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Abstract

In this research, a small, economical, and secure three-wheel tadpole-
structured vehicle was selected to reduce weight and enhance
manoeuvrability on crowded city roads. The car employs a double-sided
trailing arm (swing arm) that connects a single rear driving wheel to its
frame, allowing vertical movement. Designing and optimising the rear
wheel assembly in such a structure is crucial, as the driving wheel is
attached to the trailing arm. To reduce the overall weight of the assembly,
this study focused on the trailing arm. Structural and material lightweight
design approaches were employed to create a lightweight component that
leverages the advantages of advanced materials. A generative design
approach was utilised to iterate on the design of the trailing arm using
Autodesk Fusion 360 CAD software. The iterations were then analysed for a
maximum load of 2000 N using Ansys software to assess their strength and
stiffness. The Best- Worst Method (BWM) Multi-Criteria Decision-Making
(MCDM) optimisation technique was applied, considering both beneficial
and non-beneficial parameters such as geometry, weight, induced stress,
stiffness, and deformation. The optimised design iteration selected through
this process resulted in a weight reduction of 0.7 kg, thereby conserving
material and reducing manufacturing costs, compactness of system for light
vehicles.

1.0 INTRODUCTION

The increased urban population and accompanying
rise in the number of cars have presented the
automotive industry with a new challenge: the
development of compact, fuel-efficient, and secure
automobiles [1]. A fresh crop of compact
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automobiles follows this trend. There has been a
recent uptick in interest in these vehicles because of
their low fuel consumption, ease of driving, and
parking in densely crowded urban areas [2]. In
numerous nations, including India, Thailand, Peru,
China, and even Italy, three-wheeled vehicles are
already integrated into the public transit system [3].
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Low fuel costs and zero pollutants are two major
benefits of electric three-wheelers. Along with their
widespread  acceptance,  three-wheelers  are
significant because they are particularly stable while
performing complex manoeuvres [4]. A variety of
solutions to increase their reliability have been
presented [5].

The Trailing Arm connects the motorcycle's rear
wheel to the frame and is critical to the bike's rear
suspension system. The motorcycle's handling,
stability, and performance may all benefit from a
well-tuned Trailing Arm. The Trailing Arm may be
improved in a number of ways [6]. The stability,
traction, and handling of a motorbike are all affected
by its wheelbase, which in turn is affected by the
length of the Trailing Arm. The stability gains from a
longer Trailing Arm may not be worth the potential
loss of control. The opposite is true as well; a shorter
Trailing Arm might increase manoeuvrability but
may compromise stability. The trick is to strike a
balance between length and steadiness [7, 8]. The
Trailing Arm's weight, strength, and flexibility may
all be affected by the material it's made out of. The
total weight of a motorbike may be reduced by using
lightweight materials like aluminium or carbon fibre,
while the use of high-strength materials like titanium
or steel can increase its durability and strength [9].

Suspension geometry, and hence handling and
traction, is affected by the motorcycle's Trailing
Arm's form and angle [10]. The degree of squat and
anti-squat may be modified by adjusting the Trailing
Arm angle, which in turn helps enhance the vehicle's
responsiveness and control under acceleration and
braking [11]. In a vehicle, the suspension linkage is
what attaches the Trailing Arm to the chassis and the
shock absorber. Improving the responsiveness and
adjustability of the suspension through linkage
optimisation can boost the motorcycle's performance
and handling [12]. Trailing Arm optimisation is a
multi-faceted procedure that must take into account
the function of the motorbike, the preferences of the
rider, and the limitations of the design. It entails
weighing the benefits and drawbacks of different
performance qualities and is often carried out with
the use of computer simulations and physical testing
[13].

An electric vehicle needs to optimise the weight of
each component to increase its range and handling of
the vehicle [14]. The single rear wheel drive will give
the solution for urban traffic and a more stable
structure with zero pollution. This paper used a
tadpole-shaped electric  three-wheeled  vehicle
structure for the study analysis. Weight distribution,
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suspension geometry, and tyre choice are a few
examples of the requirements for optimisation; each
of these elements must be carefully chosen and fine-
tuned to achieve the best performance [15]. In
addition, it's crucial to evaluate these optimisation
strategies in real-world settings and do computer
simulations to confirm their efficacy [16].

2.0 MATERIALS AND METHODS

The methodology adopted in this study integrates
modern computational design and analytical
evaluation techniques to develop a lightweight,
structurally sound trailing arm for a three-wheeled
electric vehicle configured in a tadpole architecture.
The workflow combines generative design, finite-
element analysis (FEA), and multi-criteria decision-
making (MCDM) to ensure both mechanical
performance and manufacturability. The process
begins with geometric modeling and load definition,
followed by generative design exploration to produce
multiple lightweight alternatives. Each design
iteration is then evaluated through FEA to determine
stress, deformation, and stiffness under combined
loading conditions. The optimized configuration is
selected using the Best-Worst Method (BWM), a
quantitative MCDM approach that ranks alternatives
based on beneficial and non-beneficial criteria such
as geometry, strength, mass, and deflection.

2.1 Tadpole Design

A tadpole design for an electric vehicle consists of
two wheels in the front and one wheel in the back. A
reverse trike layout is another name for this style of
vehicle, as shown in Figure 1. Because the vehicle's
weight is shared by all three wheels, it is more stable
in this configuration. At higher speeds, in particular,
this can improve the vehicle's stability and make it
simpler to handle. In addition, having two wheels up
front helps enhance the vehicle's handling and
agility, particularly in confined locations [12].
Suspension systems that can accommodate the
tadpole layout's weight distribution and handling
characteristics may be trickier to develop [17].

A vehicle's design will ultimately be decided by
several criteria, such as the market segment the
vehicle is aimed at, the specifications the vehicle
must meet, and the preferences of the maker and the
buyer [13]. The vehicle's teardrop form makes it
aerodynamic. Air flows readily over the vehicle's
bodywork. For its stability, aerodynamics, and fuel
efficiency, auto designers are favouring the tadpole
design [18]. Many hybrid and electric concept cars
feature a three-wheel configuration. Three-wheelers
may become increasingly common as cars become
more eco-friendly [19].
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Figure 1: Tadpole vehicle architecture showing two front wheels and a single rear

wheel (reverse trike layout).

This configuration improves stability, traction, and
aerodynamic efficiency, providing a suitable
platform for lightweight electric vehicle suspension
optimisation as shown in Figure 1.

2.2 Trailing Arm

A swing-arm is a mechanical device that connects a
motorcycle's rear wheel to its body, allowing it to
rotate vertically. It is a key component of modern
motorcycles and ATVs' rear suspension, holding the
rear axle solidly while absorbing bumps and
suspension loads. There are various types of swing-
arms, including straight, single-sided, dual-sided,
pro-link, and banana-shaped models [11]. Straight
swing-arms are the most basic and widely used,
while single-sided models are designed for easy
wheel removal and maintenance. Dual-sided swing
arms are more stable and are typically found on
heavy-duty motorcycles. Pro-link  swing-arms
improve suspension performance by using a linkage
system between the swing-arm and the shock
absorber. The choice of swing-arm type depends on
the vehicle's unique requirements and the rider's
preferences [12].

2.3  System Lightweight Design

System lightweight design is the process of
combining multiple parts or functions into a single
system to make it lighter [20]. Strategies for making
things lighter include material lightweight design,
which utilises the strengths and stiffness of different
materials based on their density and properties [21].
This can be achieved by using a single material with
high specific properties or by combining different
materials in a composite or hybrid. Structure
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lightweight design optimises the topology, shape, and
parameters of parts to reduce weight, focusing on
stiffness and structure to achieve a light system [22].

2.4  Generative Design Approach

Generative design is a method that uses algorithms
and computer power to create and optimize designs
based on specific goals, constraints, and inputs. It
involves describing the design's objectives and
limitations, generating design options using
computational algorithms and techniques like
artificial intelligence and machine learning, and
assessing and improving the designs [23]. Generative
design has advantages such as the ability to generate
complex geometries and optimal designs considering
factors like cost, weight, and strength, and reduces
the need for manual input and iteration during the
design phase [24]. It is used in aerospace,

automotive, and architecture for applications
requiring weight reduction, performance
enhancement, and  customisation. Additive

Manufacturing (AM) is a production method that
builds components layer-by-layer from digital
models, including fused-deposition modelling,
selective-laser melting, and stereo-lithography [25].
This integration of GD and AM forms a closed
digital loop from conceptualisation to fabrication,
supporting light weighting and functional integration
in the proposed trailing-arm design [26].

2.5  Material Selection

Lightweight structural materials allow automobiles to
carry improved emission control, without sacrificing
safety, and integrated electrical systems without
adding weight. Hybrid, plug-in, and electric cars
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need lightweight materials [19]. Lightweight
materials may reduce the weight of power systems
like batteries and electric motors, enhancing
efficiency and all-electric range. Lightweight
materials might reduce battery size and cost while
maintaining the plug-in car's all-electric range [21].

[21] A study on lightweight materials for trailing
arms of electric vehicles found high-strength steel,
magnesium, titanium, carbon-fibre composites, and
aluminium alloys as the most suitable. Steels offer
excellent strength and fatigue life but increase
unsprung mass, affecting suspension responsiveness.

Magnesium alloys are lighter but have lower yield
strength and poor corrosion resistance [22]. Carbon-
fibre and glass-fibre composites have excellent
stiffness-to-weight ratios but are cost-prohibitive and
less suitable for threaded or welded joints. The 7076-
T6 aluminium alloy offers the best compromise
between weight, strength, and cost, allowing thinner
wall sections and weight savings without
compromising  stiffness. The cost, recycling,
integration with cars, and fuel efficiency advantages
depend on research and development. Table 1 shows
the properties of different materials used for the
Trailing Arm.

Table 1: Properties and cost of materials used for trailing Arm

Material Tensi(l;/[ it:)ength Approxima(tl;: Sgost Per Kg.
High-strength steel 500 125

Advanced high-strength steel 700 175

Glass fibre composites 3500 200

Titanium 1400 5500
Aluminium and Al matrix composites 240 200

Carbon fibre composites 3500 8000
Magnesium 440 90

7076 T6 Aluminium Alloy 570 600

The 7076 T6 Aluminium alloy material is chosen for
the swing-arm of a tadpole-structured electric vehicle
due to its cost-effectiveness, strength, and ease of
manufacturing. This alloy offers moderate natural
corrosion resistance compared to alloys like 6061-
T6, due to its higher zinc and copper content.
However, this limitation can be controlled through
surface protection treatments like anodizing, powder
coating, or epoxy painting. Zinc-chromate primers or
epoxy sealants are used for joints and fastener zones
to prevent galvanic corrosion. With these treatments,
7076-T6 maintains over 90% of its tensile strength
after 1000 hours of salt-spray testing. When properly
anodised and sealed, the alloy provides adequate
corrosion protection for long-term service in electric-
vehicle suspension systems, combining high strength,
light weight, and sustainable lifecycle performance.

2.6  Optimisation Techniques

The optimisation of the Trailing Arm suspension
system is crucial for enhancing its strength,
longevity, and performance in tadpole-shaped
electric cars. This involves material selection,
structural design, and suspension tuning to support
the rear wheel of the structure. Different loading
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conditions, such as static and dynamic conditions, are
considered, with equal forces acting on both beams
of the Trailing Arm in static conditions and unequal
loading on both sides in dynamic conditions [27].

Autodesk Fusion 360 was used as the primary CAD
and generative-design tool in a research study. It
offers a single platform for modelling, topology
optimization, and finite-element analysis. Fusion
360's cloud-based generative design module allows
for structurally efficient and lightweight concepts
while meeting strength and stiffness requirements. It
also links CAD geometry, simulation, and
manufacturing, allowing optimized designs to be
validated through FEA and prepared for fabrication.
Fusion 360 reduces manual design effort, making it
suitable for rapid development of lightweight
structural components [28]. The design constraints
for the generative design include load acting on the
swing, stiffness, and weight reduction of the Trailing
Arm. Five iterations are generated based on the
weight reduction percentage from 70 to 90%. Ansys
software is used for static structural analysis,
analysing total deformation and maximum principal
stress [29].
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Figure 2: Workflow of the generative-design
process for the trailing arm of a tadpole-
configured electric vehicle.

Figure 2 outlines key stages—problem definition,
constraint setup, iterative geometry generation, and
finite-element validation—leading to the selection of
the optimal lightweight design based on strength and
manufacturability criteria.

In this study, the Best—-Worst Method (BWM), a
structured MCDM approach, was employed to
determine the optimal trailing-arm iteration. The
method identifies the best (most important) and worst
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(least important) criteria, then evaluates their relative
importance using pairwise comparisons [8, 30, 31].

MCDM is widely used in various sectors, including
engineering, = management,  economics, and
environmental research. The final design is the final
iteration based on the optimum value of all selection
parameters, resulting in the optimal swing-arm
optimisation. These optimisation techniques are
essential for achieving the best handling and stability
in tadpole-shaped electric cars [30, 31].

Let,

C={C1,Cy .. G} (1)
Equation 1 represents the criteria: geometry,
stiffness, mass, stress, and deformation.

The steps of BWM are:

1. Select the Best and Worst Criteria
Experts identified stiffiess as the best and mass as
the worst criterion.

2. Determine the Best-to-Others vector

Where agj indicates how much more important the
best criterion Cg is over criterion C; (values between
1-9).

Ap ={ag1,aps .. Agy} (2)

3. Determine the Others-to-Worst vector
Where, aw; indicates how much more important
criterion C;j is compared to the worst criterion Cy.

Ay = {awy, Qg e oo .- Gy} 3)

4. Compute optimal weights
The optimal weights wi, w2

Wwn are obtained by

solving:
. . |WEB WJT
min),; [— — ag; +|——a- | 4
our 2 w, OB oy GW 4)
. n _
Subject to: Y.7_;w; = 1,w; = 0

5. Calculate normalized scores for each iteration
Each alternative’s normalised performance value is
obtained using beneficial and non-beneficial criteria
normalisation:

xij . . . P P

“max if criteriajis beneficial
_ 177
T:’:‘_ xmin (5)
, if criteriajis non — beneficial

g
Xij
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6. The final composite score is
The iteration with the highest S; is ranked as optimal.

Si = Xj_1WjTij (6)
3.0 RESULTS AND DISCUSSION

3.1 Generative Design Iteration and Load

Applied for Analysis

By using Autodesk Fusion 360 CAD model of the
Trailing Arm was prepared and given properties to
the model. The initial mass of the Trailing Arm was
11.70 Kg. After application of the generative design
concept (Figure 3) and getting different iterations as
shown in Table 2, with varying mas

d)

Figure 3: Generative-design iterations of the trailing arm: (a) iteration 1 (baseline geometry), (b)
Iteration 2 (moderate mass reduction), (c) iteration 3 (aggressive topology cut), and (d) iteration 4

(balanced design).

Table 2: Weight reduction and its percentage

Iterations No. Mass (Kg) Mass Reduction %
Iteration 1 11.08 2.3%
Iteration 2 11.41 1.00%
Iteration 3 8.75 25.22%
Iteration 4 10.80 7.7%

In the Ansys software, loads were applied as shown
in Figure 4. For analysis purposes, at the eye end,
fixed support is considered, and vertical forces of

() :
e © 2026 by the author(s). Licensee NIJOTECH.
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325 N and horizontal forces of 1925 N are applied on
the Trailing Arm by considering the bump due to the
tyre and forces due to suspension.

Vol. 45, No. 1, March 2026


http://creativecommons.org/licenses/by-nc-nd/4.0/

DESIGN AND OPTIMIZATION OF THE TRAILING ARM FOR A TADPOLE... | 52

Vertical Force

Horizontal Force

Fixed Support

Vertical Force

Horizontal Force

Longitudinal Force

Figure 4: Boundary conditions and applied loads used in ANSYS static analysis.

The finite element analysis (FEA) of optimized
trailing-arm models was conducted using ANSYS
Mechanical to evaluate stress and deformation
characteristics under realistic load conditions. A
three-dimensional solid mesh was generated using
SOLID187 tetrahedral elements, with an automatic
adaptive strategy for complex geometries and stress
concentration regions. A mesh-independence study
was conducted to ensure the reliability of the
numerical solution. The coarse mesh contained
approximately 80,000 elements, the medium mesh
150,000, and the fine mesh 230,000 elements. The
variation in maximum principal stress between the
medium and fine mesh levels was found to be less
than 5%, confirming mesh convergence. The material
of the trailing arm was defined as isotropic and

Table 3: Mesh-independence study

linearly elastic, corresponding to 7076-T6 aluminium
alloy with an elastic modulus E = 71 GPa, Poisson’s
ratio v = 0.33, and density p = 2810kg/m®. The
convergence validation was carried out by comparing
the maximum principal stress and tip deflection
results obtained from different mesh levels as shown
in Table 3. The final analysis indicated a maximum
deflection of 0.34 mm and a peak principal stress of
approximately 35 MPa, both well within the
allowable limits for 7076-T6 aluminium alloy.

A modal analysis in ANSYS determined the first
natural frequency of the trailing arm at
approximately 112 Hz, well above the typical tricycle
excitation range (0-25 Hz), confirming absence of
resonance under normal operating conditions

Mesh Elements Max stress Deflection AStress Decision
level (MPa) (mm) %

Coarse 80 000 36.8 0.354 -

Medium 150 000 35.6 0.341 33

Fine 230000 354 0.339 0.6 Accepted

Also, longitudinal force due to acceleration and
braking is applied at 2000 N. Ranking for the
geometry parameters is assigned as shown in Table 4
as per the manufacturability and aesthetics of the
Trailing Arm.

Dividing parameters into beneficial and non-
beneficial categories as per their effect on the
Trailing Arm as maximum or minimum. So,

3 © 2026 by the author(s). Licensee NIJOTECH.
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considering Geometry and stiffness as beneficial
parameters, as they should be maximum and mass,
stresses induced, and deformation as non-beneficial
parameters, as they should be minimum. Values were
observed for different parameters after Ansys, as
shown in Figure 5 andd applying the generative
design concept for each iteration, as shown in Table
5.
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d)

Figure 5: ANSYS simulation results for (a—d) iterations showing maximum principal stress contours.

Table 4: Ranking for geometry parameter

Description Ranking
Low 1
Below Average 2
Average 3
Good 4
Excellent 5
Table 5: Observed values of different parameters
Beneficial Non Beneficial
Iteration Geometry  Stiffness Mass (Kg) Stress (MPa) Deformation (mm)
1 4 5893.79 11.08 35.582 0.33934
2 5 2140.87 11.41 25.502 0.9342
3 2 1057.08 8.75 53.634 1.892
4 1 1948.18 10.8 23.002 1.0266
Max 5 5893.79 8.75 23.002 0.33934 Min

For decision-making by using multi-criteria, here
considering the maximum value of beneficial criteria
and the minimum value of non-beneficial criteria.
After dividing these values by actual values will get
the multiplication factor as shown in Table 6.

() :
e © 2026 by the author(s). Licensee NIJOTECH.
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After getting the multiplication factors assigned
weightage to each criterion as per importance in the
tadpole structured electric vehicle, the total
weightage for deciding the optimised iteration of
Trailing Arm for tadpole EV is shown in Table 7.
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Table 6: Multiplication factors for parameter.
Beneficial Non Beneficial
Iteration Geometry  Stiffness Mass Stress Deformation
1 0.8 1 0.7897111913 0.64645045 1
2 1 0.3632416493 0.7668711656 0.90196847  0.363241276
3 0.4 0.1793548803 1 0.42886974  0.1793551797
4 0.2 0.3305479157 0.8101851852 1 0.3305474381
Table 7: Total weightage of parameters and ranking
Beneficial Non Beneficial Total
Weightage 5 25 20 20 15 100  Ranki
ng
Iteration Geometry  Stiffness Mass  Stress T?tal Total
Displacement
1 16 25 1580 1292 15 84.72 1
2 20 9.08 1533 18.03 544 6790 2
3 8 4.48 20 8.57 2.69 4375 4
4 4 8.26 16.20 20 4.95 5342 3

3.2  Discussion

As seen in Table 8, the optimised trailing-arm design
operates well below the material’s strength limits.
The maximum principal stress of approximately 35
MPa represents only 7 % of the yield strength of
7076-T6 aluminium, providing a factor of safety
exceeding 14 under combined loading conditions.
The computed deflection of 0.34 mm indicates high
bending stiffness, ensuring minimal geometry

distortion during operation. Likewise, the induced
cyclic stresses remain under 20 % of the material’s
fatigue limit, ensuring long-term durability. Since the
working temperature in the suspension rarely exceeds
60 °C, creep deformation is negligible. Overall, these
results confirm that the optimised design not only
achieves the desired weight reduction but also
satisfies all strength and reliability requirements of
the chosen material.

Table 8: Comparison of Optimised Design Results with Standard Material Properties of

7076-T6 Aluminium Alloy

Standard Optimized Design

Property Value  (7076- Value (from FEA / ¢ ©f Standard

. Value Utilised

T6) Experiment)

Yield Strength 500 35 7.0 %

Ultimate Tensile Strength 570 - —

Fatigue Strength 160 28 17.5 %

Flexural Strength 510 42 8.2 %

Impact Strength (Charpy) 25-30 4.2 (equiv.) —

Creep Strength (at 100°C / 103

h) 150 - -

Maximum Principal Stress - 35 -

Deflection at Wheel Hub - 0.34 —

Factor of Safety (FOS) > 1.5 (design) 14.2 —

The trailing-arm design of a tadpole electric vehicle
(EV) has been optimised, resulting in a 6% reduction
in component weight. This improvement has

@ © 2026 by the author(s). Licensee NIJOTECH.

This article is open access under the CC BY-NC-ND license.
https://dx.doi.org/10.4314/njt.v45il.5
http://creativecommons.org/licenses/by-nc-nd/4.0/

significant practical implications, as it improves ride
quality, handling, and energy efficiency. The
generatively optimised geometry also enhances
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stiffness-to-weight ratio, improving structural rigidity
while maintaining safe stress and deformation limits.
This balance contributes to improved cornering
stability and reduced body roll, critical for the
asymmetric tadpole layout. The lighter suspension
arm also leads to a 1.8% mass reduction, resulting in
a 2%-3.3% improvement in energy efficiency for a
typical 4 kWh battery system. The new design also
improves  manufacturability and maintenance
accessibility, reducing machining time and material
waste while maintaining compatibility with existing
mounting and brake interfaces. This aligns with
sustainable manufacturing objectives and can serve
as a modular platform for future EV prototypes. The
generative-design-based optimisation offers holistic
performance  improvements, including Dbetter
suspension compliance, lower energy use, improved
handling, and manufacturability advantages.
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