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This study introduces a structural
design and static analysis of a Mobile
Battery Swap Station for electric
motorcycles, powered by solar ener-
gy, to address the critical need for sus-
tainable and off-grid charging infra-
structure. As the adoption of electric
motorcycles continues to grow, driven
by the demand for eco-friendly trans-
portation alternatives, the lack of
widespread and accessible charging
infrastructure poses a significant bar-
rier to their widespread use. In many
regions, the expansion of traditional
grid-connected charging stations is
hindered by high installation costs,
space limitations in urban environ-
ments, and logistical challenges in
remote or underserved areas. The
design focuses on a robust, mobile
Jframe made from hollow iron of AISI
1010 steel, supporting the integration
of photovoltaic (PV) panels to supply
renewable energy directly to the bat-
tery-swapping system. Using Finite
Element Analysis (FEA), the sta-
tion’s structural integrity was eva-
luated under a uniformly distributed
load of 700 kg, simulating real-world
loading conditions for components
essential to electric motorcycle oper-
ations, including PV mounts and bat-
tery racks. Results show a maximum
displacement of 4.541 mm, a peak
stress of 57.716 MPa, and a Factor of
Safety (FOS) of 2.9, confirming the
design’s ability to securely and stably
support the necessary equipment for
battery swapping. This mobile, solar-
powered solution advances sustainable
infrastructure for electric motorcy-
cles, enabling flexible, grid-indepen-
dent battery swapping that is parti-
cularly beneficial in urban areas and
remote locations. This station contri-
butes to greener mobility solutions tai-
lored for electric motorcycles, align-
ing with broader efforts to support
eco-friendly transportation systems
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1. Introduction

driven by growing environmental concerns and the pressing

The increasing demand for clean energy and sustainable
mobility solutions has become a critical focus in recent years,

need to reduce greenhouse gas emissions [1]. Conventional fos-
sil-fuel-based transportation systems contribute significantly
to air pollution and climate change, highlighting an urgent




need to shift towards greener alternatives [2, 3]. Electric ve-
hicles (EVs), particularly electric motorcycles, offer a promis-
ing solution by reducing emissions [4, 5] and dependency
on non-renewable resources [6]. However, to fully realize
the benefits of EVs, infrastructure for renewable-powered
charging systems is essential [7]. This has led to a surge in in-
terest for mobile battery swapping infrastructure powered by
solar energy, providing not only a sustainable energy source
but also the flexibility required for battery swap infrastruc-
ture in urban areas [8]. The aim of this study is to analyze the
structural design of mobile battery swap stations for electric
motorcycles, focusing on ensuring stability, durability, and
adaptability in urban settings. The objective is to evaluate
the performance of the station’s structure under various ope-
rational and environmental conditions, thereby contributing
to the development of an efficient and sustainable charging
infrastructure. While mobile battery swap stations have
shown potential, several unresolved issues remain. Key areas
requiring further research include ensuring the structural sta-
bility of the station under diverse environmental conditions,
optimizing the design for ease of deployment and mobility in
urban spaces, and integrating renewable energy sources effec-
tively into the structural design. Addressing these challenges
is critical for ensuring that these stations can meet the de-
mands of a dynamic and growing electric vehicle ecosystem.
Therefore, these studies are relevant as it addresses a cri-
tical gap in the current electric vehicle ecosystem by ensuring
that the structural design of mobile swap stations is optimized
for practical implementation. With the increasing reliance on
renewable energy solutions, understanding and improving
this infrastructure is essential for supporting the widespread
adoption of electric motorcycles in urban environments.

2. Literature review and problem statement

Previous study underscores the importance of developing
battery swapping infrastructure to accelerate the adoption of
electric motorcycles [9]. A case study conducted in Surakarta,
Indonesia, demonstrated that the strategic placement of
battery charging and swapping stations could significantly
improve accessibility and deliver greater benefits to local
communities. This study employed a location optimization
method to identify the most effective sites for constructing
these stations [10]. Furthermore, while previous studies have
focused on optimizing the location and operational efficiency
of battery swapping stations, there is a lack of research ad-
dressing the structural design of these facilities.

When designing a body for an electric motorcycle battery
swapping system station, several key factors must be consid-
ered [11], including structural strength, material durability,
ease of access, and the capacity to accommodate various
battery sizes [12]. Additionally, aerodynamic design plays
a critical role in enhancing performance and energy efficien-
cy [13]. The successful implementation of battery swapping
systems by companies like Tesla and Gogoro illustrates that
an optimized body design is integral to supporting efficient
and sustainable battery swapping operations [14].

Current EV battery swapping systems and infrastructure
predominantly rely on battery swapping stations [15] and
centralized battery charging facilities [16]. The strategic size
and location of these stations are paramount to their effective-
ness [17], particularly for electric two-wheelers, which face
unique challenges in urban environments, such as high po-

pulation density [18] and cost-sensitive demographics [19].
To improve accessibility and system efficiency, the placement
of battery swapping stations must be carefully planned [20].

By using solar energy as the main power source, charging
system for battery swap station reduce reliance on the con-
ventional power grid, offering a more sustainable and adapt-
able charging solution [21]. This independence from the
grid is especially beneficial in areas where charging infra-
structure for electric motorcycles is limited or where power
interruptions are common. Solar-powered charging system
for battery swap station enable electric motorcycle users to
swap the battery, even in remote locations or off-grid areas.
By reducing dependency on traditional electricity sources,
these stations not only support eco-friendly transportation
but also help alleviate demand on urban energy systems,
making electric mobility more accessible and practical in
diverse settings [22].

The unresolved problem lies in the lack of research fo-
cusing on the structural design of mobile battery swap sta-
tions, how to develop and design a robust body structure for
a mobile battery swab station [23] capable of integrating
photovoltaic (PV) panels [24] and electrical systems for bat-
tery racks. Additionally, it seeks to analyze the structural in-
tegrity of the frame to ensure it meets the necessary strength
and durability requirements.

3. The aim and objectives of the study

The aim of this study is to evaluate the structural perfor-
mance of Mobile Battery Swap Station (MBSS) for electric
motorcycles powered by solar energy, addressing the increas-
ing demand for sustainable and flexible charging solutions.

To achieve this aim, the following objectives are accom-
plished:

— to make design formulation of Mobile Battery Swap
Station (MBSS) for electric motorcycles powered by solar
energy;

— to determine the load distribution on the MBSS struc-
ture during real-world operations;

— to conduct a static structural analysis using the Finite
Element Analysis (FEA) method to ensure chassis safety and
structural reliability under various load conditions.

4. Materials and methods

The Quality Function Deployment (QFD) method is em-
ployed in this study to systematically translate customer needs
into specific technical requirements throughout each stage of
product and service development. This approach is essential
for ensuring that the final product or service not only meets
customer expectations but often surpasses them, achieving
this in a manner that is both efficient and effective [25].

A key component of the QFD method involves identi-
fying several critical parameters for successful implementa-
tion [26]. These parameters begin with the "Voice of Cus-
tomer", which highlights specific customer desires [27], such
as the safety of the vehicle body and the ease of accessing the
battery [28]. Understanding these requirements is crucial to
aligning technical aspects with customer expectations.

Next, the QFD method addresses "Technical Require-
ments". For instance, a durable body material, such as
AIST 1010 [29], is chosen to enhance the vehicle’s resilience,



and a mechanism for easy battery exchange is included to
improve accessibility. Each technical requirement directly
correlates with the identified customer needs [30].

The importance of each parameter is then rated to pri-
oritize features accordingly. Safety is given the highest priori-
ty with a rating of 5[31], durability is rated at 4 [32], and
ease of access is assigned a rating of 3. This hierarchy guides
design decisions, ensuring that the most critical aspects are
addressed first.

Following the importance ratings, QFD outlines "Tech-
nical Priorities". These priorities focus on a strong structural
design and the selection of lightweight yet robust materials,
balancing safety with efficiency in material use [33]. With
these well-defined parameters, QFD aids in creating a pro-
duct that is not only functional but also optimized to meet
customer expectations.

Once these QFD parameters are clearly established,
the next step is to create a "House of Quality", a structured
matrix that aids in evaluating design concepts and selecting
the most suitable option. This process ensures that the final
design concept aligns closely with both customer demands
and technical feasibility, enhancing the overall product de-
velopment outcome [34].

The primary focus is to create a robust and portable
structure capable of supporting key components such as pho-
tovoltaic panels for energy generation and battery racks for
efficient swapping operations. The design process emphasizes
optimizing the structure’s layout to ensure functionality,
portability, and compatibility with urban deployment re-
quirements.

The main hypothesis of this study is that the structure
of the mobile solar-powered battery swap station for electric
motorcycles can withstand the static loads and environmental
forces it is subjected to during operational and transportation
conditions. To test this hypothesis, a finite element analy-
sis (FEA) was conducted on the structural design to evaluate
its strength and stability under various loading scenarios.

Finite Element Analysis (FEA) is applied to simulate
the static response of the chassis under these loads [35],
with outputs including total deformation (structural de-
flection due to loading) and the factor of safety (the ratio
between applied stress and material yield strength). These
simulations are essential to determine if the chassis design
can reliably support both configurations under operational
conditions [36].

The study makes several assumptions to streamline the
analysis. It is assumed that the materials used in the struc-
ture exhibit homogeneous and isotropic properties, ensuring
uniform behavior under loading. Additionally, all joints and
connections are assumed to be rigid, eliminating potential
variances caused by flexibility or looseness in the connec-
tions. Environmental loads such as wind pressure and static
loads from the battery modules and solar panels are assumed
to represent worst-case conditions.

Simplifications were adopted to make the model compu-
tationally feasible while preserving accuracy. The structure’s
geometry was simplified by omitting minor details, such as
bolts and small welds, which have negligible impact on the
overall analysis. The loading conditions were also simplified
to static loads, excluding dynamic effects like vibrations and
sudden impacts, to focus on the primary structural behavior.
These assumptions and simplifications ensure that the ana-
lysis provides reliable insights into the structural integrity
while remaining computationally efficient.

3. Research results of the study of design and structure
for mobile battery swap station

5. 1. Design formulation

Mobile Battery Swap Station (MBSS) designed to pro-
vide a sustainable and flexible charging solution for electric
motorcycles. The station integrates photovoltaic (PV) panels
on its roof, which serve as the primary source of renewable
energy by converting sunlight into electricity. This enables the
station to operate independently of the power grid, promoting
eco-friendly mobility. The structure includes dedicated com-
partments or racks for storing multiple pre-charged batteries,
ensuring efficient and quick swapping of discharged batteries
with fully charged ones. This feature significantly reduces
downtime and supports uninterrupted operation for users.

The MBSS is mounted on a wheeled platform, making
it portable and adaptable to various locations, including ur-
ban and semi-urban areas. The trailer design, complete with
a tow hitch, allows for easy transportation and deployment in
strategic locations to meet user demand. The station’s robust
structure is engineered to handle various operational loads,
such as the weight of the solar panels, batteries, and environ-
mental forces like wind, ensuring stability during both trans-
portation and operation. The MBSS has a compact design
with overall dimensions of 4000 mm in length, 2500 mm in
width, and 3000 mm in height. The station is equipped with
9 solar panels, each with a capacity of 300 Wp and a weight
of approximately 30 kg, ensuring sufficient energy generation
while maintaining manageable load conditions. For the bat-
tery rack, the MBSS can accommodate up to 8 batteries, with
each battery weighing approximately 12 kg.

The compact and modular layout of the MBSS, as
illustrated in Fig. 1, optimizes space, making it suitable
for deployment in urban environments with limited space
availability. The design shown in Fig. 1 highlights the mo-
dular structure, which facilitates future upgrades, such as
expanding battery storage capacity or enhancing solar panel
efficiency. By utilizing renewable energy and addressing
mobility challenges, this MBSS design, depicted in Fig. 1,
offers an innovative solution for advancing electric motor-
cycle infrastructure, supporting the transition to sustainable
transportation systems in areas where traditional charging
infrastructure may be impractical or unavailable.

Fig. 1. Mobile battery swap station structure: @ — battery
swap station design; b — main structure

Detailed structure for the mobile battery swap station
as shown in Fig. 1, a, ensuring that it fulfills the techni-
cal and functional needs identified in the design process.
Fig. 1, b provides an illustration of the structural layout,
showing the planned arrangement of key components such
as the battery rack, PV panel mounts, and other critical
elements that make up the station. These figures collectively



demonstrate the practical design considerations for modula-
rity, structural integrity, and efficient component placement.
By integrating these features, the design ensures the MBSS
is both robust and adaptable to meet current and future re-
quirements for electric motorcycle infrastructure.

5. 2. Load distribution

The Table 1 provides an overview of the load distribution
across various components in a system, listing each compo-
nent alongside its respective weight in kilograms (kg).

Table 1
Components of mobile battery swap station
No. Part Weight (kg)
1 PV panel mechanism 350
2 Battery rack 150
3 Other tools 200
Total 700

According to Table 1, with a total weight of 700 kg, the
MBSS’s structural framework must be carefully designed to
support this load while maintaining stability and portability.
The weight distribution across the components emphasizes
the need for a robust yet efficient design to ensure the sta-
tion’s reliability during operation and transportation. This
breakdown highlights the importance of balancing function-
ality, durability, and mobility in the development of sustain-
able infrastructure for electric motorcycles.

5. 3. Structure simulation

Fig. 2 shows the analysis of the axial and bending simula-
tion results for the designed structure, made from hollow iron
conforming to AISI 1010 steel standards, shows that it operates
well within safe stress limits. The structure, with cross-sec-
tional dimensions of 40x40x2 mm and 80x40x2 mm, experi-
ences a maximum stress of 57.716 MPa and a minimum stress
of —=56.739 MPa. Given that AISI 1010 steel has a yield strength
of 180 MPa, the structure’s maximum stress is notably below
this threshold, ensuring that it remains in the elastic range and
will not experience plastic deformation under the given loads.

Model name: KRSR_Rangka Karoseri
Study name: Static 2{-Default<As Machined>-}
Plot type: Axial and bending Stress!
Deformation scale: 97,5753
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Fig. 2. Axial and bending simulation
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In axial loading, the stress is distributed uniformly, in-
dicating that the structure is well-suited for handling axial
forces without risk of failure. In bending, where tensile and
compressive stresses occur on opposite sides, the stress values
remain balanced and within safe limits, showing that the
structure will not deform under bending moments.

The stresses in the structure analyzed using the combina-
tion of axial stress:

o Axial :E,

(1

where 6Axial is axial stress (MPa), F is axial force applied to
the member (N), and A is cross-sectional area of the mem-
ber (mm?) (1) and bending stress:

M .c

o Bending = (2)

where, o6Bending is bending stress (MPa); M is bending
moment (N mm); ¢ is distance from the neutral axis to the
outermost fiber (mm); I is moment of inertia of the cross-sec-
tion (mm?) called actual stress.

In structural analysis, combining stresses is essential be-
cause most structural members experience multiple types of
loads simultaneously, leading to different stress components
acting on the same area. These stresses must be combined to
accurately assess the overall condition of the structure and
ensure its safety and functionality.

The static displacement analysis of Mobile Battery Swab
Station’s structure in Fig. 3 shows that it exhibits low defor-
mation under load, with a maximum displacement of 4.541 mm
in the upper central region, as indicated by the red and orange
areas on the color scale. The displacement ranges from nearly
zero in the blue regions to this maximum value, showing that
the structure is generally stable. The highest displacement
occurs at the top center, where load is applied, while minimal
displacement is seen in the lower sections, which are well-sup-
ported by fixed boundary conditions (indicated by green
symbols). The deformation scale is set to 97.5753, exaggerat-
ing the displacement visually, but actual deflections remain in
the millimeter range, suggesting the structure has good stiff-
ness. Although the overall displacement is
small, additional reinforcement may be be-
neficial in the top region if lower deflection
is required for functional or structural in-
tegrity. Overall, the structure demonstrates
stability and resilience, with effective sup-
port at its lower sections contributing to
reduced displacement.

Displacement (u) refers to the actual
movement of a point in a structure due to
applied loads. It is measured in absolute
oV terms (e. g., millimeters). Displacement is
the cumulative effect of all strains in the
structure, including axial and bending de-
formations. Strain is a localized measure,
while displacement is the cumulative effect
of strain over a distance. Mathematically,
strain is related to the derivative of dis-
placement as shown in:

57,718

-10,957

-33,848
-45,293

56,739

—P Vield strength: 180,000
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where € is strain, p is displacement in the direction of de-
formation, and x is position along the length of the member.
(3), and also related to stress through the material’s elastic
modulus, as described by (4):

required value of 3, ensuring substantial strength reserves
and effective load management. Only localized regions near
the load application point approach the minimum FOS, con-
sistent with higher stress and displacement there.

o=¢- Ev (4) Model name: KRSR_Rangka Karoseri
Study name: Static 2(-Default<As Machined> -}
Plot type: Static displacement Displacement!

Deformation scale: 97,5753

where E is elastic modulus (MPa) of material
that used for mobile battery swab station.
Fig. 4 shows a Factor of Safety (FOS)
analysis for the Mobile Swab Battery Station’s
structure, with a color-coded scale represent-
ing the distribution of safety factors across
the framework. The FOS values range from
a minimum of 2.956 to a maximum of 8,808,
with lower FOS values indicated by red and
higher values by blue. The minimum FOS of
2.956 appears in limited regions, particularly
around areas experiencing higher stress, such
as near the load application point at the top
center, where the red arrow is shown. Higher
FOS values are observed in most of the struc-
ture, especially in the lower and side sections,
suggesting these areas are under lower stress
relative to their material strength and have
a greater margin of safety. The use of a mini-
mum safety factor criterion of 3 indicates that
the structure is designed to be at least three
times stronger than required by the applied
loads. Overall, the FOS analysis suggests that
the structure is robust, with most areas far
exceeding the minimum safety requirements,
and only a few localized regions approaching
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Fig. 3. Static displacement simulation
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The Fig. 4 shows a factor of safety (FOS) of
the structure, evaluated under static loading.
The FOS measures the structure’s safety mar-
gin, defined as the ratio between the material’s
yield strength and the actual stress experi-
enced at a given point as shown in (5):

the minimum FOS, which may need closer »

monitoring if further loading is anticipated. " t'. -“ ‘~ F
This distribution reflects a well-balanced de- A .‘M.Q =8 ‘ e
sign where the structure maintains high safety ." .' h..‘r ! | L 44056403
margins throughout. .4. A \\‘ i‘- - ' 35250403

. 2644e+03

. 1,784e+03

s vain

Sy

(11
[

L)
g S _d N _JdN°N 4
ol R N

[
-
A

R B

-

[t !

8,834e+02

"

-

PR N

2,958e+00

K./

I

i

"

h)

i

T - I 14
B (G Axial +o Bending) ’ -a,aoae+03

where FOS is factor of safety, 6 yield is material Fig. 4. Factor of safety simulation

yield strength (MPa).

The analysis of the axial and bending stress, displace-
ment, and Factor of Safety (FOS) in the mobile battery swab
station’s structure provides a comprehensive understanding
of its performance under load. The axial and bending stress
results, with maximum and minimum stresses well below the
yield strength of AIST 1010 steel, confirm that the structure
can withstand the applied forces without entering plastic
deformation, indicating structural resilience. The displace-
ment analysis shows a maximum deflection of 4.541 mm at
the top central region, while other areas experience minimal
displacement due to strong fixed supports, suggesting effec-
tive stiffness across the framework. The FOS distribution
complements these findings, with most of the structure
exhibiting safety factors significantly above the minimum

These simulation results indicate that the mobile battery
swab station’s structure is both robust and reliable for mobile
operations, able to withstand the stresses of movement and
environmental load variations without significant deforma-
tion or risk of failure. The low displacement assures that
sensitive components, such as batteries and charging mecha-
nisms, will remain stable, minimizing wear and tear. Addi-
tionally, the high safety factors across most of the structure
provide confidence in its durability, even in potentially harsh
operating conditions. Overall, the structure’s design ensures
long-term reliability and safety, critical for a mobile station
that will undergo frequent loading and unloading during use.

Based on the obtained results, the factor of safety for the
structure can be calculated using FOS (5). This calculation



utilizes the yield strength of AIST 1010 steel, which is 180 MPa,
as shown below:

__180MPa__ ¢ (6)
57.716 MPa

FOS

The difference between the factor of safety (FOS) ob-
tained from simulation and manual calculation arises from
several factors related to the methods used to determine the
values. The simulation provides a more detailed and realistic
representation of the structure by accounting for various
complexities, while the manual calculation relies on simpli-
fied assumptions.

One major reason for the discrepancy is the stress distri-
bution. The manual calculation uses a single maximum stress
value for the entire structure, assuming a uniform stress state.
In contrast, the simulation captures the actual stress distri-
bution throughout the structure, including localized stress
concentrations and secondary effects. These localized factors
can significantly influence the FOS but are not reflected in
the manual approach.

Additionally, geometric effects and load distribution play
a critical role. The simulation takes into account the exact
geometry of the structure, including member dimensions,
connections, and constraints, which affects how stresses
are distributed. Manual calculations often simplify these
complexities, potentially underestimating or overestimat-
ing stresses. Similarly, the simulation applies loads more
realistically across multiple members and nodes, leading to
stress redistribution that is difficult to replicate in manual
calculations.

Boundary conditions and constraints are another con-
tributing factor. The simulation incorporates detailed bound-
ary conditions, such as fixed supports and joint behavior,
which affect the overall stress state of the structure. Simpli-
fications in manual calculations might ignore these effects,
leading to less accurate results. Furthermore, the mesh re-
finement used in the simulation helps detect localized stress
variations, while manual calculations assume a uniform stress
distribution, missing these subtleties.

Lastly, numerical precision and rounding differences also
play a role. The simulation uses advanced numerical methods
to solve complex equations, introducing slight approxima-
tions that can affect the final FOS value [37]. Manual cal-
culations, while straightforward, rely on idealized equations
that omit these subtle numerical effects.

6. Discussion of the result of the study of design and
structure for mobile battery swap station analysis result

From Fig. 1, it can be observed that a well-formulated
design for the Mobile Battery Swap Station (MBSS) has
been successfully developed. The design ensures that all
essential components required for the battery swap process,
such as the battery rack, PV panel mounts, and other critical
elements, are appropriately positioned. This careful arrange-
ment not only optimizes the functionality of the MBSS but
also enhances its overall efficiency and usability. The design
reflects a comprehensive approach to meeting the technical
and operational requirements of a mobile energy solution,
providing a solid foundation for its practical implementation.

The load distribution as shown in Table 1, for the Mo-
bile Battery Swap Station (MBSS) has been successfully

determined by taking into account the essential elements
required for its operation. Proper load distribution is critical
in ensuring that the selected materials can adequately sup-
port the structural and operational demands of the MBSS.
By analyzing the weight and placement of key components
such as the battery rack, PV panel mounts, and other critical
elements, the study ensures that the design is both safe and
efficient. This analysis plays a vital role in material selection,
ensuring durability and structural integrity under various
loading conditions.

The results from the structural analysis of the Mobile
Battery Swap Station as shown in Fig. 2, confirm the ro-
bustness of the design under applied loads. The axial and
bending stress simulation reveals that the maximum stress
experienced by the structure is 57.716 MPa. These values
are significantly below the yield strength of AISI 1010
steel (180 MPa), indicating that the structure remains in the
elastic region (4) and is safe from plastic deformation. This
also shows that the strain (3) experienced by the structure is
within the elastic limit, ensuring that it returns to its original
shape upon unloading. From Fig. 3, it can be observed the
maximum displacement obtained is approximately 4.541 mm.
The stress is distributed uniformly under axial loading (1),
while bending stresses (2) are balanced, ensuring that the
structure can effectively resist deformation caused by bend-
ing moments. The Factor of Safety (FOS) maximum value
is 2.956 as shown in Fig. 4, ensuring a high safety margin
across most of the structure.

This study offers significant advantages over previous
research on solar-powered battery swap stations with fixed
locations [24]. Unlike fixed stations, the mobile battery swap
station (MBSS) proposed in this study provides greater
flexibility and accessibility, especially in areas where fixed
infrastructure may be impractical or economically unviable.
The mobility of the MBSS enables it to serve diverse loca-
tions, including remote or underserved areas, by bringing the
infrastructure directly to the users. This capability reduces
the dependency on users traveling to specific locations for
battery swaps, thereby enhancing convenience and user
experience. Additionally, the mobile design optimizes the
utilization of renewable energy by allowing the station to be
deployed strategically based on solar energy availability or
user demand patterns.

This study successfully addresses the structural strength
challenges of the Mobile Battery Swap Station (MBSS). The
analysis revealed a Factor of Safety (FOS) value (5) of 2.956,
which indicates that the structure is not only robust but also
meets the necessary safety requirements for its intended ap-
plication. This result confirms that the designed structure is
suitable and capable of supporting the operational demands
of an MBSS, including the loads from batteries, solar panels,
and mobility-related stresses. The high FOS value under-
scores the reliability and durability of the structure, ensur-
ing its effectiveness and safety in real-world applications.
This achievement demonstrates the feasibility of the pro-
posed design for advancing mobile energy solutions in sus-
tainable transportation.

The current study has inherent limitations, including
the assumptions of static loading conditions, which do not
account for dynamic loads or environmental factors such
as wind and vibration. These limitations might affect the
real-world performance of the design. Additionally, the
analysis is based on AISI 1010 steel, and alternative mate-
rials or composite structures with different properties have



not been considered. The findings also depend heavily on
the mesh refinement and boundary conditions used in the
FEA, which may vary between simulations. Moreover, the
results are valid within the applied load range and may
not be extrapolated to extreme conditions without further
validation. Nevertheless, a comparison between the FEA
results and manual calculations (6) shows good agreement,
validating the accuracy of the simulation. FEA offers sig-
nificant advantages, including the ability to model complex
geometries, apply various boundary conditions, and analyze
multiple load cases with high precision, making it an indis-
pensable tool for optimizing designs and predicting perfor-
mance under realistic conditions that would be challenging
to evaluate manually.

The study also highlights a few disadvantages as shown
in Fig 4. Certain regions near the load application point
exhibit a lower FOS (minimum 2.956), suggesting a need for
reinforcement to further enhance safety margins. The static
loading assumption limits the generalization of the results,
and incorporating dynamic and environmental loading con-
ditions in future studies is necessary. Furthermore, the heavy
reliance on simulation tools might introduce variability
based on the software and modeling parameters. A combi-
nation of experimental validation and simulation is recom-
mended to achieve a more robust analysis.

Future research could explore dynamic loading scenarios
to validate the design under real-world conditions, as well as
investigate alternative materials such as lightweight alloys or
composites to enhance performance while reducing weight.
Experimental validation of the simulation results is crucial to
refine the model further. Additionally, employing advanced
optimization algorithms could help improve the structural
design for increased efficiency and cost-effectiveness. How-
ever, potential challenges include the complexity of modeling
dynamic scenarios, the cost of experimental validation, and
the computational demands of high-fidelity simulations.
Despite these challenges, the proposed design demonstrates
a strong foundation for future improvements, ensuring safety,
reliability, and operational efficiency.

7. Conclusions

1. The design formulation for the Mobile Battery Swap
Station (MBSS) ensures functionality through well-posi-
tioned components, practicality with its modular and user-
friendly layout, and safety and reliability through a robust
structure. These factors confirm that the MBSS design is
functional, practical, and dependable, supporting sustainable
energy solutions for electric motorcycles.

2. With a total component load of 700 kg, the study
ensures that the design supports functional requirements,
maintains practicality through balanced weight allocation,
and prioritizes safety and reliability by selecting materials
capable of withstanding operational stresses.

3. The study demonstrates that the structural design of
the mobile battery swap station (MBSS) effectively meets
safety and performance requirements. The combined axial
and bending stress of 57.716 MPa remains within the ma-
terial’s allowable limits, while the maximum displacement
of 4.541 mm ensures structural stability under operational
loads. With a Factor of Safety (FOS) of 2.956, the struc-
ture is proven to be robust and reliable, providing a du-
rable and secure solution for mobile energy infrastructure.
These results confirm the design’s suitability for its inten-
ded application.
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