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ABSTRACT

Suspensions are vital vehicle subsystems that provide ride comfort, stability and handling while absorbing shocks caused by
road irregularities. Their designs require careful consideration of structural integrity, weight reduction and performance optimisa-
tion. In light electric vehicles, such as those in the L6 class, the design and optimisation of suspension systems becomes even more
critical due to design compactness and functionality. The aim of this study is to design a front independent suspension system for
an electric L6 class vehicle and to outline an optimisation-based design process of this design by Finite Element Analysis (FEA).
In the first stage of the study, various load cases and the effects of these loads on the connection points were determined and force
analyses were performed. Then, a preliminary design was built to withstand the types of loading to which it will be subjected.
Afterwards, FEA was performed on the preliminary design using the data obtained from the force analysis. As a result of this
analysis, critical load case and critical regions were identified. In the optimisation stage, the outer diameter (D), wall thickness (t)
and radius of curvature (R) were defined as input parameters, while mass, equivalent stress and total deformation were selected as
output parameters. As a result of the optimisation-based design, a stress reduction of approximately 43% was observed at the
critical region. In addition, the percentage of the influence was investigated in order to better understand the effects of the basic
design parameters. Among the parameters, the wall thickness was found to be the design parameter which has the highest effect
on stress distribution and part mass.
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1. Introduction over time [4]. The European Commission's Roadmap to a Single Eu-
ropean Transport Area Towards aims to reduce traffic and pollution
problems as one of its objectives towards a competitive and clean
transport system [5]. In order to achieve this goal, vehicle manufac-
turers have had to realise a series of improvements in order to adapt
to competitive conditions. There is also a need to provide safer and
more economical options to effectively address environmental and
population issues. As a result, the use of light electric vehicles is
growing rapidly. Many cities have started to use light vehicles for
urban transport. This plays an important role in solving various prob-
lems, especially in the freight transport sector [6].

The global population is increasing by 240,000 people per day and
90 million people per year, leading to an increasing demand for ve-
hicles [1]. As technology continues to improve, mobility demand is
projected to grow three times faster than population growth [2]. This
increase in the number of vehicles contributes significantly to air
pollution, which increases exhaust emissions and poses serious risks
to public health. In many countries, the automotive sector is respon-
sible for 48% of the total carbon dioxide (CO,) emissions [3]. Fur-
thermore, modern cities are facing a traffic crisis, leading to more
noise and traffic congestion. The energy crisis, which is worsening
due to decreasing fossil fuel resources, is becoming more serious
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The lower centre of gravity of electric vehicles makes their sus-
pension design extremely important for traction and stability. Small
electric vehicles, especially those classified in the L6 category, are
increasingly incorporating independent suspension systems in their
design to improve ride quality and handling. There are also different
types of suspension systems for such vehicles in the literature [6].
Independent suspension is a widely used system in automotive engi-
neering, characterised by the ability of each wheel to move vertically
independently of the other; this design feature is essential in improv-

ing the overall stability and dynamic behaviour of the vehicle, con-
tributing to handling and ride comfort.

The double wishbone suspension system is essentially considered
to be a four-bar mechanism; one side is connected to the chassis,
considered to be the ground, and the other side is connected to the
wheel via a steering knuckle [7]. The double wishbone suspension
system has several advantages over other suspension systems.
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Figure 1. Suspension system components and their integration in the vehicle

Due to its many design parameters, it is more flexible and versatile,
allowing the kinematics of the vehicle to be controlled and adapted
to specific applications. It can also reduce the weight of the unsprung
mass, improving the vehicle's dynamic characteristics, although it is
more complex to design than other suspension systems [8]. There
are several methods in the literature for designing and analysing dou-
ble wishbone suspension systems for light electric vehicles. The
double wishbone suspension system consists of an upper wishbone,
lower wishbone, shock absorber, steering system and steering
knuckle as shown in Figure 1.

The shock absorber is mounted on the upper or lower arm and is
responsible for absorbing road inputs to provide ride comfort. The
wishbone holding the shock absorber carries/bears more load, so it
is called the carrier wishbone, while the other wishbone is called the
control wishbone [9]. Double wishbone suspension system is also
called short-long suspension system, with the upper arm being the
shorter arm and the lower arm the longer arm [7]. In general, when
designing wishbones, it is important to provide a difference in length
between the control and carrier arms as they affect the wheel angle
change, camber change and to some extent the track width change
during the vertical movement of the wheel. Reducing the length
of the control arm will result in a positive camber in rebound and
a negative angle when compressed, which is desirable when de-
signing a suspension system [10].

Response Surface Methodology (RSM) is widely used in vari-
ous industries, one of the most important of which is the automo-
tive industry [11-13]. RSM is a method used to determine the ef-
fect of independent variables in a system on dependent parameters.
This approach allows for efficient design modifications and en-
sures that structural rigidity is maintained. In a study using
ANSYS® Workbench, a mass reduction analysis of a motor
mounting bracket was performed using RSM method and a mass
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reduction of 4.31% was achieved by keeping the failure load con-
stant [14]. In another study, the crash analysis of the bumper beam
and energy absorber was carried out and then the RSM method
was used for the optimal design [15]. A RS-based design of a
multi-link steering mechanism is carried out to reduce the devia-
tion in toe angle duo to wheel travel and optimum steering error
during the steering angle range [16].

In a study focusing on the design of a lightweight solar-pow-
ered vehicle suspension, a double wishbone suspension system
was designed and Finite Element Analysis (FEA) was performed
to investigate the differences between Macpherson and double
wishbone suspension systems via static analysis [17]. In another
study, ANSYS® Workbench was used for steering knuckle design
and topology optimisation to reduce unspring mass [18]. Further-
more, kinematic analysis was performed on double wishbone sus-
pension to determine camber and toe changes depending on king-
pin using analytical methods [19]. Moreover, a half-car model
with five Degrees of Freedom (DoF) was designed in another
study where a vibration model for an electric mini off-road vehicle
was built using MATLAB® software to investigate the frequency
response and optimise ride comfort [20].

In this study, the design and optimisation of a front independent
suspension for an L6e vehicle is carried out. Firstly, a joint force
analysis was performed to determine the forces acting on the hard-
points of the system. Then, a parametric modelling process was
carried out using SOLIDWORKS® software. FEA was performed
on the lower wishbone under specified load conditions using
ANSYS® Workbench. Design of Experiments (DoE) - Response
Surface (RS) optimisation methods were used to find the optimum
design in terms of weight and stress. Finally, in order to check the
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safety of the obtained optimal geometry under operating condi-
tions, an assembly model was created and a FEA was performed
on this model again.

The design parameters that should be taken into consideration
in front independent suspension design have been determined.
The effects of these design parameters on component performance
were also analysed in this study, and it is aimed to guide the de-
signer. In general, the component design steps are summarised.

To the best of the authors' knowledge, there is no study in the
open literature that provides a roadmap for the mechanical design
of the suspension elements used in this class of vehicles. This
study aims to fill this lack to some extent.

2. Material and method
2.1 Method

In this research, DoE and RS methods are employed to determine
the optimum design of the system by modifying desired parameters
within specified ranges and constraints. DOE is the examination of
the system during processing by applying several tests and changing
input parameters to study the system's response [21]. RS is also car-
ried out, which involves using mathematical equations to develop
and optimize the system, especially considering various parameters
that affect system performance [22]. In this study, DoE and RS are
performed using the ANSYS® Workbench response surface optimi-
zation tool. For a second-order response surface model, the model is
defined as [23]:

y= BO+ Z%(:l Bixi+ Zi(gj Binin"rS (1)
This model can also be expressed as a matrix.
y=Xp+e @

Here, y is the vector of observations, X is the model matrix, [ is
the vector which includes the intercept parameter o and the partial
regression coefficients, and € is the vector of random errors that di-
rectly affect f [21].

Central Composite Design (CCD), a method for determining op-
timal parameter values, is used in this study, which is available as an
option in the DoE module's design table definition. This method is
commonly used in the DoE studies. The main objective of CCD is
to determine the effects of factors affecting a system and the opti-
mum levels of these factors. It provides a design structure that eval-
uates the linear, quadratic and interactional effects of these factors.
[21,22,24]. The advantages of CCD include the ability to estimate
the dependent variables nonlinearity, efficiently obtain maximum in-
formation with minimum experimental data, and reduce the number
of experiments required to estimate the quadratic terms in a quadratic
model [25]. It is widely used for solving complex multifactorial
problems. With its capability to develop accurate and reliable sec-
ond-order regression models, CCD provides a deeper understanding
of data and enables meaningful explanation [26]. The summary
scheme of the optimisation study is summarised in Figure 2.
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3. Design Steps
3.1 Load model

In the analyses performed within the scope of this study, the loads
acting on the suspension system specified in the literature were used
for FEA in the stress state evaluation and optimisation process of the
mechanical design. In addition to the vertical load, driving, braking
and lateral forces acting on a vehicle wheel in the most general driv-
ing condition [7]. These loads are shown in Figure 3 as vertical load
P, side load S and braking or driving load B. These load combina-
tions on the suspension system are applied to the wheel contact point
shown as R [27]. In the literature, there are 16 main load conditions
for the suspension system [28]. Bumping, brake-in- turn and corner-
ing load conditions are considered as critical scenarios of the suspen-

sion system.
[ Initial Design ]
p
The Optimal Design ] [ FEA ]_, O
(&
A t ‘
DoE-RS- Based Defined Parameters and
y.-— Optimisation Critical Load Cases
R \
Designing the Parametric Model }__ ?

Figure 2. Summary structural optimization process of the lower wish-
bone

3.2. Joint Forces

FEA was performed to determine the reaction loads acting on the
suspension system joints. The joint loads for three different load
cases were calculated using the vector analysis. The forces applied
to the contact area of the wheel are resisted and carried by the spring,
control or carrier wishbones, and the steering knuckle on the load
condition.

The joint forces are calculated according to the hardpoints of the
suspension. The hardpoints of the system are evaluated by consider-
ing two main factors. The first one is that the instantaneous centre of
the suspension arms should be near the ground to reduce the effect
of camber and track width variation. Another critical factor is the
distance between the centre of mass and the instantaneous centre.
This distance is of crucial importance for the roll dynamics of the
vehicle, especially in roll angle calculations [27,29]. Since gravity
and suspension component self-weights are negligible compared to
the vehicle loads, these effects are neglected in the calculations. The
free body diagram of the main components of the suspension system
is presented in Figure 4. Equivalent forces and moments were ap-
plied to each body within the framework of the action response prin-
ciple in accordance with [29]. According to force balance:
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Figure 3. Critical load cases acting on the suspension system

The equivalent forces (F) and moment (M) from the lower wish-
bone free body diagram:

2 AF,} ={0} (M
FFx] [FFy] [FFz] [0
{F2}=|FEx|+|FEy|+|FEz|= 0] (8)
FGx FGy FGz 0
2 A{F,} ={0} ©
2 Mg, ) =10} (10)
¥ {M,,,} ={RFG}x{F2}+{REG}x{FE} (11)
0 -RFGz RFGy
{RFG}=[RFGz 0 -RFGx (12)
-RFGy RFGx 0
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0 -REGz REGy

REGz 0 -REGx
-REGy REGx 0

{REG}= (13)

The above calculations were also performed for the other bodies
of the suspension. When the general calculations of the whole sys-
tem are analysed, it is seen that there are 18 equations and 20 un-
knowns in total. Two equations are defined for the connections be-
tween the upper and lower wishbones and the chassis. In addition, it
is possible to write the following two equations in accordance with
[29].

{FF}-{REF}={0}
{FB}-{RAB}={0}

(14)
(15)

Fga1
N

B/

Figure 4. Free body diagram and reaction joint forces

Finally, a 19 x 19 matrix was formed as shown in Figure 5. By
taking the inverse of this matrix and multiplying it with the load ma-
trix, the equations of the free body diagram were solved [29].

The changes in the x, y and z components of the reaction forces
of the carrier arm and control arm are shown in Figure 6. In the lat-
eral load condition, it is observed that the lower wishbone spherical
joint is subjected to approximately twice as much load as the upper
spherical joint. In the vertical load scenario, it was found that most
of the applied force was carried by the lower wishbone.

3.3 Design criteria of the lower wishbone

For the initial design of the lower wishbone, the structure was as-
sumed as a beam. The cross-sectional dimensions were determined
by elementary stress analysis. The lower wishbone is subjected to
bending by the vertical component of the spring force and shearing
due to the braking force. Additionally, the horizontal component of
the spring force applies a compressive load on the lower wishbone.
The calculations were carried out according to the condition where
the spring force at the spring connection point shown as C reaches
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its maximum value. With these calculations, the initial design was
built by determining the value for both the outer radius (D) and the
inner radius (d), which ensures the safety and durability of the lower
wishbone. The initial configuration shown in Figure 7.

These bending and shear stresses are calculated by the following
equations:

OBending ™ % (16)
wr2L 17)
Oormat= > (18)
O +ON<Osafety (19)

In the brake-in-turn case, the stress concentration on the welding
joint is critical due to the shear normal and bending loads. The forces

acting on the system were taken from the analytical joint matrix
given in Figure 5 and applied to the lower wishbone arm to deter-
mine the minimum thickness of the weld joint radius.

For safety reasons, the lower wishbone arm is assumed as a canti-
lever beam. Weld thickness value represented by “a” in Figure 8 is
calculated. The safety factor used in the whole system was deter-

mined as 1.6. The normal, shear and bending stress equations:

FCy'FGy

F
ONT R ™ (w2t ed (20)
(R+22)°R%)
4
— E — Fez-Fcz
Ts A ((R+22)2-R?) (21)
A(R+20)7-RT)
4
_M_FoLee e
B™y ((R+22)3R3) (22)
)
.=V 02+2T2§0yie1d* Factor of Safety (23)

1.0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I I
010 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 fey :FGX
00 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 fez FG-‘/
00 0 0 -RCOy RCGz 0 0 0 0 0 0 0 0 0 0 0 0  (RhGHfojx :FDi
0 0 0 RCGxk 0 -RCGz O 0 0 0 0 0 0 0 0 0 0 0 (RnG'fely| | rpy
0 0 0 -RCGXx RCGy 0 0 0 0 0 0 0 0 0 0 0 0 0 (RhG'fo)z| |.pp,
10 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 FFy
010 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 FFz
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000 0 0 0 -RFGy RFGz 0 -REGy REGz 0 0 0 0 0 0 0 0 FEy
000 0 0 0 0 -RFGz REGx 0 -REGz 0 0 0 0 0 0 0 0 FEz
000 0 0 0 RFGy 0 -REGx REGy 0 0 0 0 0 0 0 0 0 FBx
00 0 - 0 0 0 0 0 0 0 1 0 0 1 0 0 fHx 0 FBy
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Figure 5. Reaction joint force matrix
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Figure 6. Reaction joint forces for load cases

In the brake-in-turn case, the stress concentration on the welding
joint is critical due to the shear normal and bending loads. The forces
acting on the system were taken from the analytical joint matrix
given in Figure 5 and applied to the lower wishbone arm to deter-
mine the minimum thickness of the weld joint radius.

For safety reasons, the lower wishbone arm is assumed as a canti-

lever beam. Weld thickness value represented by “a” in Figure 8 is
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calculated. The safety factor used in the whole system was deter-
mined as 1.6. The normal, shear and bending stress equations:

_F_ FeyFey
ONT AT (2R (20)
ARH22)°2-RT)
1
_F__FerFe
s™a 7I((R+2a)2-R2) (1)

4
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Figure 7. Load model of the lower wishbone
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Figure 8. Defining the welding thickness of the lower wishbone arm

4. FEA model of the suspension system

The CAD model built parametrically in SOLIDWORKS® was
transferred to ANSYS® Workbench for FEA. In the suspension sys-
tem, the lower wishbone is considered as a critical component since
the vertical force due to the vehicle weight is transferred from the
spring to the lower wishbone. In the FEA model, a mesh structure
consisting of 441,031 nodes and 254,729 elements was created using
the SOLID187 element consisting of ten nodes. The mesh structure
is shown in Figure 9. Some of the structural elements utilised in
the analysis have been simplified due to the confidentiality policy
of the project partner company.

Figure 9. The mesh structure of FEA model
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Firstly, in order to determine the stress conditions of the lower
wishbone, two FEA models, a single component and a quarter vehi-
cle, were built. The single component model is fixed through the
wishbone bushings and the force is applied through the spherical and
the spring joint of the lower arm. Then, to verify the stress values
obtained from the single-component analysis, a quarter vehicle anal-
ysis was carried out by adding a revolute joint to the wishbone bush-
ings, a ball joint to the knuckle linkages and a spring element. The
spring is modelled with a pin joint in the bushing to transfer its force
to the lower wishbone. In this analysis, the force was applied at the
wheel contact point (R). The analysis models are given in Figure 10.
Here, Fixed Joint "F", Revolute Joint (Ground) "R¢", Spherical Joint
"S", Spherical Joint (Ground) "S.", Contact Patch "R" and Dynamic
Radius of the Tire "R4" are named.

Figure 10. Boundary conditions used in FEA models

5. Result and Discussion
5.1 Critical load cases

The FEA of the quarter vehicle model was performed for three
different load cases: bumping, cornering and brake-in-turn. In the
analyses results shown in Figure 11, the stress values obtained are
represented as the ratio of the maximum equivalent stress values oc-
curring in the critical stress concentration regions. The brake-in-turn
load condition was identified as the critical load case because of the
braking force in addition to the spring load that supports and trans-
mits the vehicle weight.

5.2 DoE based optimisation

The DoE-RS module of ANSYS® Workbench was used to deter-
mine the optimal arm design that is lightweight and at the same time
stress safe. Firstly, the critical region was determined according to
the FEA result. In this region, it was determined that both the stress
value is maximum and it is subjected to tensile stress as shown in
Figure 12.

Then, a parametric model of the initial design was built using
SolidWorks®. For the DoE-based optimisation, the outer diameter
(D), wall thickness (t) and tube curvature radius (R) were selected as
design parameters as shown in Figure 13.
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Figure 11. FEA of the lower wishbone for the load cases in quarter vehi-

cle model
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Figure 12.a and b. principal stress of the lower wishbone, c. the critical
area

The current state of all parameters is considered as a unit and the
maximum and minimum values are shown in Table 1 as multiples
of this value in accordance with the confidentiality policy of the
company. Mass, maximum equivalent stress and total deformation
were defined as output parameters. As a result of the DoE performed
over the critical load condition, RS graphs were obtained with these
parameters.

Figure 14 shows the effect of the design parameters on the output
values. When the graph is analysed, it was seen that the outer diam-
eter (D) has the greatest effect especially on the maximum equiva-
lent stress. As the diameter increases, the structural strength in-
creases while the total deformation decreases. Thickness (t) was
found to have the most sensitive effect on weight. Increasing the
thickness significantly increases the mass but has a minimal effect
on the equivalent stress. The curvature radius (R) has similar effects
on both mass and maximum equivalent stress, but its effect on de-
formation is more pronounced. Increasing the curvature radius may

affect the elastic behaviour of the structure, making it more sensitive
to deformation.

A\

X ; ﬁ A-A Section

e
- I\
i_j

Figure 13. The design parameters of the lower wishbone arm

Tablel. Parameters variation range

Parameters Variation Range
t 15t <t <22t
D 20D < D < 25D
R 130R < R < 165R

As a result, ensuring the equilibrium between design parameters
is critical to achieve the desired performance. For example, while the
outer diameter can be increased to minimise deformation, this must
be balanced with weight optimisation.

100% m Outer Radius (D)
m Thickness (t)
60% m Curvature radius (R)
20%
-20% | Geometry Mass Eq
60% tion
-100%

Figure 14. Effective percentage of the design parameters effecting the
lower wishbone

The RS plots generated for mass, equivalent stress and total de-
formation using the defined input parameters are shown in Figure 15.
These graphs provided the optimum design points to be determined
in the optimisation module. In the optimisation process, minimising
the equivalent stress and mass was determined as the main design
objective.

A final design was created by using the values obtained as a result
of the optimisation. FEA was applied to this final model again. Six
points (P1-Ps) were randomly selected from this region in order to
examine the stress variation in the critical region. The stress change
between the initial design and the final design is shown in Figure 16.
In this graph, point Pg of the final design is selected as reference.
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Other point’s stresses were calculated by ratio to the stress at this
point. When the graph is examined, it was observed that the stress
values of the final design were lower than the initial design at all
points. The percentage decrease values from P; to Ps were deter-
mined as 42.94%, 33.75%, 26.92%, 32.01%, 41.32% and 40.31%,

respectively.

Min

Max

Min

Max

Min

Max

D

Min MaX M

n

Figure 15. Response surfaces of the parameters, a- mass (kg), b- Equiv-
alent Stress (MPa), c- Total Deformation (mm)

A final design was created by using the values obtained as a result
of the optimisation. FEA was applied to this final model again. Six
points (P1-Ps) were randomly selected from this region in order to
examine the stress variation in the critical region. The stress change
between the initial design and the final design is shown in Figure 16.
In this graph, point Pg of the final design is selected as reference.
Other point’s stresses were calculated by ratio to the stress at this
point. When the graph is examined, it was observed that the stress
values of the final design were lower than the initial design at all
points. The percentage decrease values from P; to Ps were deter-
mined as 42.94%, 33.75%, 26.92%, 32.01%, 41.32% and 40.31%,
respectively.

The analysis results of the quarter vehicle model and the single
component- based analysis model built with the final design are
compared. According to Figure 17, the maximum stress values were
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represented as a percentage and an error rate of approximately 2.27%
was determined. In addition, the critical zone identified as Region A
in the quarter vehicle model analysis was found to match the critical
Region B in the component-based analysis.
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Figure 16. Response surfaces of the parameters, a- mass (kg), b- Equiv-
alent Stress (MPa), c- Total Deformation (mm)
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Stress ratio 0/Omax

Critical Region A

Figure 17. Comparison of the optimization singular and quarter vehicle
model

6. Conclusion

In this study, the design, analysis and optimisation of the front inde-
pendent suspension system of an electric L6 class vehicle were in-
vestigated. Firstly, different load cases and their effects at the joint
points are analysed. Then, two models were built for FEA to be per-
formed in ANSYS® Workbench using SOLIDWORKS® software.
As a result of the FEA, the critical load model was identified. Also,
the region subjected to both tensile and maximum stress was de-
fined as the critical region. In the optimisation stage, the outer di-
ameter (D), wall thickness (t) and radius of curvature radius (R) were
selected as input parameters, while mass, equivalent stress and total
deformation were chosen as output parameters. For optimal values,
low mass and low stress design constraints were defined for the soft-
ware and new parameter values were obtained for the final design.
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Among these points, the highest stress reduction was obtained at
point P, with approximately 43%. The results of the study also high-
light the critical design parameters that should be taken into account
in the design of independent suspension for electric L6 vehicles. The
effects of these design parameters on the output parameters are also
analysed. Thickness was found to have the highest effect on all out-
put parameters. This study provides guidelines for the design of sus-
pension systems for similar class vehicles.
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