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a b s t r a c t

The concept of the composite monocoque chassis has been implemented in many vehicle designs; how-
ever, there is limited open literature defining the process of simulating a composite monocoque chassis.
The purpose of this research is to develop a composite monocoque chassis by analysing its structural
integrity through an iterative finite element analysis process with the intention of developing a
lightweight solar-powered vehicle. Factors that influence this methodology include; the definition of
the vehicle loading conditions, failure criteria, and important design parameters, chief among which is
the torsional stiffness. The primary design criterion considered is the torsional stiffness which is deter-
mined from the application requirements and data available in the literature. The design methodology
then follows an iterative process where various geometry and lay-up changes are considered. Under
the same loading conditions, with the aim of increasing the torsional stiffness to achieve the required
parameter. The ultimate strength of the material was also considered throughout the simulation process
however, in most cases, the model failed to meet the torsional stiffness parameter before the material
failure or delamination. Secondly, an analysis of the mounting points was conducted to ensure that
the chassis is able to withstand the concentrated loads at the suspension mounts. This analysis is con-
cerned with the principal stresses which gives insight into the most suitable orientation of the lay-up.
The methodology presented in this paper stands to be supportive in designing a fully composite mono-
coque chassis for lightweight race vehicle applications.
� 2018 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A monocoque chassis is a single piece structure with the body
acting as a load-bearing member. It supports the suspension sys-
tem, steering system, drive system, and other components. Effec-
tive chassis performance depends on maintaining rigidity in
bending and torsion, providing efficient load absorption and reduc-
ing the overall weight of the chassis [1]. The objective of the pre-
sent work is to develop a method for analyzing a composite
monocoque chassis under operating conditions and to determine
a structurally sound monocoque chassis through finite element
analysis. The primary aim is thus to determine the feasibility of a
fully composite monocoque chassis of a four-wheeled, light-
weight, efficient solar-powered passenger vehicle. Complexities
involved in this specific type of analysis include determining
composite lay-up orientation, smart geometries for structural
enhancement, and general motor vehicle safety requirements. Tra-
ditionally, due to their monocoque design, composite materials,
are the materials of choice for the manufacture of solar vehicles
[2]. Regarding chassis design, rigidity resistance and low weight,
for handling performance, are the most important design parame-
ters [3]. Since the vehicle is intended for solar power applications,
it must be able to accommodate an appropriate solar panel array.
The chassis design specifications, such as geometry constraints,
were developed from the 2017 World Solar Challenge cruiser class
rules and regulations [4]. The suspension mounting locations must
be considered when designing a chassis. Designing a perfect sus-
pension system for the application after the chassis has been
designed could cause design complications. Consideration of the
suspension systems helps depict the chassis geometry and space
requirements at the wheel shrouds and mounting points [5]. A
double wishbone system was selected for the front suspension
due to its high handling performance and compact design [6,7].
This design has also been used extensively in other solar car
designs. A trailing arm system was selected for the rear suspension
due to its uncomplicated design and how well it fits into the
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Fig. 1. Typical sandwich structure [19].
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aerodynamic fairing [6]. Solar team Nuon has experienced remark-
able success with Nuna 80s double wishbone front suspension and
trailing arm rear suspension, winning the 2015 World Solar Chal-
lenge challenger class [8].

A monocoque offers low weight and high rigidity properties [2],
which is favorable for solar car chassis design, however can be con-
siderably more complex to manufacture. In a monocoque chassis
the stress generated by the vehicle during motion is distributed
throughout the structure, alleviating localized stresses [3]. The
monocoque thus exhibits increased torsional stiffness and an abil-
ity to resist twisting compared to other chassis types [9]. The tor-
sional stiffness parameter is of utmost importance regarding
chassis design as it enables the front and rear suspension systems
to act correctly with respect to each other. This largely affects the
vehicle’s handling ability, in particular, its ability to corner [10]. If a
vehicle has insufficient torsional stiffness, it would twist when
loaded accordingly, lifting one end of the vehicle and causing one
wheel to lose traction [10].

The most common materials used in the production of a mono-
coque chassis are composites [11], in particular carbon fiber rein-
forced polymers (CFRP) and Kevlar, because they exhibit high
stiffness and strength to weight ratio properties and can be formed
to virtually any geometry [12]. However, there are some disadvan-
tages, such as intricate design procedures, high cost and complex
manufacturing processes [13]. CFRP monocoques offer among the
highest stiffness to weight ratios, when compared to any material
and chassis type combination [2]. This is the primary reason why
carbon fiber composites are extensively used in solar car chassis
design [14].

Existing monocoque solar vehicle chassis designs were investi-
gated to gain an understanding of the shape and geometry features
of effective designs. This knowledge was used to develop the pre-
liminary chassis geometry, detailed in Section 7. Solar Team
Eindhoven implemented a full CFRP monocoque in their 2015
World Solar Challenge vehicle, Stella Lux [15]. The chassis con-
sisted of a dual-hulled, catamaran-like shroud with a tunnel under-
neath the chassis center, reducing the frontal area and improving
the aerodynamics. Kogakuin University finished in second place
at the 2015 World Solar Challenge with their solar-powered car,
OWL. OWL which was constructed as a full monocoque using Teijin
CFRP prepreg, resulting in the chassis weighing as little as 55 kg
[16]. Consistent with Stella Lux, OWL has a large tunnel in the
middle beneath the chassis to reduce its frontal area. The vehicle
manufactured by University of New South Wales, called Sunswift,
also exhibits this tunnel to reduce the frontal area [14].
2. Materials

Woven carbon fiber composite reinforcement materials are the
materials of choice for solar vehicle monocoque chassis design
[17]. They easily form complex shapes, are robust, have greater
resistance to damage, and reduce lay-up time [18]. The woven
structure of the alternating fiber directions are composed by warp
and weft fibers which means that the structure exhibits mechani-
cal properties in multiple directions, making it more suitable in
solar vehicle chassis design. Depending on the type of weave, the
woven structures exhibit diverse mechanical properties. The most
common types of weave are plain, twill and satin. In the plain
weave, each warp fiber passes alternatively under and over each
weft fiber; this is the most stable weave to prevent strand slippage
and distortion, but the high level of fiber crimp imparts relatively
low mechanical properties compared to other weave styles. The
long fiber sections in a satin weave result in better energy absorp-
tion and low fiber crimp, but reduced stability and increased likely-
hood of fiber distortion. In a twill weave, one or more warp fibers
alternatively weave over and under two or more weft fibers. A 2 �
2 or 4 � 4 twill offers the best compromise between the various
conflicting factors that govern the choice of weave. In industry,
the weave most commonly used is the 2 � 2 twill [18].

A woven fiber and a matrix material are generally combined
with another material to form what is known as a sandwich struc-
ture – see Fig. 1 [19], which offers similar structural properties to
an I-beam, but with overhangs and webs extended in all directions
[20]. This additional material is called the core of the sandwich
structure and is purposed to increase the rigidity of the structure
since it acts similarly to an I-beam’s web, which is favorable for
chassis design. The core material is normally a low strength mate-
rial, but its higher thickness, d, provides the structure with
increased bending stiffness and overall low density. The core
increases the moment of inertia and section modulus of the struc-
ture, resulting in better resistance to buckling and bending loads
[21]. The face or skin material surrounds the core on its upper
and lower sides and acts as the overhangs of the I-beam. When
loaded in bending, one of the skin materials experiences tension
and the other compression, and the core is loaded in shear, which
offers rigidity and strength to the entire structure. The thickness of
the face material, t, is small in comparison to the thickness of the
core. Common core materials used in monocoque chassis construc-
tion include polyurethane foams and aluminum and Nomex
honeycombs [2].

Composite sandwich structures have emerged as one of the
most promising material options for many weight reduction
applications, which is key in solar vehicle design. It yields
improved fatigue performance, superior energy absorption,
corrosion resistance, and weight reduction when compared to
the individual materials used to construct the sandwich [21].
3. Failure criteria

Failure occurs when a structure can no longer perform its
intended function and gives rise to the need for failure criteria to
be defined when simulating a design. Composite failure criteria
can be divided into two main groups, namely failure criteria not
associated with failure modes and failure criteria associated with
failure modes [22]. The first uses analytical expressions to describe
the failure surface as a function of the material’s mechanical prop-
erties, which are determined by fitting an expression to a standard-
ized curve attained through experimental methods. Proposed by
Tsai and Wu [23], the Tensor Polynomial Criterion is the general
polynomial failure criterion used for composite materials and is
expressed as:

Fi � ri þ Fij � ri � rj þ Fijk � ri � rj � rk 6 1 ð1Þ

where i, j, k = 1, 2, 3, 4, 5, 6 for a three-dimensional case. The lamina
strengths in the principal directions are given by the parameters F
and lamina stresses in the principal direction are denoted as r.
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Generally, the third order parameters are neglected due to their
complexity [23]. This yields Eq. (2):

Fi � ri þ Fij � ri � rj 6 1 ð2Þ
Furthermore, since the change of direction of shear stresses

does not influence the material failure, all first-order shear stresses
become negligible, i.e., F4 = F5 = F6 = 0. For orthotropic materials
with three planes of symmetry orientated with the coordinate
directions (namely the i, j, and k directions corresponding to the
three-dimensional axes) and assuming Fij = Fji and that there is
no coupling between the normal and shear stress terms, yields
Eq. (3):

F1 � r1 þ F2 � r2 þ F3 � r3 þ 2F12 � r1 � r2 þ 2F13 � r1 � r3

þ 2F23 � r2 � r3 þ F11 � r1
2 þ F22 � r2

2 þ F33 � r3
2

þ F44 � r4
2 þ F55 � r5

2 þ F66 � r6
2 6 1 ð3Þ

The second composite failure criterion adapts the empirical
lamina composite failure criteria and is similar to the criteria used
in the design of isotropic materials. It is more difficult to account
for failure modes in a design with these criteria. Fiber fracture is
a failure mode defined by the material’s ultimate tensile strength
and will not occur provided the maximum principal stress does
not exceed the material’s ultimate tensile strength in the direction
of the stress.

4. Torsional stiffness

The torsional stiffness of a chassis is defined as its ability to
resist twisting. It is considered one of the most important param-
eters to optimize in chassis design since it is largely responsible
for the handling of a vehicle [24]. However, there comes a point
when a chassis becomes sufficiently stiff and any further increase
in the torsional stiffness would yield little if any, improvement to
the chassis performance. Modern high-performance vehicles exhi-
bit enormous torsional stiffness values because they generally have
a large mass and travel at high speeds. This combination of a large
mass and high-speed results in immense forces being exerted on
the chassis, which requires an appropriate torsional stiffness value
so that the chassis does not deform under the stress. For light-
weight race vehicles, a lower torsional stiffness value is required.
Small race vehicles commonly have torsional stiffness values of
roughly 4000 Nm/deg [25], as opposed to that of a formula one
car, which is 20,000 Nm/deg and higher [26]. Small race vehicles,
such as solar vehicles, are not required to attain the high speeds
of a formula one car, resulting in the vehicle being subjected to
lower stresses. A solar vehicle competes in endurance racing in
which efficiency is the key. The vehicle is only permitted to travel
at highway speeds and will not be required to corner quickly. Only
gradual highway curves and bends, which exert low forces on the
suspension, need to be considered. This means that a solar vehicle
does not require an exceptionally high torsional stiffness value,
however, the chassis must withstand the increased stress exerted
from encountering irregularities on the road such as potholes. A
solar vehicle can be considered a small race vehicle for which a tor-
sional stiffness ranging from 1000 to 4000 Nm/deg is sufficient
[27].

The torsional stiffness of a chassis is difficult to obtain from a
chassis’ complex geometries without physical experimentation.
However, through some simplifications and expanding on the prin-
ciples of solid mechanics, a method for determining an approxi-
mate torsional stiffness can be developed. Assuming that the
chassis can be modeled as a sequence of different cross-sections
secured together and that the method of superposition applies to
them, an expression for the overall torsional stiffness can be
established by superimposing the individual stiffness values of
the components [10]. Another assumption is that these cross-
sections remain undistorted in their own plane because it is uncer-
tain how the vehicle’s geometry would react under torsional load-
ing. This is a good approximation, but it does result in some
inaccuracies [28]. These assumptions are applied to a finite ele-
ment analysis model. To determine the torsional stiffness of a chas-
sis the rear suspension mounts are constrained to be fixed in all
directions, and equal, and opposite loads are applied to the front
suspension arms [29]. This induces a torque on the chassis. The
key parameter in this analysis is the deflection of the front suspen-
sion arms. The torsional stiffness (KT) is given by [29]:

KT ¼ T
u

¼ FB

up þud

� �
� 0:5

ð4Þ

where:

ud ¼ tan�1 vd

B=2

� �
ð5Þ

up ¼ tan�1 vp

B=2

� �
ð6Þ

The force (F) is applied to the front suspension mounts and
induces a torque (T) because of the perpendicular distance created
by the wheel track (B). Eqs. (5) and (6) are used to determine the
angular deflections, (ud) and (up), of the driver and passenger sides
of the vehicle by measuring the vertical deflections, (vd) and (vp), of
the respective suspension arm ends. Since the chassis is symmetri-
cal the driver and passenger side deflections are equal.
5. Weight

The weight of a chassis has a significant effect on the rolling
resistance of the vehicle [12]. It is imperative that the weight be
minimized without compromising the structural integrity of the
vehicle. The forces exerted on the chassis from the suspension
are proportional to the weight of the chassis [5]. Heavier vehicles
have a greater tendency to remain on their intended path due to
inertia when cornering, resulting in higher forces being transferred
to the chassis when the tires oppose this to alter the vehicle’s path.
This increases the risk that the vehicle may experience understeer.
Lower weight also results in improvement on the vehicle’s acceler-
ation and braking capability.
6. Finite element analysis

A monocoque chassis is inherently difficult to analyze accu-
rately using analytical methods due to the complexity of the struc-
ture. It requires a complex mathematical model to describe it and
simplifications would reduce the accuracy of the results [30]. A
computational method of solution, which is fundamentally based
on analytical methods, provides a powerful tool to obtain accurate
results in the analysis of a monocoque chassis. Computational sim-
ulations are often used to obtain an approximate idea of how the
design will react to operating loads before building a physical
model and yields a means of determining the most suitable mate-
rials and geometry design for the application [31]. A finite element
analysis can accurately simulate the loads experienced by a chassis
in a shorter period than the appropriate numerical solution. How-
ever, a simulation is still only a representation of the design’s per-
formance and does not necessarily reveal the influence of the loads
by problem variables, such as material properties and geometric
features, small geometric features influence the mesh seeding in
a finite element analysis. User input data errors can also result in
false confidence in questionable simulation results.



Fig. 2a. Rear suspension constraints.

Fig. 2b. Front suspension load representation.
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One of the most important key performance indicators regard-
ing chassis design is the torsional stiffness parameter [32]. The tor-
sional stiffness is largely responsible for the ability of a vehicle to
corner. A static cornering/torsional stiffness model is developed
to verify how the chassis behaves while cornering and is able to
quantify the design parameters that generate the requirement of
torsional stiffness [2]. A previous static model by Milliken and Mil-
liken’s Race Car Vehicle Dynamics [1995] states that chassis stiff-
ness can be designed to be approximately X times the total
suspension roll stiffness, or X times the difference between the
front and rear suspension stiffness. X generally ranges between 3
and 5 [26]. The torsional stiffness of a chassis determines how sim-
ilar the roll angles of the front and rear suspension will be when
cornering. A rigid chassis will force the rear suspension roll to be
similar to that of the front. Different roll angles will result in lateral
load transfer, affecting the handling of the vehicle. It must be noted
that increasing the chassis torsional stiffness may increase the
weight, particularly with an increase in core thickness and number
of face material layers. A compromise must be made to ensure that
a chassis with sufficient torsional stiffness and low weight charac-
teristics is developed.

The complexity of a monocoque chassis makes it difficult to
accurately simulate the torsional stiffness parameter. It is common
to make geometry simplifications to simplify the model, decreas-
ing the intricacy of the analysis. A previous method used in Hagan,
Rappolt and Waldrop’s Formula SAE Hybrid Carbon Fibre Monoco-
que/Steel Tube Frame Chassis [2014] to determine the torsional
stiffness is to model the monocoque as a tube structure of diameter
equal to the wheelbase of the vehicle [31]. One end of the tube is
constrained to radial displacement while the other is subjected
to a shear load of some predetermined magnitude. The problem
with this model is that it is oversimplified and does not yield accu-
rate results. This research aims to develop a method of modeling a
monocoque chassis, without oversimplifying the model.

An iterative finite element analysis approach was used to opti-
mize the structural integrity of the monocoque chassis. A linear
static finite element analysis using Siemens NX Nastran [33] was
conducted to obtain the simulation result. A preliminary model
was developed from the knowledge gained by reviewing existing
solar car designs [14–16] and UKZN solar car knowledge. Various
advantageous chassis design techniques, such as reducing the fron-
tal area, were adopted from the existing solar car designs and
applied to the model geometry. Target parameters, including tor-
sional stiffness, were developed from investigating chassis loading
conditions, detailed in sub-section 6.2. The torsional loading case
was used to develop a torsional stiffness model used in determin-
ing the chassis torsional stiffness. Composite failure criteria,
detailed in Section 3, were used to determine a benchmark tor-
sional stiffness value. To determine the torsional stiffness, the pre-
liminary chassis model was modeled as a 2-D shell with CQUAD4
elements, by the layered-shell modeling technique, details of
which are given in Section 7. The 2–D laminate elements, Fig. 2a,
assume that each ply is in a state of plane stress, the plies are per-
fectly bonded, the transverse displacement and in-plane rotations
are continuous, and shear deformation through the thickness of
the laminate is constant. 1-D mesh collectors were used to repre-
sent the front suspension – see Fig. 2b. RBE2 elements, of negligible
mass, represent the front suspension arms and transfer the wheel
load to the chassis, without absorbing any of the stress.

The finite element analysis follows an iterative process where
the torsional stiffness parameter is analyzed. The rear suspension
mounts were fixed, as per the model instructions, and equal forces,
detailed in sub-section 6.2, were applied to the front suspension
arm ends, in opposite directions. This model creates a moment
around the center of the vehicle, generating a means of determin-
ing the chassis’ torsional stiffness. Geometry and layup modifica-
tions were applied to the model until a suitable torsional
stiffness value was obtained. The purpose of the modifications is
to alter the geometry and layup in strategic regions of the chassis
with the intention of increasing the moment of area and thereby
the torsional stiffness about the rotational axis of the torsional
loads.
6.1. Modeling techniques

There are two main approaches when modeling a composite
monocoque. The first is the ‘shell-solid-shell’ [34] which involves
modeling the core material as homogenized three-dimensional
solid elements and the face material as shell elements [35], con-
necting them by contact formulation. This approach yields a good
representation of the possible core failure modes, but it is compu-
tationally rather expensive. The second is the ‘layered shell’ [34]
approach which models the entire chassis as multi-layered shell
elements and is a less computationally taxing method. Inside a
one-shell element a number of sub-layers can be defined in the
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thickness direction, representing the core and face laminate layers
[34,35]. This method does not assess the possible core failure
modes well but is considered sufficiently accurate when simulat-
ing chassis design parameters, such as torsional stiffness and prin-
cipal stresses. Another approach used in modeling a composite
monocoque is the ‘stacked shell’ approach [34]. This approach is
similar to the ‘layered shell’ with the addition of an energy absorp-
tion mechanism and a degradation factor of the laminate’s stiffness
to account for interlamination delamination [34]. The main differ-
ence between the two is the main failure mode exhibited. In the
‘layered shell’ model interlamination failure in fiber tension mode
occurs and in the ‘‘stacked shell” model interlamination failure in
the delamination mode occurs [34]. Since the delamination failure
mode is not being assessed in this work the ‘layered shell’
approach was selected as the modeling technique to be
implemented.
Fig. 4. Squatting effect due to acceleration [36].

Fig. 5. Effect of lateral bending on a chassis [36].
6.2. Loading conditions

A vehicle’s chassis is subjected to various loads whilst in oper-
ation, the bulk of which originates from the suspension. In the pre-
sent study only normal operating loads are verified since thermal
loads will be negligible; the chassis is intended for solar powered
applications meaning that heat from an internal combustion
engine is not present. The loading conditions on a chassis can be
divided into global and local loading conditions. Global loading
conditions are concerned with loads that the chassis is subjected
to as a whole. These can be categorized as four main cases, namely,
torsional loading, vertical bending, lateral bending, and horizontal
lozenging. Torsional loads twist one end of the chassis with respect
to the other and can arise from a variety of sources with the most
common case being when a wheel contacts a bump raising that
wheel in relation to the others – see Fig. 3 [36], which applies a
torque to the chassis. The torsional stiffness parameter of a chassis
is its ability to resist this twisting motion. A chassis without suffi-
cient torsional stiffness would not be able to resist this torque,
causing the vehicle to lose traction.

Vertical bending is the term given to the ‘squatting’ or ‘diving’ of
the chassis when accelerating or decelerating. When accelerating
the chassis ‘squats’ – see Fig. 4 [36]. When decelerating the chassis
‘dives’. Because vertical bending does not affect the traction of a
vehicle, it is considered a design parameter of less significance than
torsional stiffness. In addition, a chassis with sufficient torsional
stiffness will also have sufficient bending stiffness [26].

Lateral bending – see Fig. 5 [36], occurs as a result of the cen-
trifugal forces that a chassis is subjected to whilst cornering. The
vehicle’s inertia induces a torque which is transferred to the chas-
sis via the suspension, resulting is chassis roll [9]. This scenario is
largely dependent on the weight and height of the vehicle. Chassis
roll should be limited because it largely affects the stability of the
vehicle, but does not affect stability as severely as the torsional
stiffness.
Fig. 3. Effect of torsional load on a chassis [36].
Horizontal lozenging – see Fig. 6 [36], is the response of a chas-
sis when one side of the vehicle has better traction than the other.
The unequal horizontal force distorts the chassis into a
parallelogram-like shape. This scenario is considered of less
Fig. 6. Effect of horizontal lozenging on a chassis [36].



1072 J. Denny et al. / Engineering Science and Technology, an International Journal 21 (2018) 1067–1077
concern than torsional stiffness, vertical bending and lateral bend-
ing parameters of chassis design because it is more dependent on
the traction of the tires than the chassis [37].

The torsional stiffness model is specified as the primary loading
condition when simulating the design, and the lateral and vertical
bending loading conditions are verified as secondary load cases.
This would verify that a chassis with sufficient torsional stiffness
exhibits sufficient bending stiffness. A summary of the constraints
and loading conditions used for each load case is given in Appendix
A. For the vertical bending analysis, the deflection ratio is of utmost
importance [38]. For this analysis, the chassis is modeled as a sim-
ply supported beam, supported at the suspension mounts and the
load applied to the chassis center. Beam theory suggests that the
deflection ratio is defined as the ratio of the deflection of the center
of the chassis to its length [38] and should be limited to 1/360th of
the chassis length [39]. For the lateral bending analysis, the load is
applied to the side of the vehicle, to simulate the lateral loads
induced when cornering.

Local loading conditions are concerned with loads at mounting
locations such as motor suspension mounts. These areas are sub-
jected to high-stress concentrations as they are effectively the
points where stress is transferred to the chassis. It is required that
these mounting locations are sufficiently rigid and have adequate
strength to withstand the concentrated loads present. A ‘hard-
points’ analysis is required to be conducted at these points. This
involves analyzing the principal stresses at the mounting locations,
and ensuring that the maximum principal stress does not exceed
the ultimate tensile stress of the composite in the direction of
the stress. This ensures that the failure mode of fiber fracture does
not occur.

The load case and the magnitude of the applied loads for the
simulation to determine the parameters of the chassis must be
selected. Composite monocoques are unique in the way that they
distribute the stresses from the suspension loads. They are
designed in such a manner that the body itself experiences very lit-
tle stress. This is due to the mounting points and inner structure
absorbing the bulk of the applied stress. As previously mentioned,
the torsional stiffness parameter is of utmost importance regarding
the chassis design. To maximize the torsional stiffness of the chas-
sis the most severe load case, being the bump case simulating the
vehicle hitting a bump or pothole at speed, is required to be simu-
lated. This load case transmits a vertical force through the suspen-
sion arms to the mounting points. The magnitude of this load is
difficult to determine, but a conservative estimate is three times
the weight experienced at the loaded wheel [17]. Since the weight
of the vehicle is unknown, a good approximation of the weights of
parts was defined. An assumption of masses of 40 kg for the chas-
sis, 35 kg for the battery box, 10 kg for mechanical systems, and 5
kg for electronics was made from existing UKZN solar car knowl-
edge [40] because a similar solar array and electronic configuration
is to be implemented in the design of similar vehicles. The masses
of the suspension systems, wheels, brakes, and motors are
excluded in the analysis as these are unsprung masses which do
not load the mounting points as they are attached below the shock
absorber. As per the Bridgestone World Solar Challenge rules and
regulations, the mass of each occupant must be a minimum of
80 kg. Accounting for two occupants yields a total sprung mass
of 250 kg. Assuming that the vehicle weight is evenly distributed,
each wheel should experience a weight of 62.5 kg (625 N). With
the bump case exerting an acceleration of approximately 3 g
[17], the force from the suspension will be 187.5 kg (1875 N) at
each mounting location. To accommodate for any miscellaneous
component weights, the 1875 N weight can be increased by ten
percent, yielding a force of approximately 200 kg (2000 N).
Although much greater than the assumed weight at each wheel,
this force is a conservative approximate to ensure that failure in
both yield and fatigue are avoided.
7. Finite element analysis results

A static model was developed to determine the torsional stiff-
ness of the chassis from the torsional loading case mentioned in
the loading conditions section because this case was deemed to
be the worst-case scenario regarding loading conditions. This load
case is used to determine the torsional stiffness parameter of the
chassis. For the finite element analysis, Siemens NX Nastran [33]
was the software used for the modeling of the chassis. Once a suit-
able geometry model was developed, a suitable mesh was gener-
ated for the simulation. For the model CQUAD4, two-dimensional
shell elements were used to simulate the material with an average
element size of 10 mm to compensate for varying changes in cur-
vature. The element size was deemed adequate because the geom-
etry is large in comparison to the element size, with a length of
approximately 4500 mm and width of 1800 mm respectively,
which ensures that the elements accurately represent the areas
of high curvature exhibited by the geometry. A mesh independency
study was conducted in which the average element size was
reduced and yielded no significant variation in the simulation
results, meaning that the 10 mm element size demonstrated ade-
quate mesh independence. Siemen’s NX Nastran offers an inte-
grated element quality analysis tool that accounts for mesh
quality checks, such as aspect ratio, and warpage and skew angle,
on each element. Once run, the elements which do not satisfy
the mesh quality threshold parameters are exposed. The mesh
quality check resulted in some elements being moderately
deformed but not sufficiently to affect the simulation results. In
addition, these elements were located at non-critical areas, such
as the wheel fairing, of the chassis and therefore did not affect
the results. A bonding strength of 50 MPa between layers was
specified for the laminate layers to simulate the bonding of the
matrix material. This is the bonding strength as specified by the
manufacturer, AMT Composites [41]. A 2 � 2 twill carbon fiber
weave was selected as the skin material for the simulation because
it offers a good compromise between the favorable properties of
the plain and satin weave. A foam core was selected for the initial
simulations due to its low density and high formability. The deflec-
tion result from the model of the driver and passenger sides of the
chassis were substituted into Eqs. (5) and (6) respectively, along
with the track width of the chassis, to obtain the angular deflection
of the chassis. This angular deflection was then substituted into
equation (4), along with the applied force and track width, to
obtain the average torsional stiffness of the chassis. Various core
and fiber material combinations were investigated until a suitable
torsional stiffness value was obtained. An aluminum honeycomb
exhibits superior stiffness properties when compared to a foam
core and was also investigated to determine its effect on torsional
stiffness.

The first step in analyzing the structural integrity, through a
finite element analysis, of a composite monocoque chassis is to
develop an initial model and lay-up procedure. This is determined
by using existing UKZN solar car knowledge [40] and reviewing the
relevant literature [30,31,42] on chassis design regarding geometry
modeling techniques and laminate lay-up orientation. The next
phase is to develop conceptual designs, using knowledge gained
from relevant literature [15,16], adhering to the design specifica-
tions, and selecting the most suitable concept to be implemented
as the final design. The design of a composite monocoque chassis
is an iterative design process. Different geometry alterations and
laminate lay-up orientations were investigated until the torsional



Fig. 8. Preliminary model front suspension deflection.
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stiffness parameter was achieved. For the preliminary design
shown in Fig. 7, the chassis was designed as a full monocoque that
can accommodate two occupants. The vehicle is longitudinally
symmetrical and constructed from smooth, gradual contours to
minimize aerodynamic drag and stress concentrations. The roof
and hood of the vehicle only curve in one direction to ensure that
solar panels can be mounted efficiently. The cove that runs under-
neath the vehicle, to reduce its frontal area, has a constant area and
gradual shape changes for aerodynamic purposes. The front and
rear shroud geometries were designed to accommodate double
wishbone and trailing arm suspension systems respectively.

An initial laminate lay-up was determined from the literature,
specifically from the 2015 UKZN Solar Vehicle, Hulamin [43], and
applied to the sections of the chassis as follows:

� Roof and Sides – [0�; 45�; 10 mm core; 45�; 0�]
� Suspension Mounts – [0�; 45�; 0�; 10 mm core; 0�; 45�; 0�]
� Inner Structure – [0�; 45�; 5 mm core; 45�; 0�]
� Front and Rear – [45�; 3 mm core; 0�]

A 2 � 2 twill carbon weave was selected for the laminate face
material, along with a polyurethane foam core. The mechanical
properties of the material are summarized in Appendix B [41].
Since a twill weave is used, only fiber orientations of 0� and 45�
are used because 0� orientation is the same as 90� orientation,
the same being the case for a 45� and �45� orientation. The warp
fiber direction corresponds to the material orientation coordinate
system and the weft fiber direction perpendicular to the warp fiber
orientation. An aluminum honeycomb core is compared in this
paper to the foam core to determine the effect on the torsional
stiffness. A linear static simulation was created to record the reac-
tion of the chassis to the loading conditions. The deflection, shown
in Fig. 8, is used to determine the torsional stiffness of the chassis.
Since the chassis is longitudinally symmetrical the deflections of
the front left and right suspension ends are identical. Fig. 8 shows
a deflection of approximately 5.373 mm at the front suspension
ends, and when substituted into the relevant equations, along with
a force of 2000 N and a track width of 1.3 m, through the
above-mentioned calculation process, yields a torsional
stiffness of 5489.8 Nm/deg which satisfies the failure criteria of
4000 Nm/deg. The estimated mass of the chassis is calculated by
summing the individual solid property masses for each laminate
section which yields a mass of 43.41 kg and validates the initial
assumption of 40 kg for the chassis mass.

Although the required torsional stiffness value was achieved the
effect of the geometry and lay-up modifications on the torsional
stiffness were investigated.
Fig. 7. Preliminary design model.
7.1. Design modifications

To reduce the mass of the chassis, sections of the chassis were
altered based on the finite element results of the preliminary
model. The finite element analysis illustrated that the deflection
of the chassis decreases toward the rear. This is because the front
and center of the chassis absorb most of the stress generated from
the applied load and deflect accordingly. This implies that a geom-
etry alteration in the rear region will have a negligible effect on the
torsional stiffness. Sections were removed from the rear support
plate and the rear suspension mount, as shown in Fig. 9 to reduce
the mass of the chassis. Rear suspension access hatches were cut
into the rear sides of the chassis, as shown in Fig. 9, to create access
to the rear suspension components and to reduce weight.

It was observed that the large door recesses have a significant
effect on the torsional stiffness. These large holes reduce the ability
of the chassis to resist twisting. To test this theory, the door
recesses were patched up and modeled as solid surfaces. Although
this is an unrealistic representation of the model, it is an effective
means to determine the effect of the door recesses on torsional
stiffness. To remain consistent, the same torsional stiffness model,
loading conditions, laminate lay-up, and constraints were applied
to the model as were applied to the preliminary model. Fig. 10
shows a suspension front end deflection of approximately
2.5 mm, yielding a torsional stiffness of 11798.4 Nm/deg, more
Fig. 9. Altered rear geometry.
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than double the torsional stiffness of the preliminary model. This
shows that the door recesses have a significant effect on the tor-
sional stiffness.

A more realistic model was developed by reducing the size of
the chassis door recesses from the preliminary model – see
Fig. 11. Smaller recesses should improve the torsional stiffness
value. In the present analysis, the doors are not considered struc-
tural elements due to their intended method of mounting.

Again, the finite element model set up remained unchanged as
implemented in the previous models. Fig. 12 illustrates an approx-
imate deflection of the front suspension ends of 4.159 mm, yield-
ing a torsional stiffness value of 7092.2 Nm/deg. This is a
significant increase in the torsional stiffness from the preliminary
torsional stiffness result. It is interesting to note that a small geom-
etry alteration resulted in a significant torsional stiffness increase
from the preliminary model because such a minor geometry
change did not significantly affect the mass, an increase of 2.1%,
of the chassis resulted in a significant increase in the torsional stiff-
ness, namely a 29.2% increase. The geometry alterations resulted in
an estimated mass of 42.45 kg.

The effect of lay-up modifications was investigated next. To
increase the torsional stiffness a honeycomb core, which exhibits
Fig. 11. Altered model with compact doors.

Fig. 10. Deflection result of chassis with enclosed doors.
far greater stiffness properties than foam, was investigated. An alu-
minum honeycomb was selected because of its superior physical
properties. However, an aluminum honeycomb does not bend well
in more than one direction and cannot be implemented at regions
of high curvature. Therefore, a combination of foam and honey-
comb cores was used to resolve the problem. The following illus-
trates the different regions of the chassis and their respective
lay-ups:

� Roof and Sides – [0�; 45�; 5 mm Honeycomb Core; 45�; 0�]
� SuspensionMounts – [0�; 45�; 0�; 10 mmFoam Core; 0�; 45�; 0�]
� Inner Structure – [0�; 45�; 5 mm Honeycomb Core; 45�; 0�]
� Front and Rear – [45�; 3 mm Foam Core; 0�]
� Hood – [0�; 3 mm Honeycomb Core; 45�]
Fig. 12. Deflection result of chassis with compact doors.

Fig. 13. Deflection result of composite honeycomb and foam cores.
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The above laminate lay-ups were applied to the model with
compact doors. The same torsional stiffness analysis, under the
same loading conditions, was conducted, and a deflection of
approximately 3.6 mm (see Fig. 13) was achieved. When substi-
tuted into the relevant equations, this yielded a torsional stiffness
of 8193.4 Nm/deg which exceeds the failure criteria of 4000 Nm/
deg, and results in a safety factor of 2.05 being present in the
design.

It is evident that the aluminum honeycomb core has a signifi-
cant effect on the torsional stiffness of the chassis. In addition to
this, the estimated mass of the chassis decreased to 40.05 kg; a
5.6% decrease. This illustrates that a honeycomb core increases
the stiffness of a chassis while reducing its weight when compared
to a foam core.

To verify that the torsional stiffness parameter is the most
important key performance indicator regarding chassis design, ver-
tical bending and lateral bending load cases were simulated. The
vertical bending analysis models the chassis as a simply supported
beam with the rear suspension mounting locations modeled as pin
supports, only allowing rotation about their own axis, and the front
suspension mounting locations modeled as roller supports that
only allows translation along the length of the chassis and rotation
about its own axis. A vertical load, the magnitude of which the
literature suggests is 1 g [17], is then applied to the chassis center
and the maximum deflection, present at the mid-span, was deter-
mined. The simulation resulted in a maximum deflection of 5.275
mm – see Fig. 14. For the chassis to satisfy the vertical bending
failure criteria, the chassis must not deflect more than 1/360th of
the chassis length, which translates to a maximum allowable
deflection of 12.29 mm. The maximum deflection is 57.1% below
that of the maximum allowable deflection. This verifies that the
satisfaction of the torsional stiffness failure criterion results in
the satisfaction of the vertical bending failure criterion.

The torsional stiffness model has resulted in a suitable geome-
try and lay-up being generated, but it did not consider whether the
material would be able to withstand the stresses present. This is
verified if the structure satisfies the fiber fracture failure criterion.
To determine this, the maximum normal stress induced in the
structure has to be computed. There can be a vast number of planes
passing through the given areas of a structure, each with its own
normal stress value. There will be one plane on which the normal
stress is maximal which corresponds to the maximum principal
stress. Principal stresses are the components of the stress tensor
when the basis is altered in such a way that the shear components
become zero. This can be illustrated by the Mohr circle [44]. Max-
imum principal stress is particularly important to consider regard-
ing composite materials where the direction of the stress is
Fig. 14. Vertical bending model maximum deflection.
imperative for determining an appropriate laminate lay-up orien-
tation. Fig. 15 illustrates a maximum principal stress of 81.68
MPa in the vertical direction. This is expected because the loads
applied to the suspension mounts are vertical. The maximum
principal stress is present at the front suspension mounts where
‘hardpoints’ would need to be constructed to account for stress
concentrations. The maximum principal stress is concentrated at
the front suspension mount. However, the maximum principal
stress is still below that of the tensile strength of 464.4 MPa of
the face material [41]. This shows that the chassis can withstand
the stresses imparted to it by the suspension and would satisfy
the fiber fracture failure mode criterion. According to the theory
found in [45] the safety factor for the chassis, based on the maxi-
mum stress criteria, was calculated to be 5.69.

The maximum principal stress is the maximum stress state that
the chassis is subjected to. This stress arises from the torsional
stiffness model. To verify the significance of the torsional stiffness
parameter, the maximum bending stress induced from a lateral
bending model was compared to the maximum principal stress.
A lateral bending model simulates the loads that the chassis is sub-
jected to when cornering. To simulate this beam theory is used
again, as with the vertical bending model. The loads are applied
to the sides of the chassis, to simulate the forces that arise from
the inertia of the chassis when cornering. The literature suggests
that the maximum allowable lateral acceleration should not
exceed 1 g [17] for a chassis to exhibit sufficient bending stiffness.
This load is evenly distributed over the sides of the chassis in the
same direction. The rear suspension mounts are modeled as a pin
support, allowing vertical rotation perpendicular to their own axis,
and the front suspension mounts are modeled as roller supports,
Fig. 16. Lateral bending model maximum stress.
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allowing translation along the length of the chassis and vertical
rotation. The bending stress result is analyzed and compared to
the maximum principal stress. Fig. 16 illustrates a maximum bend-
ing stress of 18.73 MPa; 77.1% less than the maximum principal
stress present in the chassis. This indicates that the torsional stiff-
ness model results in higher stresses being exerted on the chassis,
further signifying the importance of the torsional stiffness
parameter.
8. Conclusion

This paper reported on the development of a structurally sound
composite monocoque chassis through an iterative finite element
analysis process. Regarding chassis design, one of the prominent
key performance indicators is torsional stiffness. A preliminary
model was developed and loaded according to the torsional stiff-
ness model. The geometry and lay-up was modified with the inten-
tion of increasing the torsional stiffness. The geometry
modifications included the addition of rear suspension access
hatches, alteration of the rear support plate, and a reduction in size
of the door recesses. The FEA illustrated that the chassis torsional
stiffness was significantly dependent on the geometry and lami-
nate lay-ups of a chassis. This is evident by the 29.2% increase in
torsional stiffness by compacting the door recesses of the chassis.
It is also important to note that an aluminum honeycomb offers
a significant increase, namely 15.5%, on the torsional stiffness
value, and a torsional stiffness of 8193.4 Nm/deg was attained. In
conclusion, the chassis geometry, laminate layup and core material
significantly affect the torsional stiffness. Table 1 gives a summary
of the iterations and the corresponding torsional stiffness values.
Model
 Torsional Stiffness
(Nm/deg)
Preliminary
 5489.8

Altered Rear Geometry and

Compact Doors

7092.2
Composite Aluminum and Foam
Core
8193.4
An analysis of the suspension mounting locations was conducted to
ensure that the maximum principal stress does not exceed the max-
imum allowable stress of the reinforcement material. The analysis
of the principal stresses yielded that the maximum principal stress,
namely 81.68 MPa, resulting in a safety factor of 5.69, did not
exceed the ultimate tensile strength of the face material. The anal-
ysis illustrated that the maximum principal stresses were applied
vertically at the front suspension mounting points, indicating that
the applied loads from the front suspension will be transmitted
along the reinforcement material fibers.
Appendix A

Summary of loading conditions and constraints.
Loading Condition
 Torsional Stiffness
 Vertical Bending
 Lateral Bending
Magnitude of Applied Load
 3 g
 1 g
 1 g

Rear Suspension X-axis Translation
 Fixed
 Fixed
 Fixed

Rear Suspension Y-axis Translation
 Fixed
 Fixed
 Fixed

Rear Suspension Z-axis Translation
 Fixed
 Fixed
 Fixed

Rear Suspension X-axis Rotation
 Fixed
 Free
 Fixed

Rear Suspension Y-axis Rotation
 Fixed
 Fixed
 Fixed

Rear Suspension Z-axis Rotation
 Fixed
 Fixed
 Free

Front Suspension X-axis Translation
 Free
 Fixed
 Fixed

Front Suspension Y-axis Translation
 Free
 Fixed
 Fixed

Front Suspension Z-axis Translation
 Free
 Fixed
 Fixed

Front Suspension X-axis Rotation
 Fixed
 Free
 Fixed

Front Suspension Y-axis Rotation
 Free
 Fixed
 Fixed

Front Suspension Z-axis Rotation
 Fixed
 Fixed
 Free
Appendix B

Table of simulation material properties [41].
Material
 AMT 2 � 2 Twill Weave
 M60 Cell Foam Core
 PCF Aluminum Core
Young’s modulus (E1)
 47000 MPa
 44 MPa
 6.9 MPa

Young’s modulus (E2)
 47000 MPa
 44 MPa
 6.9 MPa

Young’s modulus (E3)
 N/A
 N/A
 1241.6 MPa

Density
 1600 kg/m3
 65 kg/m3
 4919 kg/m3
Poisson’s ratio (NU)
 0.05
 0.3
 0.1

Poisson’s ratio (NU13)
 N/A
 N/A
 0.1

Poisson’s ratio (NU23)
 N/A
 N/A
 0.1

Shear modulus (G)
 5100 MPa
 20 MPa
 186.2 MPa

Shear modulus (G13)
 N/A
 N/A
 469 MPa
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