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Suspension systems are designed aiming at providing adequate handling,
road holding, comfort and vibration control to a terrestrial vehicle. Being
an important issue not only for regular road models, suspension design is
a matter of concern that also regards solar electric cars, in which, due to
limited power supply, stabilization and energy conservation are of utmost
importance. Considering three basic types of suspension widely adopted in
road vehicle design, this study presents a preliminary comparison among
MacPherson, double wishbone and leaf spring systems, aimed at pointing
out the most appropriate design for the solar-powered vehicle hereby
considered. It includes a finite element static stress analysis, performed
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with parametric values for a quarter-car model.
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1. INTRODUCTION

The interest in solar-powered vehicles arose as a topic
of study mainly developed by academic institutions [1]
with the aim of promoting sustainable mobility [2,3].
Students, engineers and researchers were encouraged to
develop the most energy-efficient cars [4,5], evaluating
their performances through competitions held worldwide
[6,7]. The main challenges of designing such cutting-
edge vehicles [8] consist in battery selection, electrical
systems, solar array design [9,10], structural materials
[11], aerodynamics [12,13] (involving computational
fluid dynamics calculations [14]), safety [15] and
mechanical sub-systems such as suspensions [11].

Regarding vehicle mechanical and structural design, it
is possible to say that solar-powered cars represent an
exciting test bench, considering the large amount of
particular functional and technical aspects able to
distinguish them from other competition vehicles (e.g.
Formula E, Formula 1, Rally). Hence this vehicle category
demands specific and innovative design solutions.

Focusing on suspension systems, the load due to
passengers, electric batteries and solar panels can be
even higher than the total weight of the remaining parts
of the vehicle, making the choice of suspension stiffness
and weight distribution quite challenging in order to get
good performances in terms of vehicle dynamics.

These technical demands becomes extreme in the
case of the ‘cruiser’ category, multi-passenger vehicles
recently introduced in solar-powered car competitions.
In fact, compared to more traditional single-seater solar
cars, cruisers present a total weight from four to five
times higher, as well as higher center of gravity.

The solar-powered car considered in this study and
displayed in Figure 1 was designed and manufactured
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for racing by the University of Bologna. It is equipped
with a solar-electric powertrain developed for efficiently
transporting four passengers weighing 80 kg each. With
a monocoque, structural and non-stuctural parts in
carbon fiber reinforced polymer (CFRP), a roll-cage in
titanium alloy, and some other distinct technical features,
it represens one of the lightest multi-occupant solar cars
ever built [16]: a vehicle with total mass of 300 kg
allows to transport 320 kg due to four occupants. Using
5 m* of monocrystalline silicon photovoltaic panel on
the roof, 64 kg of lithium-ion batteries, two electric
engines coupled directly to the rear wheels and further
solutions for optimal energy control, either a range of
600 km at cruising speed, or velocitiy peaks of 120
km/h can be achieved [16].

Figure 1. CAD model of the University of Bologna solar car.

During its first contest (American Solar Challenge
2018) this vehicle travelled 1.762 miles (2835 km) in
the Unites States with four passengers, without other
energy sources than the sun, winning at a cruising speed
of about 55 km/h [6]. Such public exhibition also
represented a functional test on several aspects, which
led to the conclusion that this vehicle still needs futher
mechanical improvements.

The main objective is to increase the average speed
of the race vehicle up to 75 km/h, a necessary condition
to successfully take part in further competitions [7].
Such objective requires a thorough revision of different
technical possibilities, expecially those regarding vehicle
dynamics. The suspension system in particular has to be
designed considering the necessity to provide adequate
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levels of handling, road holding, comfort and vibration
control. Moreover, specific requirements related to
competition solar-powered cars also have to be address-
ed, such as the optimization of energy efficiency in
terms of weight of components, stiffness and dissipated
energy.

Currently, the suspension system is based on a novel
design consisting of longitudinal arms with leaf springs
(Figure 2) in which arms, springs and wheels are made in
CFRP [16]. Figure 3 shows how the transversal leaf
spring is mounted.

With the aim of investigating alternative solutions
for the suspensions, this study presents a preliminary
comparison between the current system and two basic
types of suspension widely adopted in road vehicle
design: MacPherson and double wishbone [17,18]. It
includes a finite element static stress analysis, performed
with parametric values for a quarter-car model, using the
code Catia V5.

Figure 2. Current suspension system: a) front suspension;
b) rear suspension; c) set-up and control.
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Leaf Spring

Figure 3. Front view of the vehicle and front suspensions.

2. SUSPENSION SYSTEMS

Suspension design is generally focused on optimization
of ride and handling [19,20], however also the energy
efficiency target is of great importance, as for the
vehicle under study [21,22].

In general, suspensions are classified as dependent,
semi-dependent and independent [24-26]. In dependent
suspensions (like Panhard rods or Watt’s linkages [27],
commonly employing leaf springs), the wheels of a
same axle are connected to each other by a shaft. That
means that their motions (except travelling rotation) are
rigidly linked (giving, in particular, same camber angles
variations on the two wheels). Dependent suspensions
are simple and robust with low manufacturing costs,
however they usually carry higher unsprung masses
with respect to other suspension systems. Therefore they
were not considered for the application under study.

In semi-dependent suspensions, the rigid connection
between the wheels is replaced by a compliant link, like
in the twist beam suspension [28] which has low cost,
simple assembly but limited kinematic possibilities.
Therefore they were disregarded as well.

Independent suspensions (like trailing and semi
trailing arm, longitudinal arm, MacPherson, double
wishbone and multi-link) are the most widely adopted in
automotive industry and racing cars, due to their superior
capabilities with respect to ride and handling optimi-
zation, togheter with lower unsprung masses.

Clearly, each suspension layout presents its own
advantages. In the case under analysis, however, the
targets are mass reduction, adequate vehicle ride and
handling, and low manifacturing costs. Consequently, in
the present study three different independent suspension
systems are considered, which may be adopted for the
solar electric car under study: longitudinal arms with
leaf springs (mounted on the current vehicle; simplest
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geometry, reduced control of kinematic parameters),
MacPherson and double whishbone (most complex
geometry, highest possibility of control of kinematic
parameters, such as camber, caster, toe, scrub radius,
etc. [33]).

3. METHOD AND MATERIAL

A preliminary comparison is presented in terms of static
analysis due to weight loading among selected elements
of the above mentioned three different suspension
systems. Static analysis for preliminary structural suspen-
sion assessments is a common practice also in academic
projects involving prototypic, conceptual and even
competition terrestrial vehicles. Double-wishbone arms,
for instance, were studied by Gadade et al. [29], who
performed a finite element analysis aimed at calculating
the components’ working life under static loading; by
Vivekanandan et al. [30] and Kakria et al. [31], who
dealt with the design of a double-wishbone arm for an
all-terrain vehicle and for a formula SAE car, respect-
ively. More closely to the present work, Hurter et al.
[32] analyzed the specific case of a solar electric
vehicle, defining the optimal design of a suspension link
and evaluating the usage of carbon fibre as structural
material, given its lightweight and enhanced resistance.
Notice that the currently adopted leaf spring system
allows alternative solutions, since it could be assembled
in different layouts: longitudinally or transversally
(mounted between the two wheels of the same side or
between the wheels of the same axle, respectively).
Another solution would be the adoption of individual
springs for each wheel, so it is important to clarify the
assembly method considered. In the current version of
the solar-powered car [20], the transversal layout was
adopted, but in the present analysis the case of individual
leaf springs for each wheel is studied, for investigating
the possibility of a further overall weight reduction.
Aluminum is adopted in all cases for comparison
purposes and for being low-cost and light, having
desirable characteristics for this case-study (Table 1).

Table 1. Mechanical properties of Aluminum [34]

Young Modulus ~ Poisson Density Yield Strength
(GPa) Ratio (kg/m®) (MPa)
7.01 0.346 2710 95

A quarter car model was considered to reduce the
computational load of the algorithms, considering a
vehicle with sprung mass of 600 kg (accounting for 4
passengers weighing 80 kg each). These models were
implemented for each kind of suspension in a finite
element code (Catia V5) considering a tetrahedral mesh
with 2 mm sized elements. A 1471.5 N load was applied
on the wheel hub, for taking into account the weight of
the car, setting fixed support boundary conditions for
the mounting points of each system.

4. RESULTS AND DISCUSSION

Results of Von Mises stress and deformation analysis
are reported in Figures 4 and 5, respectively; while
Table 2 summarizes the results of the simulations.
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Table 2. Summary of results of Von Mises stress and
maximum displacement

Von Mises Displacement ~ Mass
Stress (MPa) (mm) (kg)
Leaf spring 21.6 0.05 2977
MacPherson 64.5 1.55 2.725
Double 534 0.41 2.523
wishbone

The highest stress concentration and deformation
regions are located either on the mounting spots on the
chassis or on the wheel-hub in all cases, and although
stress levels might vary up to three times, none of them
represent risk conditions.

(b)

(c)

Figure 4. Von Mises stresses on MacPherson (a), double-
wishbone (b) and leaf spring (c) [MPa].
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Figure 5. Deformation displacement of MacPherson (a),
double-wishbone (b) and leaf spring (c) [mm].

The leaf spring suspension proved to be the most rigid
system with lowest deformation, although the disad—
vantage is its elevated weight. The highest levels of stress
and deformation were found on the Mac—Pherson, with
an intermediate weight. Intermediate values of stress and
deformation were found on the double-wish-bone, which
is the lightest among the compared elements.

Given that the selection of a suspension system for
a solar electric car is light-weight-focused, it is
possible to infer from this preliminary assessment that
the main disadvantage of leaf spring systems is their
weight. Nevertheless, due to their simple geometry, it
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would be possible to laminate the leafs out of CFRP in
order to significantly reduce their weight without
affecting sub- stantially their mechanical properties
[35]. This enhan- cement would hardly be attainable at
low cost for both wishbone and MacPherson, due to
complex geometries.

Other than representing a more suitable material,
CFRP would give the additional possibily of tailoring
the necessary resistance required by the leafs of the
spring [36] with optimization of their geometry.

These factors, combined with the possibility of
easily adding local reinforcements, makes the design of
specific leaf springs particularly effective in terms of
both weight reduction and good performances.

5. SUMMARY

In this study a preliminary comparison was presented
among longitudinal arms with leaf springs, MacPherson
and double wishbone, aimed at pointing out the most
appropriate design for the solar-powered vehicle hereby
considered, considering its its specific demands for low-
weight and efficient structures. The MacPherson layout
was disregarded for the present application, while in
future studies a more specific dynamic analysis will be
conducted between the two remaining systems, to deter-
mine whether or not the high rigidity of the leaf springs
system can be more convenient than the low mass and
optimal ride and handling performances of double-
wishbones, in terms of energy efficiency.

However, preliminary conclusions that can be
drawn confirm the good performances also in terms of
stress-strain analysis of the already adopted leaf-spring
system (although with individual springs applied to each
whell and not transversally to the vehicle), in addition to
those due to a simple and adaptable construction.
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CTATHYKA AHAJIU3A HAITIOHA CUCTEMA
CYCIIEH3MJA 3A BO31JIO CA COJIAPHUM
IHOI'OHOM

B. Opabacu. C. Marino, A MapTunu

Cucremu 3a CyCNEH3HM]y Cy IHM33jHHPAHU Ca IH/bEM
o0e30ehuBama  aJeKBaTHOr  yIpaBbamba, JpiKamba,
koM(popa W KOHTPOJHCAHHX BHOpAIMja Yy TPaIUIIAO—
HaJHOM Bo3mwiy. Kao mpobneMm Kkoju Ipenasd peqoBHE
MoJIene, IM3ajH CyclieH3uje je 3a0pumanajyca cTBap Koja
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o0yxBaTa M COJapHE €JIEeKTpUYHE ayTOMOOWIe, Tae Cy
CTadWiM3anja W 3allTUTa EHeprujeé OJ H3y3eTHOT
3Hauaja 3a BO3WIO Y KOjeM je U3BOp EHEpruje OrpaHuyeH.
Amnanusupajyhu Tpu BpcTe cycleH3Hja Koje ce OOMIHO
KOPHCTE y ayTOMOOWIJICKOj WHIYCTPHUjH, NPEICTaBIbHU
panx HamepaBa Ja ce cymnporcraBu Makdepcon-y,
CHCTEMHMMa Ca JBOCTPYKHM OIpyrama M JIMCHaTUM ca
LIJBbEM JIa WCTaKHE HAJNPUKIANHUJU TH33jH 32 OBO
comapHo Bo3wio. HcTpasuBame ce cacrojaio  Of
CTaTHYHE aHaJII3e HalloHa crpoBerieHe y codTBepy Catia
V5 koza KOHAYHUX elleMeHaTa, ycBajajyhu mapamerapcke
BPEIHOCTH 32 YETBPTHHY MOZEIIa ayTOMOOKIIA.
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