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ABSTRACT
This manuscript presents an automated approach to accurately estimate structural performance
for component assemblies using a shrinkwrap geometry defeaturing process for a wheel and hub
model. Defeaturing is a popular geometry simplification technique that suppresses features within
the geometry to decrease computational resources and time. Shrinkwrap defeaturing is an auto-
matedmodeling technique that represents the exterior shape of the original full-featured geometry
with a collection of surfaces for an abstract representation. The shrinkwrap defeaturing can be used
on full-featured computer aided design components that are parts of an assembly but are not under-
going structural analysis and are included to transmit loads within the assembly. Of interest is the
automated finite element structural analysis of the assembly. The proposed shrinkwrap approach
is reviewed and assessed with a full-featured geometry model as well as other geometry defea-
turing methods. A numerical example of a wheel and hub is presented to show that the proposed
shrinkwrap approach displays better estimated structural performance than use of spidermodeling,
which incorporates 1D-3D model connections.

KEYWORDS
Abstract geometry; FEA;
defeatured geometry;
shrinkwrap; structural
analysis

1. Introduction

Finite element analysis (FEA) has become a common
technique for the review of structural systems. Structures
with complex geometry and loads can be difficult to ana-
lyze using basic techniques.With the use of FEA, complex
structures are conveniently analyzed. The convenience
of commercial FEA programs has significantly aided the
analysis of complex structures by removing the need to
develop the governing equations and the mathematics in
the model. The user is able to define the geometry, loads
and boundary conditions and predict the structural per-
formance of the system. A review of FEA can be found
in [44].

Commercialized FEA products have paved the way
for analysis of intricate and sophisticated models, but
errors still arise. For models with complex geometry,
stress singularities (infinite stress at a point) can arise in
the analysis due to various reasons, including the mesh
of the model. Work on estimating singularities in finite
elements and how to address them have been devel-
oped [32], [42], [24]. Common occurrences that develop
singularities include cracks and crack growth [53], [41]
and the mesh dependence on them [43]. Methods pro-
posed to overcome the presence of singularities include
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computing stress singularities at bimaterial interfaces
[45], discretizing finite elements to avoid singularities
[48], [8] and an alternating procedure for solving singu-
larity problems [23].

Complex geometry can also lead to singularities that
may produce irregular results as well as increase compu-
tational time due to the high-resolution mesh that the
geometry requires. Model simplification can overcome
various geometry complexities. The popular geometry
simplification technique of defeaturing, which suppresses
features within the computer-aided design (CAD) geom-
etry, can alleviate the issue of singularities and decrease
computational time. Defeaturing of geometry typically
removes geometric details, such as holes, sharp cor-
ners and indents to create smooth surfaces [52]. This
geometric defeaturing can significantly reduce the com-
plexity of the model and the computational effort of
mesh generation in finite element modeling. Defeatur-
ing is also utilized when the specific geometric details
are not needed for analysis [13] and when only the gen-
eral representation of the geometry is needed to transfer
load [12].

When CAD geometry is imported into computer-
aided engineering (CAE) systems, the integration of the
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geometry may not have the same exact representation
as the original [18]. The mesh generation changes the
shape of models [3], [27], [6], [38] and ultimately pro-
duces errors in model estimation [7], [19]. Theories to
estimate errors in modified geometry include using a
dual weighted residual method [22], and other methods
[51], [21], [20]. Tominimize error in analysis,methods to
defeature geometry include mesh constraint topology for
finite elements [11], removing features below a threshold
value [34] andmesh optimization with error of geometry
simplification [2]. A review of simplification techniques
has been compiled [48].

Geometry defeaturing of models has seen develop-
ment using spider modeling, which represents featured
geometrywith rigid 1Dbeamelements in aweb-like fash-
ion [1],[47]. The beam elements are able to transfer the
load to other components. Since featured geometry is
replaced and represented by only a few elements, as com-
pared to numerous elements in a full-featured model, the
computation time decreases significantly. Use of spider
modeling to represent bolted joints [16], [28] and rotors
[54] has been documented. Recent work with crack tips
has used spider modeling to define and analyze the crack
tips in a domain [5]. Although spider models can reduce
computational time, errorswith the process are prevalent.
The 1D beam elements connect to the 3D model, which
can result in spurious stress concentrations in the model
[26]. The connection of the spider elements to the finite
element mesh must be properly placed and constructed
to transfer load. Criteria for connection of the beam ele-
ments using a minimum of eight nodes on the featured
model have been proposed [31].

Geometry defeaturing is especially useful when ana-
lyzing assemblies. Small automotive assemblies, such as
hub and axle models [50], [40], [55], [30], wheel bear-
ings [29], clutch models [33] and rail wheel models [35],
display the process of assembly analysis. Defeaturing can
be easily done for various components in these small
assemblies. Considering larger models, such as the entire
automobile, the process of defeaturing becomes a chal-
lenge. For instance, the defeaturing process for spider
modeling is typically donemanually, due to the sensitivity
of spider element placement and connection to finite ele-
ment nodes. This manual process becomes burdensome
when analyzing large assemblies.

The process of automated FEA design has been incor-
porated to efficiently analyze various models [10], [4],
[37], [35], [17]. The automated process in large model
assemblies provides significant reduction in computa-
tional time in mesh creation analysis and adaptive re-
meshing. The incorporation of automated defeaturing
has been introduced [46], [9] for the mesh generation
process in FEA, which leads to decreased computational

time in both the meshing process and analysis due to the
size of the model.

In this manuscript, we present an approach to accu-
rately estimate the structural performance for compo-
nent design of a wheel and hub model using shrinkwrap
defeaturing of geometry in an automated FEA process.
Shrinkwrap defeaturing is an automated modeling tech-
nique that represents the exterior shape of the origi-
nal full-featured geometry with a collection of surfaces
for an abstract representation. In this work, shrinkwrap
defeaturing is performed in PTC R© Creo Parametric
2.0 and is utilized in an in-house, open-source, auto-
mated process. The proposed approach handles arbitrary
3D CAD component models for the structural analy-
sis of the CAD geometry for given loading and bound-
ary conditions. We compare the geometry defeaturing
approaches ofmanual simplified geometry, spidermodel-
ing and shrinkwrapmodeling. The proposed shrinkwrap
approach is assessed with an example component model
for full-featured geometry to evaluate the structural per-
formance.

The remainder of this manuscript is arranged as fol-
lows. Section 2 provides an overview of the tool suite
used to model and structurally analyze CAD geometry.
Section 3 reviews full-featured geometrymodeling.Man-
ual simplified geometry is addressed in Section 4. Defea-
tured geometry in the form of spider modeling is sum-
marized in Section 5. Section 6 discusses shrinkwrapped,
defeatured geometry. Section 7 explains the method and
problem formulation for the geometry studied in this
manuscript. Analysis results are presented in Section 8.
Conclusions and future research directions in this area
are discussed in Section 9.

2. Meta tool suite

In this manuscript, we seek to evaluate the structural
performance of defeatured geometry models with refer-
ence to a full-featured geometry model. We employ an
in-house developed, open-source code for the automated
analysis.

The in-house code is part of the META tool suite,
which is an open-source tool set that implements the
development of a portfolio of programs to address the
revolutionary approaches for designing, verifying, and
manufacturing complex systems [15] The tool suite is
able to significantly decrease prototype development
time, provide accurate analysis, adapt to various models
and able to estimate build cost and lead-time. The core
concepts of theMETA tool suite include the availability of
multi-phenomenon components and component model
libraries, automated system and analysis composition,
model abstraction, design verification and complexity
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drivendesign. TheMETA tool suite is capable of handling
a variety of systems such as physical design, CAD assem-
bly, FEA, computational fluid dynamics (CFD), blast,
ballistics and reliability, among many others. The META
tool suite integrates various commercial and open-source
programs, including CAD modeling with PTC R© Creo
Parametric 2.0 and finite elementmodelingwithDassault
Systèmes Abaqus, used in this work.

CAD and FEA modeling are utilized from the META
tool suite in this work to investigate structural perfor-
mance. An automated process used to incorporate the
preprocessing, mesh generation, solver and analysis of
the results. The automated process handles 3D mod-
els consisting of various components for a variety of
shapes, materials, loadings, boundary conditions and
connections. The components are assembled together
automatically, creating a model assembly for analysis.
Each component is analyzed to understand the behavior
from the component interactions. The automated process
is set up to handle defeaturing of original CAD geome-
try using the proposed shrinkwrap approach. Geometric
defeaturing can lead to geometry overlap in the assembly.
The tool suite overcomes this obstacle by automatically
modifying the defeatured component to fit to the featured
geometry of adjacent components. The methods in this
work could also be performedmanually, but the tool suite
is used to take advantage of the automated feature and to
demonstrate the tool suite capabilities.

This work presents an example of a wheel and hub
assembly to demonstrate the proposed approach. The
wheel and hub are a sub assembly from a forklift model
assembly [14] as shown in Fig. 1. The forklift dimensions

Figure 1. Featured forklift CAD geometry. Forklift is approxi-
mately 2.7m in length, 2.2m in height and 1.1mwidewith amass
of 3 metric tons [13].

are approximately 2.7m in length, 2.2m in height and
1.1m wide. The mass of the forklift is approximately
3 metric tons. Although the META tool suite sup-
ports adaptive re-meshing in FEA modeling, adaptive
re-meshing is not used for this work.

3. Full-featured geometry

For the remainder of this manuscript, we consider a
three-component wheel and hub model displayed in
Fig. 2. The hub is modeled with an outside diameter of
178mm and a thickness of 12.7mm. The inner diameter
of the hub (where an axle is typically located) is 57mm.
There are eight 12.7mm diameter holes for bolt connec-
tions located between the inside and outside diameters
of the hub. The wheel has a diameter of 305mm, width
of 175mm and web thickness of 6.35mm. The web of
the wheel contains eight holes for bolt connections and
a 76mm diameter hole in the center of the web (similar
to the hub for the typical axle location). The base of the
adapter is 175mmby 200mmand is created such that the
wheel surface is flushwith the adapter. Thewheel andhub
components are taken from the forklift model described
in the previous section. An adapter component, which
is attached to the bottom of the wheel, conforms to the
geometry of the wheel and is included in this model so
that a vertical load can be applied without introducing a
singularity in the wheel.

In this section, the full-featured geometry of all com-
ponents is considered (Fig. 2) for the analysis. We are
interested in the structural integrity of the hub in this

Figure 2. CAD model of featured wheel and hub geometry.
Adapter component at the bottom of the wheel is incorporated
for vertical load transfer. Each component is displayed individually
to fully show the geometry.
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work because we assume that we manufacture the hub
component, but utilize a “bought” wheel component that
has already been structurally analyzed for the prescribed
loading. The hub contains eight boltholes around the
center shaft of the hub. Bolts are not considered in this
work. The hub is connected to the wheel (via the bolts in
reality) on the inside face of the wheel web. The contact
surfaces of the hub and wheel are considered bonded to
replace the bolted joint. The wheel has hole openings for
the boltholes and the inside diameter of the hub. The full-
featured geometry model utilizes the automated system
in the tool suite.

4. Manual simplified geometry

In structural analysis in this work, we are concerned
with the behavior of the hub. Therefore, we keep the
same CAD geometry of the full-featured hub and defea-
ture other components to gain an accurate represen-
tation in the structural analysis while reducing com-
putational time. Typical reasons to defeature geometry
include: geometry that is too detailed or complex, geom-
etry that is insignificant in the model, not enough detail
in the geometry and geometry that doesn’t exactly match
the physical component (e.g., a proprietary component
might have an associated CAD model that isn’t com-
plete). For the purpose of this work, we utilize defeatured
geometry because we are only interested in the analysis
of one component in the assembly and need to repre-
sent the remaining geometry to transfer the load between
components.

We look to defeature the geometry of the wheel in
this work. The adapter component attached to bottom
of the wheel is automatically modified to fit the geome-
try of the wheel. The full-featured geometry of the wheel
include numerous holes and sharp edges that can lead
to increased computational time with mesh generation
and solving of the finite element model as well as pos-
sible development of singularities due to the detailed
geometry.

The simplest form of geometry defeaturing for the
wheel is to enclose all of the holes in the web. Remov-
ing the holes in the web creates a smoother surface and
requires fewer finite elements, resulting in faster analy-
sis. A geometric representation of the manual defeatured
wheel and hub model is displayed in Fig. 3. The enclo-
sure of the holes in the web of the wheel is performed
manually by altering the geometry in the CAD software.
Modifying the wheel in this preprocessing step leads to
the use of the automated process for the structural anal-
ysis of the manual simplified geometry wheel and hub
model.

Figure 3. CAD model of wheel and hub with manual simplified
geometry of the wheel. The wheel is defeatured by enclosing all
of the holes in the web. Adapter component at the bottom of the
wheel is incorporated for vertical load transfer.

5. Spider geometry modeling

Spider modeling is a method used to represent the trans-
fer of load between components in assemblies without
representing the full-featured geometry of a particular
component within the assembly. Spider modeling takes
featured geometry and represents it using rigid 1D beam
elements in a web-like fashion (e.g., [16]). The rigid ele-
ments are typically of the same length and ordered in a
circular web around a center point. The rigid elements
connect to other (3D full-featured) geometry to transfer
load between the different components. With the spider
model, the new modified geometry is represented using
a few elements, resulting inminimal computational time.
Spider modeling has been shown to decrease the com-
putation time, but include errors in the analysis [47].
Therefore, tominimize the error, wemust determine how
many spider elements to use and where to connect them.
Typically, the more spider elements used, the better dis-
tribution of load and therefore better results. The connec-
tion locations of the spider elements to the full-featured
geometry may also alter the accuracy of the model. The
coupling of the connection between the 1D beam ele-
ments to the 3D featured model should be addressed to
accurately represent the connection. Amethod proposed
to understand the accurate representation is to analyze
the model outside of a radius distance greater than the
thickness of the featured connection location [39].

Spider geometry modeling for the wheel and hub
model is shown in Fig. 4. The hub geometry is taken to
be the same as the full-featured model. The wheel com-
ponent is represented by spider elements. The adapter
component is not modeled since it is no longer needed to
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Figure 4. Spider modeling CAD geometry. Hub geometry is
taken to remain the same,while thewheel is representedwith spi-
der elements. The adapter is removed, since it is no longer needed
to apply the load.

apply loading to the model due to the load being applied
at the center of the spider model. In the model shown,
an eight-element model is used, with connections at each
of the boltholes on the hub. Spider models with a vari-
ety of elements can be used, but the eight-element model
is shown for demonstration purposes. The center point
on the spider model is located where the center of mass
of the wheel would be. The spider model represents the
wheel in the assembly and transfers the load between the
hub and the ground. This spider model is developed and
analyzed manually in the finite element software.

6. Shrinkwrap geometry

We seek to improve on the performance of the previ-
ous geometry defeaturing methods. Defeaturing using
the proposed shrinkwrap approach is discussed in this
section. The proposed shrinkwrap geometry defeaturing
approach is performed in the commercial CAD software
PTC R© Creo Parametric 2.0.

Though there are many levels of defeatured represen-
tations available in Creo Parametric 2.0, in this work we
consider the standard defeatured level (level 1). We note
that there are numerous levels of defeaturing that can
be used, but we only focus on standard defeatured level
in this study to show the applicability of the approach.
Shrinkwrap is a feature in this software, which repre-
sents the exterior shape of the original source geometry
with a collection of surfaces for an abstract representa-
tion. Typically, the shrinkwrap consists of reducing the
complexity of the original geometry by enclosing holes
and gaps, and removing any sharp edges and corners.
The new shrinkwrap component can reduce the disk and

Figure 5. CAD representation of shrinkwrapped wheel and fea-
tured hub geometry. Adapter component at the bottom of the
wheel is incorporated for vertical load transfer.

memory usage significantly. For very intricate models,
the geometry can be altered such that the volume and
mass of the model change considerably. The shrinkwrap
feature is able to assign the same mass properties to the
new geometry that was in the original geometry (e.g.,
mass remains unchanged). Shrinkwrap modeling is able
to represent complex assemblies with one, simple compo-
nent or represent an individual component. Shrinkwrap
modeling can also easily provide an accurate external
representation of the model for use by other suppliers or
customers without revealing the model’s internal design.
This feature is a benefit if others want to visualize the
model for studies with their own work, while protect-
ing trade secrets, patented designs, and other proprietary
information.

The wheel and hub model with the full-featured hub
and the shrinkwrapped, defeatured wheel is shown in
Fig. 5. As in the previous defeaturing methods, we only
defeature the wheel. The adapter component attached to
bottom of the wheel is automatically modified to fit the
geometry of the wheel. As shown in Fig. 5, the wheel is
no longer represented with a circular outside diameter,
but rather with numerous straight segments to create the
outside diameter. The web of the wheel no longer has
open holes and the transition from the web to the out-
side wheel surface is represented with a gradual slope
rather than the sharp 90-degree angle in the full-featured
geometry.

Using this shrinkwrapmodel, we are able to utilize the
automated analysis process described in Section 2. The
shrinkwrap process is performed in the preprocessing
stage. The model runs through the same analysis process
as in the full-featured geometry model.
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7. Method and problem formulation

The proposed approach for shrinkwrap geometry defea-
turing is implemented and analyzed using the automated
system described in Section 2 for the wheel and hub
model assembly presented in previous sections. Within
the automated system, structural analysis is performed
with the commercially available finite element-based
CAE software, Dassault Systèmes Abaqus. The analysis is
conducted for the shrinkwrap defeatured wheel and hub
model, as well as a full-featured geometry,manual simpli-
fied geometry and spidermodel geometry to demonstrate
the structural performance of the proposed approach.

The wheel and hub model is comprised of three
components (hub, wheel and adapter) as described in
Section 3. In all models analyzed, the hub is taken to
have full-featured geometry. Geometry is defeatured on
the wheel and adapter components.

The material of the hub, wheel and adapter are all
taken to be stainless steel in this work. The Young’s
Modulus, Poisson’s ratio and density are 197GPa, 0.27
and 7.95 kg/m3 respectively. The fatigue strength, yield
strength, and ultimate tensile strength are 257.5MPa,
205MPa, and 515MPa, respectively [25]. To simulate the
location of restriction due to an axle, the inner radius
of the hub is fixed in the x, y and z directions. Vertical
gravity loads of 1 g are subjected for each of the compo-
nents. A prescribed vertical load of 178 kN is distributed
uniformly over the entire bottom surface of the adapter.
The load is prescribed so that the maximum stress in the

Figure 6. CADmodel of wheel and hub featured geometry load-
ing and boundary conditions. Blue triangles represent the fixed
boundary conditions at the inside diameter of the hub. The arrows
at the bottom of the adapter indicate the prescribed loading
applied to the model. Gravity load not shown for vitalization
purposes.

components would be near the fatigue strength of the
material to provide a failure analysis.

All examples considered in this work use the same
dimensions,materials, boundary conditions and loading.
The boundary conditions and loads are shown in Fig. 6.
The geometry of the wheel is modified for the examples
that utilize defeaturing. Each example uses the same finite
elementmesh parameters based on themodel size, which
restricts the mesh to a maximum element size based on
the overall size of the component. The results of the finite
element simulations and discussions for each geometry
case are presented in the next section.

8. Results and discussion

In this section, we present results and discussion of
a wheel and hub model prescribed with a vertical
load to demonstrate the performance of the proposed
shrinkwrap approach. The first example displays the
behavior of the full-featured geometry wheel and hub
model. The second example shows the response for man-
ual simplified geometry of the full-featured wheel and
hub. Results for spider geometry modeling of the wheel
and hub are presented in the third examplewith three dif-
ferent spider representations. The fourth example covers
the wheel and hub model for shrinkwrapped geometry.
The discussion of all models considered in this section is
summarized in the final subsection, Section 8.5.

8.1. Full-featured geometry results

In this work, the full-featured geometry is taken as the
reference model. We compare the defeatured geometry
models to the full-featured model to assess the accuracy.
In this example, the hub, wheel and adapter have full-
featured geometry based on the given CAD geometry.
The model is meshed and analyzed using the automated
system described in Section 2 for a finite element stress
analysis of the hub. The mesh uses 51,873 total tetrahe-
dral elements for the entire three-component assembly.
Approximately 12,226 tetrahedral elements are used to
model the hub. The finite elementmesh is shown in Fig. 7.

The von Mises stress plot for the hub resulting from
the prescribed loading is displayed in Fig. 8. The stress
plots for the other components in the model are not
shown since we are only concerned with the structural
integrity of the hub. Similarly, for the remaining mod-
els analyzed in this section, only the hub results will be
presented. Figure 8 shows the maximum stress (red) at
the bottom of the inside diameter of the hub where the
axle would connect to the hub. The maximum vonMises
stress is predicted to be approximately 237.8MPa. Due
to the prescribed loading, the maximum stress occurs at
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Figure 7. Finite element mesh for full-featured geometry wheel
and hub model.

Figure 8. Hub stress plot for full-featured wheel and hub model.

the location where there is restriction of movement. The
remainder of the hub displays much lower stress than the
maximum stress with the majority of the top of the hub
havingminimal stress. Stress about half the magnitude of
the maximum stress is shown adjacent to the maximum
stress area around the inside diameter, as well as below
the inside diameter in the bottom web.

8.2. Manual simplified geometry results

In this example, we consider a wheel and hub model
with manual simplified geometry for the wheel. The
adapter geometry is the same as the full-featured geome-
try because the outer wheel geometry is notmodified. For
geometry defeaturing in this example, the full-featured
geometry of the wheel is modified to enclose all holes.

Figure 9. Finite element mesh for manual simplified geometry
wheel and hub model.

Figure 10. Hub stress plot formanual simplified geometrywheel
and hub model. Plot is normalized with the full-featured plot for
comparison.

The enclosure of holes in the wheel creates a geometry
that is easier to mesh and analyze. The CAD compo-
nent for the wheel is manually modified prior to using
the automated analysis process. 51,000 total tetrahedral
elements are used to mesh the entire three-component
assembly. The finite element mesh is shown in Fig. 9.

Figure 10 shows the von Mises stress plot on the hub
due to the prescribed loading. For visualization and com-
parison purposes, the magnitude of the plot is normal-
ized with that of the full-featured geometry hub stress
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plot. Any stress above 240MPa is indicated by grey on
the plot. For this case of defeatured geometry, the maxi-
mum stress is 240.5MPa and is approximately at the same
location of the bottom of the inside diameter of the hub.
Similar to the full-featured geometry, minimal stress is
displayed at the top of the hub web and larger stress is
located at the inside diameter of the hub as well as the
bottom of the web. A location of near maximum stress is
also located at the bottom of the hub.

8.3. Spider geometrymodeling results

This example covers the spider modeling geometry to
defeature the wheel and hub model. The same full-
featured geometry is used for the hub as in the previous
examples. The wheel is defeatured with spider elements.
The adapter is not modeled in this example because the
vertical load is now applied at the center of the spider
elements. Spider modeling involves connecting the spi-
der elements (beam elements) directly to finite element
nodes on the hub mesh. The finite element mesh for the
hub uses 12,226 tetrahedral elements. We consider three
different spider model configurations in this section to
access variations of spider modeling.

The spider model configurations consist of rigid 1D
beam elements connected at one central point, the wheel
center of mass. Each of the rigid beam elements are equal
in length and are unable to deform. The ends of each
beam element connect to a node at a bolthole location.
They are placed accordingly to distribute the prescribed
loading on the hub. The center point of the spider model
has a point mass associated with the total mass of the fea-
turedwheel. The center point is loadedwith a 178 kN ver-
tical load and 1 g gravity load. The centrally applied load
represents the same load as the full-featured geometry
model.

The first spider model example utilizes eight rigid ele-
ments or ‘‘legs’’. Each leg is attached to the inside of each
of the boltholes on the hub at the center of the thickness
of the hole. The finite element mesh of the eight-leg hub
model is represented in Fig. 11. The red lines represent
each of the legs.

Figure 12 shows the von Mises stress plot on the hub
for the eight-leg spider model. The plot is normalized
in magnitude from the stress hub plot for full-featured
geometry example for comparison. The eight-leg spi-
der model produces multiple locations of singularities
around the boltholes of the hub from the connection of
the spider legs to each hole. The stress appears to bemini-
mal on the outside web of the hub and with slightly larger
stress in the web adjacent to the inside diameter of the
hub. The stress singularities are common in spider mod-
eling from the leg to node connections due to the mixed

Figure 11. Finite element mesh for eight-leg spider wheel and
hub model. Hub is modeled with full-featured geometry and the
wheel is modeled with spider elements. Each bolthole connects
one spider leg.

dimensional modeling. Due to this phenomenon, it is
common practice to disregard a certain distance around
the spider leg connection location. In this work, based on
the model size and finite element mesh, we disregarded
approximately the radius of the hub thickness at the loca-
tion of the multidimensional (1D-3D) element connec-
tion. Applying this distance to the model, the entire web
of the hub is disregarded and we only consider the cen-
ter of the hub to contain valid stress results. With this in
mind, the location of maximum stress is estimated at the
inside diameter of the hub. The maximum stress is found
to be approximately 114MPa.

We can try to alleviate the amount of singularities in
the spider model by applying additional spider legs to
model the wheel. We consider 32 total spider legs, where
four legs are attached to each bolthole at the center thick-
ness of the web. The finite elementmesh for the 32-spider
leg example is shown in Fig. 13. The red lines represent
each of the legs.

Analysis of the 32-leg spider model results in the von
Mises stress hub plot displayed in Fig. 14. The plot is
normalized inmagnitude from the stress hubplot for full-
featured geometry example for comparison. Singularities
arise in the 32-leg spider model at the location of the spi-
der leg to node connections by the boltholes, similar to
that of the eight-leg spider model. However, it appears
that there is a reduction in the amount of singularities
compared to the eight-leg model. Similar to the eight-leg
spider model, we must disregard a distance around the
spider leg to node connections. The same distance to dis-
regard the stress is taken in this model (e.g., thickness of
the location of the connection which leads to consider
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Figure 12. Hub stress plot for eight-leg spider model. Plot is normalized with the full-featured plot for comparison.

Figure 13. Finite element mesh for 32-leg spider wheel and hub
model. Hub ismodeledwith full-featuredgeometry and thewheel
is modeled with spider elements. Each bolthole connects four
spider legs.

only the center of the hub for valid stress results). The
maximum stress is approximately 115MPa at the inside
diameter of the hub.

The spider model is modified again, with 96 total legs
to give a more accurate representation of the wheel and
hub. Twelve legs are attached to nodes at each bolthole
location for the transfer of the load. The finite element
mesh for the 96-spider leg example is shown in Fig. 15.
The red lines represent each of the legs.

Figure 14. Hub stress plot for 32-leg spidermodel. Plot is normal-
ized with the full-featured plot for comparison.

Figure 16 shows the von Mises stress plot of the
hub for the 96-leg spider model. The plot is normalized
in magnitude from the stress hub plot for full-featured
geometry example for comparison. The 96-leg model
yields singularities similarly to that of the previous spider
model examples, therefore we apply the same distance to
disregard in the stress plot to accurately assess the model.
With only the center of the hub of model remaining to
analyze, the inside diameter of the hub displays the largest
stress. Themaximumstress in themodel is approximately
120MPa.
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Figure 15. Finite element mesh for 96-leg spider wheel and hub
model. The hub is modeled with full-featured geometry and the
wheel is modeled with spider elements. Each bolthole connects
12 spider legs.

Figure 16. Hub stress plot for 96-leg spidermodel. Plot is normal-
ized with the full-featured plot for comparison.

8.4. Shrinkwrap geometry results

The proposed shrinkwrap defeaturing approach is inves-
tigated in this example. As in the previous examples,
the hub geometry is modeled with the full-featured
CAD model. The wheel is defeatured with the proposed
shrinkwrap approach. The adapter is modified to fit the
dimensions of the defeatured wheel. When preprocess-
ing the CAD model, the shrinkwrap defeaturing of the
wheel is performed with the first level of simplification.
The defeaturing of the shrinkwrap approach removes all
the holes and sharp edges on the component. The finite
element mesh used in the analysis is displayed in Fig. 17.
The mesh consists of a total of 62,294 tetrahedral ele-
ments, which is more than the full-featured model. The
mesh is not optimized in the shrinkwrap model and uses

Figure 17. Finite element mesh for shrinkwrap geometry wheel
and hub model.

the same mesh parameters as the other models, resulting
in an increase in elements.

The von Mises stress hub plot for the shrinkwrap
defeatured geometry wheel hub model is displayed in
Fig. 18. The plot is normalized in magnitude from the
stress hub plot for full-featured geometry example for
comparison.

Figure 18. Hub stress plot for wheel and hub shrinkwrap geom-
etry model. Plot is normalized with the full-featured plot for com-
parison.

The maximum stress is located at the bottom of the
inside diameter of the hub. At this location, two singu-
larities develop as shown in Fig. 19. The singularities are
removed from the analysis of the stress plot because they
result in a rapid stress gradient at the associated node due
to the change in geometry of the wheel. Once the singu-
larities are removed, themaximum stress is located in the



COMPUTER-AIDED DESIGN & APPLICATIONS 305

Figure 19. Resultant singularities from the defeatured
shrinkwrap geometry of the wheel. Two locations of singu-
larities are present at the inside diameter of the hub, noted with
boxes.

same area as with the other methods considered, located
at the bottom of inside diameter of the hub. The max-
imum stress is approximately 240MPa. Minimal stress
is observed at the top web of the hub and larger stress
located at the bottom of the web and at the inside diam-
eter of the hub. A location of near maximum stress is
located at the bottom of the hub, which is similar to the
full-featured results.

8.5. Results summary

The wheel and hub model is structurally analyzed for
geometry defeaturing of the wheel in three different
methods: manual simplified geometry, spider modeling,
and shrinkwrap defeatured geometry. The defeatured
models are compared with the full-featured geometry
model for reference.

The full-featured geometry hub stress plot displays
maximum stresses around the inside diameter of the hub,
and has minimal stress at the top of the hub with larger
stress values at the bottom of the hub.

The maximum stresses estimated in the manual sim-
plified geometry model are located around the inside
diameter of the hub, similarly to that of the full-featured
model. The overall stress distribution is found to be very
similar to that of the full-featured model with deviation
around the boltholes, which is appropriate because of the
minor change in geometry of the wheel at the holes.

Spider models using 8, 32, and 96 legs are consid-
ered in this analysis. As we increase the amount of the
spider legs used in the model, the size and amount of
the singularities decrease because of the increase of load
distribution. Since the legs of the spider model transfer
load to a particular node on the finite element mesh, sin-
gularities are produced and stress distributions around
the leg connection locations must be ignored to accu-
rately distinguish the behavior of the hub. For all three

spider model cases, therefore the maximum stresses are
located around the inside diameter of the hub, with the
96-leg spidermodel having the largest stress closest to the
full-featured model. We also note that the stress distribu-
tions on the hub do not follow the same pattern as the
full-featured model.

The shrinkwrap model maximum stress is located
around the inside diameter of the hub, similar to the
full-featured model. The stress distribution on the hub
of the shrinkwrap model is also similar to that of the
full-featured model. The proposed shrinkwrap approach
results in singularities at the inside diameter of the hub. In
our interpretation of the results, we excluded stress sin-
gularities when considering maximum von Mises stress.
A summary of the maximum von Mises stresses for all
models considered is located in Fig. 20.

Figure 20. Maximum summary stresses for featured and defea-
tured geometry models. The absolute errors of the maximum
stresses as compared with the full featured model are approxi-
mated as 0.9% for the shrinkwrap approach, 1.1% for the manual
simplified geometry and 52%, 51% and 49% for the 8, 32, and 96
leg spider models respectively. Maximum stresses do not include
singularities and the spider models did not consider the area
around the spider connections.

Each of the defeatured models that are considered
provides benefits and disadvantages in themodeling pro-
cess. The manual simplified geometry provides accu-
rate representation compared to the featured model, but
the geometry had to be modified manually (yielding an
approximate error of 1.1%), slowing down the analysis
process and retains much of the complex geometry of the
full-featured model. Modifying components using the
manual modified geometry on a larger model would not
be efficient for preprocessing in the analysis. The compu-
tational time to complete the structural analysis for the
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Table 1. Summary of methods use to model wheel and hub
assembly. All methods used the same element parameters in the
mesh (e.g., max size, min size).

Processing Model Mesh Elements Volume (cm3) Singularities

Full-Featured 51,873 3,800 No
Manual simplified 51,000 3,820 No
8 leg spider 12,234 379 Yes
32 leg spider 12,258 379 Yes
96 leg spider 12,322 379 Yes
Shrinkwrap 62,294 5,633 Yes

spider modeling was the fastest of the models consid-
ered. This reduction in computational time is due to the
significant reduction in the volume and amount of finite
elements used in the model. However, the spider mod-
eling provides numerous singularities requiring expert
analysis of the results. When increasing the number of
spider legs used, the number of singularities decrease. For
all three spider models considered, we manually inspect
each model to understand the behavior of the hub. After
disregarding the locations of irrelevant stress, the max-
imum stress is approximately half the maximum stress
of the full-featured geometry (i.e. 49–51% approximate
absolute error). For all spider model cases, the spider
legs are created manually in the finite element software,
which is not an efficient task. In general, the spider mod-
eling provides a quick processing analysis yet significant
preprocessing time.

The proposed shrinkwrap approach provides results
similar to the full-featured model. The maximum stress
for the shrinkwrap model has an approximate absolute
error of 0.9% compared to the featured model, even
though the volume of the shrinkwrap model is approxi-
mately 1.5 times larger than the full-featured model. The
larger volume results in an increase in the amount of ele-
ments due to the maximum elements size limit that was
held constant for all simulations. Although the proposed
shrinkwrap approach creates singularities, the number of
singularities is minimal. The automated process is easily
used with the shrinkwrap approach, resulting in the same
preprocessing time as the full-featured model. Overall,
the proposed shrinkwrap approach provides a reason-
able method to estimate the structural performance of
the model for defeatured geometry of the components
that are not assessed for their structural integrity but are
able to transfer loads, and is in better agreement than
the spidermodeling. A summary of the geometrymodels
analyzed with the number of mesh elements, volume and
singularities is located in Table 1.

9. Conclusions

We propose an automated approach to accurately esti-
mate the structural performance for component design

using the shrinkwrap defeatured geometry for compo-
nents that are not assessed for their structural integrity.
Defeatured shrinkwrap modeling is performed in PTC R©

Creo Parametric 2.0 and utilizes an automated system
to structural analyze the model using FEA. We review
manual simplified geometry, spider modeling and the
proposed shrinkwrap defeaturing approach and assess
them with the full-featured geometry of a hub and wheel
model. The shrinkwrap defeaturing approach is found
to provide an accurate estimation on the structural per-
formance compared to the full-featured geometry model
and is more accurate than the spider abstraction model.

Future work remains on this topic. We reviewed the
behavior of a small component (hub) of an assem-
bly (wheel and hub) in this manuscript. Next, we will
look into different, larger, and more complex models
and their specific components that can be addressed
with shrinkwrap approach. Models that are complex
and models that may not be able to be meshed ade-
quately could possibly benefit significantly from the
shrinkwrap approach. The various levels of defeaturing in
the shrinkwrap process will also be performed to investi-
gate the response for the different geometry abstractions.
A mesh sensitivity study will also need to be conducted
on the wheel and hub model as well as additional mod-
els to understand the effect of the initial mesh size on
each of the components and for re-meshing the compo-
nents to optimize performance. While the current study
resulted in more elements for the shrinkwrap approach,
we anticipate mesh optimization will produce favorable
results, both in computational resources and total anal-
ysis time. Shrinkwrap modeling using the in-house tool
suite for performing accurate thermal analysis can also be
assessed. Singularities arose in both the shrinkwrap and
spider defeatured models and an investigation into the
singularities will be performed, including the effect from
mesh parameters and defeaturing level.We are also inter-
ested in developing automated processes to characterize,
assess and disregard singularities in the structural analy-
sis of models, with the goal of providing an automated
way of analyzing assemblies while achieving accurate
results.
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