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Abstract: The wheel of a passenger vehicle must be de-
signed to be safe and light. Despite the tremendous po-
tential of carbon fibre as an automotive material due to
high strength and low weight, the prevalence of carbon
fibre reinforced plastics (CFRPs) in vehicle wheels is lim-
ited. Manufacturing and testing CFRP prototypes is expen-
sive. Thus it is advantageous to develop simulation mod-
els for composite weight reduction. The simulation mod-
els can provide insight into how lighter CFRP wheels can
be designed. This study presents the design development
of a CFRPwheel for a high-performance roadster; the CFRP
wheel is offered by an automotive manufacturer as a high-
performance option instead of aluminium wheels. Finite
element (FE) simulations were initially conducted assum-
ing an isotropic material. This initial model was used to
eliminate stress concentrations and to design and man-
ufacture an initial CFRP wheel. The CFRP wheel weight
is 6.8 kg as compared to the original aluminium wheel
which weighs 8.1 kg. This initial design passed the dy-
namic cornering fatigue test (the most stringent strength
test for wheels). Thereafter the wheel was instrumented
with strain gauges and a bending moment was applied to
the hub using a custom-built test rig. The test rig produced
a static load equivalent to the dynamic cornering fatigue
test (in which the applied bending moment varies sinu-
soidally). The test rig allowed for the deflection of the load
arm to be measured. The comparison of the experimen-
tallymeasured strains andanFEmodelwhich includes the
CFRP laminate properties showed good agreement. Two
alternative laminate options were simulated using the FE
model. These showed both an increase in stiffness and a
calculated weight reduction. This study shows that an alu-
minium wheel for a high-performance roadster can be re-
designed using CFRP to be 16% lighter and using a FE
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model a further 152 g weight reduction is possible (18%
weight reduction in totalwhencompared to the aluminium
wheel).
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1 Introduction

1.1 Background

The wheel is arguably one of the most important compo-
nents of a road going vehicle. It is responsible for the trans-
mission of power from the drive components of the vehi-
cle to the road, while also enabling the vehicle to make di-
rectional changes. Overdesigning a wheel by adding mate-
rial increases the wheel mass and rotational inertia which
negatively affects the vehicle’s performance and efficiency.
This has led to substantial development efforts to reduce
the wheel weight and rotational inertia while simultane-
ously maintaining or increasing the material strength [1].
A wheel must be designed to be safe and light.

Numerous research studies have been published on
the development of steel [2–4] and aluminium [5–10]
wheels. Steel and aluminium alloy wheels have arguably
reached thepeakof possibleweight reductionandcompos-
ite materials offer the next advance. Despite the tremen-
dous potential of carbon fibre as an automotive material
due to high strength, low density and superior fatigue
properties, the prevalence of carbon fibre reinforced plas-
tics (CFRPs)wheels and correspondingpublished research
is limited. Giger and Ermanni [11] demonstrated the de-
velopment process of a CFRP motorcycle rim. However,
this wheel was not tested to certified standards. Rondina
et al. [12] investigated a high volume production method
for carbon fibre wheels. The paper simulated the produc-
tion process; however, no certified wheel appears to have
been produced. As early as 1979, studies have been con-
ducted into the viability of composites for use as automo-
tive wheels [13, 14].

Unlike isotropic materials, CFRP components are ex-
pensive to test and certify. Even small changes in geome-
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try to prevent failure or reduce stresses could cause a pro-
duction line to be re-tooled during the development pro-
cess and existing equipment to be scrapped. This research
paper illustrates the development of a validated finite ele-
ment (FE) model to investigate laminate configurations to
improve the stiffness of the CFRPwheel and be 18% lighter
than the original aluminium wheel. The case study is of
an original equipment (OE) wheel designed and manufac-
tured by Blackstone Tek (BST) [15].

1.2 Literature Review

The following section discusses the importance of reduc-
ing weight in the wheel and details the mechanical testing
that is required to certify wheels.

1.2.1 The importance of reducing wheel weight

A rotating element, such as a wheel, has two inertial com-
ponents: itsmass (m) and its rotational inertia (I). Forward
vehicle motion requires fuel to be expended to give the
wheel translational as well as rotational energy. Thewheel
thus has an increased effective mass (me), where the effec-
tivemass is described by themass of thewheel (m), its rota-
tional inertia (I) and the ratio between its rotational speed
and linear velocity (n) [16]:

me = m + In2 (1)

The fuel saving benefit of reducing wheel weight is
thus amplifiedwhen compared to theweight saving of non-
rotational components.

1.2.2 Wheel Development and Testing

Giger and Ermanni [11] developed a CFRP motorcycle rim
using computer simulation. The work highlighted that the
number of variables involved with the optimisation of
CFRP components is high. An evolutionary algorithm was
developed to determine the optimal parameters for the
manufacture of the wheel. The variations of prepreg mate-
rials with different fibre layouts, the number of fibre plies
and the orientation of each ply were optimised [11]. The
simulated tests were developed from first principles and
considered the forces actingduringmaximumbraking and
lateral loading of the wheel. While the work showed the
method that was employed, the calculated optimal param-
eters were not published. Furthermore, the simulated tests
were not as per certified ISO or SAE standards.

To certify the structural integrity of wheels before they
are introduced to market, several fatigue tests to simulate
strenuous road conditions are carried out [17]. Tests are
carried out to simulate three basic driving conditions, ra-
dial fatigue for straight driving, cornering fatigue for re-
peated bending moments and impact testing to simulate
curb strikes and potholes.

FE models are used to reduce the number of proto-
types required for testing. Testing without the use of FE
modelswill not provide optimal results [5]. In addition, the
complex shapes that are common in styled wheels all but
exclude the use of analytical methods [7]. FE simulations
have been conducted on wheels under radial loads [7–9,
18], bending loads [2–4, 6, 10] and impact conditions [19].

The most strenuous wheel test is the dynamic corner-
ing fatigue test (DCF) [2, 4, 6]. If a wheel passes this fatigue
test it has a high likelihood of passing all other strength
tests. Dynamic cornering fatigue tests are generally con-
ducted in accordance with the method described in ISO
3006. While testing standards have evolved over time to
certify new materials such as lightweight steels and alu-
minium [17], no certified test existed for CFRP wheels at
the start of this study. A testing standard developed by
the TÜV in conjunction with major manufacturers of com-
posite wheels existed only in draft form. The standard has
since been published [20].

Figure 1 illustrates the rig that is used to conduct the
dynamic cornering fatigue test. The test is conducted by
clamping a wheel to a stationary table top or platform and
subjecting it to a bending moment by means of a rotat-

Figure 1: Schematic of the dynamic cornering fatigue test rig
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Figure 2: (a) Computer model of the tested wheel; (b) Manufactured BST wheel fitted to a tyre

ing eccentric mass located at the end of a loading arm, at-
tached to the wheel hub.

1.3 Objective

The main objective of this study was to validate a finite el-
ement (FE) model of a CFRP wheel. The validated model
was used to theoretically reduce the weight of the wheel
while increasing the bending stiffness of the wheel.

2 Experimental testing and
simulation

This section describes the wheel specifications, the exper-
imental setup and procedure to validate the composite FE
model of the wheel and the setup of the composite FE
model.

2.1 Tested prototype and instrumentation

The test sample was a new design developed for an OE ve-
hicle manufacturer by BST and measures 9 inches wide
by 18 inches in diameter (9Jx18). Figure 2a shows the CAD
model and Figure 2b shows the manufactured wheel. The
laminate consisted of pre-impregnated (prepreg) carbon
fabrics. The fabrics were impregnated with an epoxy resin.
The pre-preg material was cut in shapes (plies) to fit the

pre-selected surfaces of the mould. The laminate was con-
structed using two plain woven pre-preg fabrics and one
unidirectional (UD) pre-preg fabric. The first woven ma-
terial was selected as a cosmetic layer. The cosmetic ma-
terial is lighter but significantly more expensive than the
other woven or UD laminate. Thereafter the non-cosmetic
woven and UD laminates were alternated. The UD mate-
rial was orientated with the fibres in line with spoke, and
the woven material was orientated with the fibres at 45∘

to the spoke. Each additional layer improves the strength
and stiffness of the spoke but at the expense of additional
mass.

FE simulations were initially conducted assuming an
isotropic material. Strictly speaking the stress concentra-
tions of an isotropic material are only dependent on the
geometry; while for an orthotropic material the stress con-
centrations are also dependent on the elastic properties
of the material. Nevertheless, the use of an approximate
isotropic FEAmodel (which is quick to construct compared
to an FEAmodel which includes the laminate details) is ex-
tremely useful to eliminate stress concentrations by reduc-
ing the curvature at the pointswhere stress concentrations
occur and to identify locations of high stress where an in-
creased number of plies are required. This initial geometry
was used to manufacture a CFRP wheel with a weight of
6.8 kg as compared to the original aluminium wheel used
by the OE manufacturer which weighs 8.1 kg. This initial
design passed the dynamic cornering fatigue test. This pro-
totype was used to validate a composite FE model of the
wheel.
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Table 1: Instrumentation used on the experimental prototype

Item Name Quantity
Strain gauge Kyowa KFRP-5-350-

C1-1
4

Cable Twisted three core
shielded cable

4

Chassis National Instru-
ments SCXI-1000

1

Strain gauge card National Instru-
ments SCXI-1520

1

Terminal block National Instru-
ments SCXI-1314

1

Data acquisition con-
troller

National Instru-
ments SCXI-1600

1

Computer software PC with LabView 1

Figure 3: Placement of strain gauges on the experimental prototype

Figure 4: Cross-sectional schematic of the apparatus used

The experimental prototype was instrumented with
4 Kyowa KFRP-5-350-C1-1 strain gauges that were placed
on the outer surface of the wheel on the spokes. Figure 3

Table 2: Technical specifications of the strain gauges

Item Details
Gauge factor 2.02 ± 1.5%

Gauge resistance 350 Ω ± 1.2 Ω

shows the positions of the strain gauges on the wheel.
Strain gauge 1 (G1) was positioned on a spoke in linewith a
bolt-hole, labelled spoke 1. Strain gauge 2 (G2) was placed
on an adjacent spoke labelled spoke 2 which was counter
clockwise to spoke 1. Strain gauge 3 (G3) was placed oppo-
site of strain gauge 1, while strain gauge 4 (G4) was placed
opposite of strain gauge 2. The strain gauges were con-
nected to a National Instruments data acquisition system
(see Table 1). While precautions were taken to align the
gauges along marked lines, misalignment of the gauges
was observed after the adhesive had cured. The observed
direction of the misalignment of the strain gauges (i.e. an-
gled away or from the centre or direction of the loading)
was noted.

Table 2 lists the technical information of the strain
gauges used. The sampling rate was set at 1000 Hz, the
cut-off frequency of the low-pass filter at 100 Hz, and the
strains for a given applied load were recorded over a pe-
riod of 3 seconds and averaged to reduce the error caused
by noise.

2.2 Experimental apparatus and
methodology

Figure 4 shows the setup of the experimental apparatus
used to test the wheel. The bending moment at the mount-
ing face of the wheel was applied using a load arm and
hydraulic actuator. The test rig applied a bendingmoment
in one direction only which modelled an equivalent static
load case of an instant in time of the DCF test. The wheel
movement in theDCF test is small and thus the correspond-
ing inertial forces are insignificant (justifying the use of an
equivalent static load approximation). This has been con-
firmed with FEA simulations comparing the static loading
stresses to a full dynamic case. Previous research [2, 3] has
used FEAof the equivalent static loading case tomodel the
DCF test.

The testing equipment used pre-existing load arms
and spacers, and thus the direction of the force applied
was limited tobolt-hole configurations that placed the load
arm hook towards the cylinder. The direction of the load
application was between 2 instrumented spokes. It was ex-
pected to obtain similar readings between gauges G1 and
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G2; aswell asG3 andG4.However, notably different strains
in gauges between G1 and G2; as well G3 and G4 were
observed. As stated in Section 2.1, the strain gauges were
observed to have slight misalignment from the centreline
of the spoke. It was noted that the gauges that were mis-
aligned at an angle closer to that of the applied load had a
higher measured strain. The opposite was observed when
gaugesweremisalignedaway from theapplied load.Gauge
G3 was observed to be well aligned and in good agreement
with the FE model.

The applied loadwasmeasured in kgf using a load cell.
The actuator and load cell were connected to the load arm
by means of a chain. As the chain and load cell, have a
mass which must be accounted for, the actuator was re-
tracted until the slack in the chain was removed. The load
cell was set to zero from this point and all loads were mea-
sured from the established “slack” datum.

In addition to the strain gauges and load cell, a dial
gauge was placed at the end of the loading arm tomeasure
the deflection at the end of the loading arm as the load
was applied. The dial gauge was fixed to the steel frame
by means of a magnetic foot. The dial gauge measured the
deflection of the load arm and has a quoted accuracy of
±0.005 mm.

Twoexperimental tests (test 1 and test 2)were run. Test
2 was a repeated test, where the wheel was removed from
the rig, repositioned, clamped and tested again.

2.3 Finite element model

The initial approximate isotropic FE model used to deter-
mine stress concentrations was insufficiently detailed to
optimise the weight. The material properties, ply thick-
ness, and fibre orientation of each ply or lamina of each
laminate of the wheel needed to be specified. This was
achieved using ANSYS ACP (ANSYS Composite PrepPost).
A surfacemodelwas generated (See Figure 5) and exported
as a Parasolid into ANSYS workbench to create the com-
posite FE model. With the geometry of the simulation im-
ported, the material properties of each laminae were de-
fined. The pre-defined ANSYS materials Epoxy Carbon UD
(230 GPa) Prepreg and Epoxy Carbon Woven (230 GPa)
Prepreg were selected to define fabrics as a first approxi-
mation.

To define a fabric in the Engineering Data section
of a workbench project requires the definition of the
orthotropic elasticity, orthotropic stress limits and or-
thotropic strain limits of the laminae (individual sheets).
The stress and strain limits are important when attempt-
ing to predict failure of the model. The orthotropic elas-

Figure 5: Surface model used for composite FE analysis

ticity is required to determine the mechanical response of
the geometry to applied loading conditions. Orthotropic
elasticity is defined by the Young’s Modulus in the ax-
ial directions (Ex, Ey, Ez), the Poisson's Ratio in the di-
rectional planes (vxy, vyz, vxz) and the shear modulus in
the directional planes (Gxy, Gyz, Gxz). Tensile testing was
later conducted on material samples. The obtained direc-
tional stiffness values (Ex and Ey) were compared to the
ANSYS database. The material definition was updated ac-
cordingly. The fibre reference directions were defined us-
ing rosettes placed strategically around the surface model
that utilised the named edges in what is termed an Ori-
ented Selection Set (OSS). The OSS combines the named
selections of surfaces for each ply, the rosettes and an in-
dividually selected surface normal to generate each type of
ply. Care was taken to define the fibre reference direction
of each lamina accounting for the draping of the material
over complex geometry. Figure 6(a) shows the default fibre
referencedirection generatedbyACP;whichdoesnot accu-
rately represent the true fibre direction. Figure 6(b) shows
the fibre reference direction after the draping function is
utilised. While this is not a true representation of the fibre
direction, it serves as a close approximation.

The ACP (pre) cell model was exported using shell ele-
ments to the ANSYS static modelling environment. Tetra-
hedral elements with mid-side nodes were used to gen-
erate the mesh. The mesh contained 174 028 surface ele-
ments and had an average quality of 0.827. A second mesh
with quadrilateral elements was attempted, but ANSYS
was unable to generate the mesh on all surfaces. Gener-
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(a) (b)

Figure 6: (a) Fibre reference direction of a ply before draping; (b) fibre reference direction after draping

ating a solid model was not possible due to the complex
3D geometry and the large number of elements and nodes
thatwould have been too large for the available computing
power to handle. The geometry was modelled as a surface
body. The load was simulated using a remote force that
was applied to the hub area of the wheel with an effective
distance matching the load arm in the physical test. The
wheel was constrained using fixed supports on the sup-
ported edge shown in Figure 4. Strain probes were placed
on the wheel at the locations of the strain gauges shown in
Figure 3.

3 Experimental results and
discussion

Figure 7 shows the measured strains of gauges G1 to G4
versus an increase in applied load on the bending stiff-
ness apparatus, as well as the corresponding FE results
for the gauge positions. Uncertainty in the measurement
was determined from the propagation of error consider-
ing the manufacturer specified variance in gauge factor
and gauge resistance. The calculated error was insignifi-
cant and not included in the figure. The differences inmea-
sured strain of ±2 µϵ between incremental loading and
unloading indicate a small amount of hysteresis present
in all measurements. The experimentally measured strain

values and those determined from the FE model increase
linearly as expected. The orientation of the gauges G1, G2,
and G4 in the FEmodel were adjusted (<5∘) to compensate
for the misalignment when gluing the gauges on the com-
plex geometry of thewheel. The gaugeG3waswell-aligned.
The simulated strains show good agreement with the mea-
sured values.

Figure 8 shows the deflection of the load arm during
the experimental tests. The deflections are linearly related
to the loading as expected. The difference in measured de-
flection of approximately 0.3 mm between loading and un-
loading and the deflection not returning to zero at the end
of the test, indicate a small amount of hysteresis present.
The measured values of deflection are in close agreement
between test 1 and test 2, indicating the experiment is re-
peatable.

For the purpose of this study the model was assumed
to have been validated. The composite FE model was used
to evaluate two alternative laminate configurations for fur-
ther weight reduction. Figure 9 shows the simulated strain
values used to evaluate the stiffness of the concept config-
urations. A reduction in measured strain values correlates
with a reduction in deflection, and thus an increase in stiff-
ness. The concept laminates are termed concept 1 and con-
cept 2. Stiffness was chosen as a property to compare the
laminates as this was used in experimentation. Stiffness
gives an indication of strength in the DCF test. A reduction
in stiffness during the test is used to terminate the DCF test.
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Figure 7:Measured strains on the spokes with FE results

Figure 8: Experimental deflection of the load arm for test 1 and 2
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Figure 9: Simulated strain values for alternative laminate configurations

The change proposed for concept 1 was the removal of a
single layer of plain woven prepreg from the entire geome-
try andplacing newUDplies in the spoke of thewheel. The
change proposed for concept 2 was the complete replace-
ment of the plain woven prepreg with the cosmetic woven
prepreg in the entire laminate, while further adding UD
plies in each UD layer. The mass reduction of the concept
configurations was estimated by using the surface area of
each placed ply and the areal mass (in g per m2) of the ma-
terial types. This resulted in an estimated weight saving of
134 g for concept 1 and 152 g for concept 2. The complex
setup of the composite FE model limits the number of con-
cept configurations that can be run without having to re-
build the laminate.

The concept laminates were not chosen to be used in
the productionwheel, rather they show that the composite
FE model has the potential to be used for experimenting
with laminate configurations.

4 Conclusions
The study presented the development and validation of a
composite FE model to optimise a lightweight 9Jx18 car-

bon fibre wheel for a passenger vehicle. Finite element
(FE) simulations were initially conducted assuming an
isotropicmaterial. This initialmodelwas used to eliminate
stress concentrations and design and manufacture an ini-
tial CFRP wheel. The CFRP wheel weight is 6.8 kg as com-
pared to the original aluminiumwheelwhichweighs 8.1 kg.
This initial design passed the dynamic cornering fatigue
test. The strains on the spoke of a prototype CFRP wheel
weremeasured on a custom-built test rigwhich applies the
equivalent static load of the dynamic cornering fatigue test
rig; i.e. the bending moment is applied in one direction
only and does not rotate. The experimentally measured
strains increased linearlywith increasing load as expected.
The measurements have acceptable test–retest variability.
These strains were used to validate an FE model of the
CFRP wheel (including the layup details). Two alternative
laminates were evaluated to further reduce weight, while
increasing the bending stiffness. The composite FE model
illustrated that a further 152 g weight reduction is possi-
ble which corresponds to an 18%weight reduction in total
when compared to the aluminium wheel.
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