Input Configuration
Solving Simulation
Output Comparison
Purpose Achieved

Meanings/Explanation
The needs of simulation are to estimate the life of a structure
for given boundary and loading conditions.
Proposed study Procedure and results are verified with the
reference model.
Inputs of the current study needs to be configured, in order to
correlate with the reference model.
The simulation is submitted to solve for the given boundary
and loading conditions.
The results are compared in order to verify the model.
When results achieved serve the purpose, the simulation
model is said to be verified.

A previous study with a relevant validated simulation model is used for the purpose of verification
and validation. In the process of verification, the proposed model used same inputs and boundary
conditions with the existing simulation model in both cases of static and fatigue studies,
respectively. The model building process is distinguished by determining its main components and
their interaction. The results may widely differ depending on the configuration and input data.
When the compared model is valid, the agreement within these two models can infer the validity
of the model.

The method used for the V&V requires some additional simulations to be conducted in order to
match with the results of the reference study. To serve for the purpose it needs a study which is
closely related to actual scenario. The more complex point of how fine a distribution which is used
to represents an original data scenario is part of the validation method. The major differences when
comparing the simulation models are Geometric features and Material.
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1)

Geometrical Features

To verify the model by the selected method; a previously verified study in literatures is chosen. It
should be solved by a similar procedure to obtain the results. Geometric features are one of the
reasons to cause difference in output results, where the dimensions of the benchmark case are
unknown. The wheel of the selected study belongs to automotive, and the wheel of the current
study is used in medical and agriculture industry. The differences in shape are shown in Fig 5.2
below. The boundary and loading conditions are configured to match with the previous study, and
the wheel geometry is modified by diameter, outer surface area and wheel spoke count to closely
match with the Burande’s model. Both models are constrained from the center hub location of the
wheel and the wheel spokes in the reference model are placed on one side edge of the outer rim
connecting to the center hub of the wheel, which makes a greater change in stress distribution in
the wheel.

(a) CAD Model of Burande’s Study

(b) CAD Model of Present Study

Figure 5.2 Comparison of Geometrical Models
2)

Materials

Material can play a major role in obtaining a difference in output results; as the properties of the
materials vary by many factors. The material used in the reference simulation model is aluminum
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Al 356.2 and the current study is carbon steel. The wheel used in the current study belongs to
castor industry, the most common materials used are steel, plastic and composite materials. As
discussed previously, most of the manufacturers relay on experimental studies to test the durability
of the wheels, so it is a difficult to obtain a similar study to verify the current simulation model.
For the purpose of the verification, the material of the present model is changed Al 356.2 to match
with the previous study.

Verification and Validation of Benchmark Case
The selected benchmark case for the verification and validation is by Burande et al (2016) fatigue
simulation of Aluminum Wheel for Passenger Car under Radial Load. This study has been verified
by experimental test. As per radial fatigue test standards, setup consists of a driven rotatable drum
as shown in Fig 5.3. The axis of the drum and test wheel are parallel to each other, which gives a
smooth surface broader than the section width of the loaded test wheel section width. The loading
is provided by the test wheel normal to the drum surface in line radially with the center of drum
and wheel. The wheel is secured to the center hub using nuts and bolts with an appropriate torque
mentioned by the manufacturer. The vehicle weight is supported with a vertical reaction force from
the base surface into the wheel. This load continuously squeezes the wheel in the radial direction
while the vehicle is moving, the radial load shifts to a cyclic load with the rotation of the wheel.
As compared with the current study, which is similar in most of the aspects; where the load is
applied on the wheel in the horizontal axis in the current study.
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Figure 5.3 Schematic Diagram of a Test Setup (Burande et al. 2016)

The results comparison with numerical and experimental test results of Burande’s model are shown
in Table 5.2. In comparison of total fatigue life of a wheel, the results from the physical test shows
8.15×105 and the results from the numerical simulation shows 7.99×105. The difference in results
is very small, as it is known fact that numerical analysis is always an apporaximation but not
accurate.

Table 5.2 Comparison of Experimental and FE Results (Burande et al. 2016)
Material A 356.2
Simulation Results
Experimental Results

Fatigue Life Cycles
Radial Fatigue Life- 7.99×105 Cycles
Experimental Found- 8.15×105
Cycles
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From the numerical analysis of the benchmark case, alloy wheels are intended to use in passenger
cars stipulated to two types of loading, which are dynamic cornering and radial fatigue test. In this
particular case study, the wheel is evaluated for the radial fatigue test. FE method is used to
evaluate the performance of wheels over their life. The reference paper is aimed to perform and
compare the numerical results of a wheel between two different materials which are Al 7075-T6
and Al 356.2. SolidWorks is used to model the wheel geometry in 3D and further FE analysis is
conducted. As compared to the numerical procedure of the present study to estimate the maximum
stress in the wheel and procedure to predict the fatigue life are similar. At first the static analysis
is conducted to evaluate maximum stress in wheel, and the loading conditions are determined by
the force and pressure due to vehicle weight on wheel against the ground. The procedure followed
in the present study is quite similar, static study is conducted from the peak loads obtained from
the motion study under dynamic loads and fatigue analysis is performed to estimate the life of a
wheel.
5.3.1

Static Analysis

In this model, SolidWorks is used to build the assembly and carry out the finite element analysis.
In comparison with the geometrical features, the spokes in the wheel model are modified. The
wheel model is isolated from the assembly and all the loading and boundary conditions are
configured to match with the benchmark case. The loading is changed as the radial load, which is
applied on the outer surface of the wheel. Center hub location of the wheel is fully constrained
with zero degrees of freedom. Angular velocity is applied at the center of wheel hub, as they are
being aimed for the similar purpose. Ansys and SolidWorks both use tetrahedral elements as their
primary element type. H-adaptive method is implemented for the analysis; it refines the mesh at
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concentrated locations as per the given number loops. The model is fixed at center hub location of
the wheel. The comparison of the models with boundary conditions are shown in Fig 5.4.
The details of boundary conditions and loading conditions arePressure = 0.303 MPa,
Angular velocity = 116.7 rad/sec and
Remote force = 9.93 KN.

(a) Burande’s Model

(b) Present Model

Figure 5.4 Boundary and Loading Conditions
From the results of reference model with material Al 356.2 shown that 43.9 MPa of the maximum
stress at the spoke location shown in Fig 5.5(a). From the results of static analysis, for the present
study, the maximum stress obtained is 38.9 MPa at the spoke location as shown in Fig 5.5(b).
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(a) Burande’s Model

(b) Present Model

Figure 5.5 Von Mises Stress Comparison

The results from the static analysis show the difference in von Mises stress compared with
Burande’s model and present models. There are various factors that affect the change in the results
such as the change in geometric features and the volume of the component. However, the stress
distribution or pattern in both models looks alike and the maximum stress is observed in the wheel
spokes; which are connected to the wheel center hub. In comparison, the difference in results of
Burande’s model and present model is about 11.3% for static analysis. This percentage of
difference is acceptable, and the model is said to be verified as per the static analysis.
5.3.2

Fatigue Analysis

The Ansys workbench is user-friendly software with well suitable options for fatigue studies. The
fatigue analysis of the reference model is based on S-N method, the curves for the model are shown
in Fig 5.6. The boundary conditions in the model are used similar to the static study. Equivalent
von Mises stress obtained from the static study are used to compute the alternating stress for the
fatigue study.
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In the present model, modeling of CAD geometry and FE analysis are carried out in SolidWorks
software. The study deals with a constant amplitude loading based on S-N method. The wheel is
isolated from the assembly to conduct static and fatigue analysis, the boundary and loading
conditions such as magnitude and direction of loads and location of constraints in the model are
similar to the reference model. A solid tetrahedral element is used to mesh; same number of
elements and nodes used in static analysis are also used in fatigue study, it means there is no need
to generate a new mesh. Similar material properties, S-N curve data and maximum number of
cycles are used in the present study to correlate with Burande’s model. An S-N curve (Stress
Versus Number of cycles) is plot of the magnitude of an alternating stress to the number of cycles
to failure of a material. These curves are different for each material and are created from the
experimental testing. In this plot if the stress levels are below endurance limit of a material, infinite
no. of cycles can be applied without a failure. And if the alternating stresses are below the yield
strength of a material which comes under the elastic region are said to be high cycle fatigue and in
case of stresses above yield are likely to come under low cycle fatigue.

Figure 5.6 S-N Curve for the Material (Burande et al. 2016)

83
From the obtained results of the present study, comparison of simulation model is shown in Fig
5.7 and 5.8, which represents total life plot and damage plot respectively. In correlation with the
results of both models, the total life of Burande’s model is shown as 7.9×105 and present model
results shows 7.1×105 life cycles before failure. The initiation of failures in both models are from
the wheel spokes location. In comparison of both models the error percentage is about 11.1%, there
is a negligible difference in total cycles to the failure. However, the stress distribution in the wheel
is similar.

Failure location
(a) Burande’s Model

Failure location
(b) Present Model
Figure 5.7 Fatigue Life Comparison
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A comparison of damage in both previous and present model are shown in Fig 5.8. Maximum
precentage of damage in the model are at wheel spoke locaction as it is expected due to weaker
location of the component. The Burande’s model is verified and validated as per the experimental
procedure as shown in Table 5.2; and the numerical results of present study are being compared to
already verified and validated model. After the comparison of present model behaviour with
Burande’s model, the results obtained are very similar including the stress distribution in
component.

(a) Burande’s Model

(b) Present Model

Figure 5.8 Fatigue Damage Comparison
Summary
Multiple number of simulations are conducted in order to verify and validate the present study.
From the obtained results it can be said that the model is verified because the von Mises stress
results from the static analysis of a Burande’s study and the present study are 43.9 MPa and 38.9
MPa respectively. The small difference in results can be neglected as it is a comparative study
from model to model which has a difference in the geometric features, though the boundary and
loading conditions are modified to match with Burande’s simulation model. The results obtained
from the fatigue study are quite alike, in comparison of both results the wheel model show failure
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initiated from the similar location of the component. As we have discussed earlier verification of
model is mandatory to determine the procedure followed for the present study is accurate and the
obtained results are significant. The error percentage is summarized in the following Table 5.3.
Table 5.3 Summary of Results
Static Analysis
Fatigue Analysis

Burande’s Model
43 MPa
7.9×105 Cycles

Present Model
38 MPa
7.1×105 Cycles

Error %
11.3
11.1

In this process, the static analysis is conducted by configuring the inputs and the obtained results
are compared with the reference model. Observed a difference in output results, which is due to
several factors as discussed. It can be said that the model is verified although the obtained results
are not closely matching but the procedure for solving the problem is identical. However, we
observe the stress distribution in both wheels is similar. There are no experimental data or results
available for the present study, the information given by the collaborated company (Customs
Engineered Wheels); the rolling bump test results data is not available for any of the latest wheel
models. For that reason, model to model method is used for the purpose is verification and
validation. Selected reference model is verified and validated by the experimental methods.

In general, verification deals with the right way of solving the equations. The process FEA is
always approximate and it is not robust, small errors in modeling or simulation set up leads to very
large errors in results. As the present verification is conducted by model to model method the
process includes few difficulties such as comparison of geometry, the volume of the components,
material properties, element types, loading conditions, and boundary conditions. In verification of
FE analysis, one of the important issues is to show the convergence with respect to mesh density;
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it states that the simulation results are independent of an increase in mesh density using output
variables. This means that the result is independent of mesh size and numerically correct.
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6

PARAMETRIC STUDY

Abstract
In this chapter, the feasibility of using the simulation for analysis of a variety of products is
concerned, and the procedure for creating and running parametric studies are discussed. The
impact of design parameters and dimensional variations on performances of wheel products is
investigated. The case studies of parametric studies are developed to understand the impact of
specified design variables of a structure under certain loads and illustrate how a structure can be
optimized using the numerical simulation-based approach. In case studies, design criteria are made
on the highest stress concentration in a wheel product, and the geometric features of a product have
compared each other with the maximized von-Mises stress. Materials of product are selected as
the second design variable.

Key Words: Computer Aided Modeling, Parametric study, SolidWorks, FEA.
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Parametric Study
A Parametric Study is used to optimize the design of product based on a number of numerical
simulations using a virtual model. For example, a typical design objective is to minimize the weight
of a part or assembly with some design criteria such as specifying allowable stresses and
displacements in a computational domain. Incorporating a parametric study tool with an automated
algorithm of design space definition allows the software tool to evaluate and optimize design
variables. In defining a parametric study, one or more design parameters can be selected in the
attempt for design optimization. Each design parameter in a parametric study is defined by a
nominal parameter and a number or range of alternatives. In addition, a set of analysis goals such
as maximized stress and strain should be defined. In this chapter, the feasibility of using a
parametric study is investigated for wheel products from the perspective of material selection and
geometric variants. In executing a parametric study, every combination of the specified parameter
values of design variables is then analyzed to evaluate the properties of solids and the distribution
of stresses and displacements. All the attributes in a model such as geometric dimensions, material
properties, loads, and boundary conditions can be selected as design variables. A parametric study
is performed using geometric features and material of the wheel component.

The study conducted using modeling and simulation for product design has many advantages such
as,


Modeling and simulation have an advantage of low cost and low-risk environment.



Modeling and simulation enable the designer to determine the accuracy and performance
of a design before the system is actually created. Therefore, one can investigate the benefits
of alternative designs without making a real system.
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By analyzing the impact of particular design decisions while in the modeling stage rather
than building stage, the overall value of developing the system decreases significantly.



It allows the engineers to study the difficulties and problems at different stages.

The parametric study in this chapter emphasizes on the feasibility of using simulation for design
of castor wheels for client company, i.e., Customs Engineered Wheels. This is one of the major
manufacturers in castor wheel products. These wheels are used as components in many different
products in industrial and commercial sectors, medical applications, mobility, garden and lawn
cares, wastes and recycling, and light weight vehicles for material handling. The materials and
geometric features of wheels can be varied widely for different designs.

Most of the

manufacturers customize wheels and make them by injection molding, Fig. 6.1 shows a few of
examples of customized products at the client company. By using the proposed method of
simulation, the wheels with any type of materials can be evaluated systematically to evaluate the
fatigue life of a wheel. In addition, a parametric study is defined to take into consideration of
material options. Note that this study was performed in SolidWorks and the design goal was set
as the min von-Mises stress.

(a)

(b)

(c)

Figure 6.1 Examples of Customized Wheels from Injection Modelling
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As discussed above, these wheels used in various industries, the loads on these wheels depend on
the purpose it is used. In designing a wheel, one critical criterion is how long the part will survive
without a failure. The design of the wheel should emphasize the fatigue resistance, so that a robotic
system can sustain both of static and dynamic loads for high amplitude loads. In particular, the
durability of the castor wheels is more important as these wheels experience a dynamic load. There
is a scope of conducting various parametric studies, based on the design and material of wheels.

Procedure of Parametric Study
A parametric study allows to select a set of the parameters so that the impact of the selected
parameter can be evaluated. Therefore, the first step is to determine one or a set of design
parameters and varying ranges to be investigated. In addition, a finite element analysis tool is
normally provided with the capabilities for simulation-based optimization. Actually, these
practices initialize the trial-and-error methods of improving design variables and estimating the
influence variable designs. Most commercial CAD software like (Inventor, Creo Parametric (ProE),
SolidWorks, Solid Edge, NX etc.) support parametric studies. In this chapter, the parametric study
is designed using SolidWorks, since the case study simulations are performed using the same code,
no extra effort is needed to export files and also makes it easy to compare the results with actual
results. Fig. 6.2, the procedure of defining and running a parametric study is explained in the
flowchart.
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Geometry

Material

Loads

Parametric Study
Define
Variables, Constraints, Goals
Results
Accepted

Figure 6.2 Procedure of Defining and Running a Parametric Study
In general, an optimization problem can be defined as follows. A design problem should be
defined with the following elements:


Variables are some attributes of a product model such as geometric dimensions, materials
and some parameters related to a simulation model.



Constraints are the conditions where all of the design variables and corresponding model
must satisfy such constraints.



Goals need to be defined when the simulation model is used for a parametric study. For
example, minimizing the weight of a part can be a common goal for cost saving.

In SolidWorks, a parametric study is created by selecting a ‘New Design Study’. In specifying a
parametric study, a split screen allows to select items from the list of the graphics window
interactively, and the variables involved in the optimization as shown in a separated window. A
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user can specify design variables by selecting the names associated with geometric dimensions in
the graphics window where all the design variables in the model are populated. Further, the
interface allows one to specify a range for each design variable, and the range is defined by a
minimum and maximum value, and the number of levels for each variable depends on with an
increment for the variable. The following step of defining a parametric study is to define design
constraints. In designing wheels, we are especially interested in stresses such as Von Mises stresses.
Setting the design goals is optional for a parametric study. As the final step, the button ‘Run’ is
clicked to solve the system model for a number of combinations of design variables in sequence.
And finally, the automated results report can be exported to the local drive by a single click from
the same interface.

Case Studies
Two studies are conducted to illustrate the procedure of creating and running parametric studies.
Two exemplifying design variables are (1) a variable for a geometric dimension, (2) the materials
of a wheel design, and (3) spoke design. The design constraint for a mentioned parameter is
selected as von-Mises stresses, there is no specified range mentioned but to monitor the values to
supervise the impact of the selected parameters.

6.3.1

Parametric Study on Geometric Feature

In the proposed simulation model, one parametric study is created by considering the size of a
geometric feature in wheel design, i.e., fillet size. As shown in Fig. 6.3(a), it has been found from
a static analysis that the highest stress concentration occurs at the joint of sprocket and hub.
Therefore, the variable for fillet size is taken as a design variable to see how it affects the stress
level at this critical position.
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The presented model of wheel has its weak structure on wheel spokes it is expected that max stress
can occur at around the spoke. A fillet is added to reduce the failure as shown in figure 6.3 (b).
The radius of the fillet also contributes the difference in magnitude of the von Mises stress
distribution. The range of fillet radius is carefully adjusted to minimize the stress. In this
parametric study, the radius of fillet is selected as a design variable, and its varying range is
specified as 3 mm to 9 mm. The goal of this parametric study is to optimize the fillet size for a
minimized stress concentration. The results show clearly that the fillet size affects the stress
distribution at this critical location significantly. The maximum stress may be transferred to other
locations. Note that it may be hard to identify some critical features; if a wheel design is very
complex structure. But one can follow the same procedure and try a number of design variables
together to narrow down critical locations.
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(a) Wheel Drawing

High stress concentration area

(b) Showing Location of Fillet (Parameter)
Figure 6.3 Geometric Feature at Critical Location
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From the results of the parametric study, it can be concluded that the radius of the fillet has impact
on the stress distribution over the wheel. The model is scaled to observe the impact of fillet in the
model, the fillet ranging from 3 mm to 9 mm with step size of 2 mm there are total of 4 scenarios.
The maximum stress for each iteration is gradually decreased as the radius of the fillet is increased.
It is obvious that stress reduces as the surface gets smoother. Fig 6.4 showing animation of von
Mises stress plot for one of the iterations and Table 6.1 showing all the four scenarios with
corresponding max von Mises stress values. By this parameter it is shown that there is a scope of
reducing the failure by varying the geometric features in the model.

Figure 6.4 Stress Change under the Increment of Fillet Radius.

Table 6.1 Showing Scenario with Stress Values

96
6.3.2

Parametric Study on Materials

The second example of a parametric study is about the selection of materials, the design goal is to
find a material with a minimized ratio of maximized von Mises stress and yield strength so that
the fatigue life is maximized. In Section 6.2 discussed the types of wheels commonly used in castor
wheel industries. Depending on the specifications of an application, the material must be selected
to satisfy the given specifications adequately. From the perspective of the loading conditions, for
example, the wheels used in a wheelchair must carry at least the weight of a human body as well
as the self-weight of wheelchair. Some commonly used materials for wheels include Nylon,
Copper, Aluminum, ABS, Steel and Titanium. In today’s engineering practice, manufacturers are
making their best efforts in optimizing products by minimizing the weight of components,
extending the durability, and improving the performance of product. It makes sense to evaluate the
impact of material selection on these aspects.

A parametric study is developed to compare the performance of product subjected to different
selections of materials. The model for this study assumed that the boundary and loading conditions
remain the same for all types of material selection. Moreover, the h-adaptive method is activated
to ensure the convergence of the solving process.

Running the simulation for all the scenarios of the parametric study, corresponding results are
shown in comparison with yield strength of a material in table 6.2. A stress distribution is compared
with various strengths of the different materials, where both values are random. In general Stressstrength modeling is used to estimate the reliability of the model. Reliability is determined as the
possibility that the system is strong enough to overcome the stress. In the simplistic form of the
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stress-strength design, a failure happens when the strength (or resistance) of the system falls under
the stress. A detail comparison is shown in Table 6.2.
Table 6.2 Comparison of Stress and Yield Strength of Material
Material

Nylon

Copper

Aluminum

ABS

Steel

Titanium

Yield
Strength
(MPa)
Stress (MPa)

60

258.6

27.5

40

206.8

744.6

24.6

23.5

23.4

23.1

23.9

24.3

From the parametric study conducted, it is concluded that materials behavior depends on their
properties and the method of simulation can be applied to a wheel with any material property.
From the obtained results, shows that max stresses are below the yield strength which are in elastic
state, out of all ABS shows the lowest stress. In Fig 6.5 the graph showing stress/strength of all
the parameters used in the study. Titanium is shows more reliable material out of all materials.
Aluminum shows a less reliable due to its max stress is very close to the yield strength of a material.

Figure 6.5 Stress Variations with Respect to Material Change
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6.3.3

Parametric Study on Number of Spokes

Spokes are used to strengthen the wheels with minimum amount of materials. Spokes in a wheel
play a major role in carrying loads. In most of the cases, the load from shaft is applied through the
center hub of wheel, while the reaction forces from the ground causes compressive loads on the
spokes of wheel. The number of the spokes in wheel has a significant effect on stress distribution.
Spokes can be designed differently. For example, the total number of Spokes can be odd or even
number but arranged by even or uneven spacing. The third parametric study is performed to
examine the impact of spokes on stress distribution. Again, the loading and boundary conditions
are assumed to be fixed. The h-adaptive method is employed to ensure the convergence of the
solving process. This parametric study has one design variable that is number of spokes in the
wheel, which varies from 4 to 10 spokes. Ultimately this parametric study helps to optimize the
number of spokes, because as the number of spokes in the wheel increases more the material from
the component is reduced. From this study it can be determined that the number of spokes required
for model to withstand the externally applied load. The modeling of wheel with different number
of spokes are shown in Fig 6.6. It can be seen that the thickness of the spokes is reduced while the
spokes count is increased. With 4 spokes in the wheel the component can with stand more loads
with less failure and with 10 spokes in wheel can fail earlier with same load.
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(a) 4 Spokes

(c) 8 Spokes

(b) 6 Spokes

(d) 10 Spokes

Figure 6.6 Number of Spokes in Parametric Study
As discussed above from the wheel geometry, as the number of spokes increased the thickness
is reduces as shown in Table 6.3. As the spokes are in tapered shape average thickness is
consider for comparison.
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Table 6.3 Number of Wheel Spokes Corresponding Thickness
Spoke count

4

6

8

10

Average
thickness (mm)
Stress (MPa)

564

299

158

77

12.9

17.4

23.7

28.3

From the obtained results there is a change in stress value for every iteration. A stress plot is
shown in Fig 6.7 (a) and a graph is plotted to show the relation of the maximized von-Mises
stress and the total number of spokes in wheel design is shown in Fig 6.7(b). The location of
max stress occurs in wheel spoke with least thickness. It can be understood that as the spoke
thickness is reduced the failure in model is increased. Ultimately this parametric study
optimizes the design and helps to determine the required number of spokes for the wheel while
staying with in allowable stress criteria.

(a) Stress Plot for 8 Spoke Wheel
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(b) Graph with Stress Versus Spokes Count
Figure 6.7 Stress Variation with Respect to Wheel Spoke Count
Summary
A parametric study is used to optimize one or more design variables when the design constraints
and goals are given. A parametric study, which allows to generate, execute and gather the results
of multiple scenarios, each scenario corresponds to the set of design variables with specified values.
The developed simulation models in Chapter four is flexible enough to calculate and compare the
behavior of products subjected to various values of design variables. The flexibility of conducting
parametric studies for product design is discussed in this chapter, and the procedure of a parametric
study is discussed. Several options of the wheel design are discussed and utilized to illustrate the
feasibility of the developed model for the parametric study of product design.

For the present case study, three design parameters are selected for the parametric study. The first
design proposal was related to geometric feature of the wheel component. The dimensions of the
one of the fillets is varied as discussed in section 6.3.1, to obtain the ideal or lowest stress in the
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model with varying feature dimension. The second variable for the parametric study is material of
the wheel, it is selected to verify the feasibility of the simulation. The results from this study are
shown in terms is stress/yield strength of the material, out of all titanium shows most reliable
results for the present simulation. The third parameter for the study is selected as number of spokes
in the wheel; which plays a major role in any wheel, in current parametric study the spokes count
is varied from 4 to 10. As discussed in section 6.2.3 thickness of the spokes is decreased with
increase in spokes count. From the obtained results for this study has variation in max stress. The
max stress in the model is gradually increased with increase in number of spokes count. The results
from three parametric studies are explained in Table 6.4 as below.
Table 6.4 Parameters versus Performance
Parameters
Fillet (3 mm to
9 mm) with 2
mm step
Materials
(Stress/Strength)
Ratio
Wheel spokes

Max von-Mises Stress
0.206 MPa 0.185 MPa 0.165 MPa 0.153 MPa -

-

2.4
(Nylon)

11
(Copper)

1.0
(Al)

1.7
(ABS)

8.6
(Steel)

30.6
(Ti)

4 Spokes
12.9 MPa

6 Spokes
17.4 MPa

8 Spokes
23.7 MPa

10 Spokes
28.3 MPa

-

-
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7

CONCLUSION AND FUTURE WORKS

Summary of Thesis Work
This thesis aims to develop a systematic approach of using numerical simulation to (1) characterize
dynamic loads, and (2) predict the fatigue lives of wheel products subjected to various dynamic
loading conditions. It was motivated by the request for research and development from a client
company who produces various castor wheels. In many applications of castor wheels, users need
to know the strength and durability of given castor wheels. Current practice at the client company
were to run numerous experiments to determine fatigue lives of wheel products. To conduct a
fatigue test of a wheel product physically, it involves in a long testing time, a high cost but the
limited capabilities of investigating the response of the wheel subjected to various operating
conditions. Virtual analysis has its great potentials in substituting physical fatigue tests for lower
costs, shortened time of analysis, higher flexibility to deal with various loading conditions, and
virtual analysis allows evaluating a large number of design options for an optimized one without
prototyping physically.

The goal of the thesis is achieved through the accomplishment of the following tasks.
1) Background Study and Literature Survey. The purpose of this task is to clarify the
research needs and gain the understanding of existing works in using numerical simulation
for fatigue analysis of products. The literature survey has discussed over 100 relevant
works; while most of them were on the simulations of rail wheels under static loads; a few
of papers discussed the procedure of characterizing dynamic loads for castor wheels, but
to our knowledge, no work has been found on using numerical simulation to estimate the
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durability of wheels under the dynamic loads, which is the ultimate goal of the proposed
study.

2) Systematic Approach for Fatigue Analysis. This is the central part of the presented study,
and the developed approach must be flexible and capable of predicting the fatigue life of
any given wheel subjected to different dynamic loads; in particular, it is desirable to
characterize dynamic loads under benchmarking experimental conditions, so that the
obtained simulation results are comparable based on the same reference. The proposed
approach consists of three steps with the details as follow,


Characterization of dynamic loads on the wheel
o This is the first step of the numerical analysis; SolidWorks motion analysis is used
to characterize the dynamic loads. There is no previous work found on FE analysis
of castor wheels under dynamic loads.



FE modeling of static analysis
o In the second step of numerical analysis, static study is used to evaluate the stress
distribution in the wheel by applying loading and boundary conditions correlated
to the experimental situation.



Fatigue analysis of a wheel
o This the final step as part of the numerical analysis, fatigue study is used to predict
the life of a caster wheel by considering the results obtained from static study as
mean and alternating stresses.

105
3) Implementation of Numerical Simulation using commercial FEA Tool The purpose of
this task is to illustrate the procedure of FEA and the feasibility of using FEA for fatigue
analysis of wheel products. Without losing the generality, the commercially available
Ansys Simulation was selected as the software tool for implementation. As discussed in
above section the FE analysis procedure is followed to estimate the fatigue life of a
component. From the results of static analysis obtained 228.8 MPa of max stress in wheel
component for a peak stress amplitude from the loading curve and 1.1×105 of total cycles
before failure.

4) Verification and Validation (V&V). The purpose of V&V was to determine whether a
model and its results can be used to obtain acceptable results for a particular purpose. V&V
are performed by using a ‘model to model’ method, in this method the system compares
various results of the simulation model being validated to the results of other valid models.
To perform verification, we have configured the inputs of the present model to match with
reference model and the model is said to be verified when the results are matched.

5) Parametric Study. To illustrate the flexibility of the proposed numerical approach to deal
with various wheel designs subjected to a wide scope of dynamic loads. The procedure and
tools to create a parametric study were developed. The study is performed using
SolidWorks tool which can be initiated by ‘Design study’ within SolidWorks. From this
study we can evaluate the influence, that varying some parameters can have on the design.
The parameters can involve dimensional and material etc. Parametric analysis enables you
to specify parameters for evaluation, determine the parameter limit, specify the design
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constraints, and interpret the outcomes of each parameter modification. Software will
organize the different parameters in combination and provides results with different
scenarios. For the present study, three different design parameters are selected to explain
the flexibility of the proposed numerical study.

Conclusion
The works reported in this thesis led to the conclusion that the proposed numerical simulation is
capable of predicting fatigue life of a wheel product effectively and efficiently for various wheel
products subjected to different loading conditions. More specifically,

1)

Numerical simulation was utilized to characterize the dynamic loads under experimental
conditions. The characterization of dynamic loads on the wheel when rolling over an uneven
surface, the model setup for numerical analysis is same as experimental setup. The numerical
simulation setup is built in SolidWorks part and assembly modeling; further model is
developed to run the kinematic simulation using SolidWorks motion analysis. The reaction
forces extracted from the motion study are used to determine mean and alternative loads with
respect to time.

2)

The fatigue analysis relied on a static analysis to determine stress distribution under
normalized loads. The FE analysis is carried in Ansys Workbench. The preferable mesh type
is tetra, which is default element type in Ansys FE analysis for the version we have used. Hadaptive method is implemented to ensure the convergence of the model because it provides
high quality results without any investment during the solving process. Software obtains the
target accuracy by estimating the change in strain energy and ends iterations when two
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consecutive values vary by less than the given value. From the results of present case study,
Max von Mises stress is used as alternating stress to compute the fatigue life of a wheel part.

3)

The fatigue analysis was built upon static analysis. The final step in the numerical analysis is
the fatigue study of the component by using the results retrieved from the static study. The
alternating stress used to compute the life of a component in fatigue study and is extracted
from the static results. This study conducted by S-N method (Alternating Stress Versus
Number of cycles), with input of random loading curve obtained from motion study. In present
case study the results from the fatigue study shows damage and life of a wheel component.

4)

The procedure for a parametric study is developed and it covered the design variables of the
real test situations such as geometric change in wheel design to avoid the damage, change in
material type etc. The results obtained from the present case study are reasonable. Also,
parametric study helps fast and cost-effective way to create robust product designs.

5)

Verification and validation are conducted by comparing with already verified previous study.
The model is verified by matching procedure and by achieving the similar results. It is
validated for achieving the purpose of the simulation.

Future Works
The presented work has proven the feasibility of using numerical simulation for fatigue analysis
of wheel products. However, some future works are demanded to make the presented method
practically,
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1)

The simulation model can be refined by taking into consideration of other design variables,
such as temperature and the nonlinearity of materials, in FEA models of numerical simulation.
Durability of the components is more important when temperature is taken in to consideration.

2)

A design library can be developed to include all design features of castor wheels, the
selections of these features can be treated as parameters directly in FEA modelling procedure.
By this design variable are easily accessible to evaluate the impact of multiple set of variables
in shorter time.

3)

The secondary development can be performed over the proposed simulation model, so that
the inputs of new designs and the settings of an FEA model can be defined more interactively
for parameterized fatigue analysis of wheel product families.

4)

Some simplified tools can be developed for the prediction of fatigue life, based on the results
of a number of simulations subjected to a variety of design options and loading conditions.
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