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ABSTRACT :

The advancement of electric vehicle (EV) technology has significantly contributed to sustainable transportation by reducing reliance on fossil fuels and minimizing
carbon emissions. This research paper presents the comprehensive design, analysis, and optimization of an electric motorcycle, focusing on key aspects such as
motorcycle geometry, chassis development, powertrain efficiency, battery management, and safety systems. The study investigates structural integrity through
finite element analysis (FEA) of the chassis and swingarm while ensuring optimal performance through powertrain calculations and aerodynamic considerations.
Additionally, thermal simulations are conducted to evaluate heat dissipation within the battery pack and motor, ensuring efficient thermal management. The
integration of a battery management system (BMS) and insulation monitoring device (IMD) enhances safety and reliability. The findings demonstrate the feasibility
of an optimized electric motorcycle that balances performance, efficiency, and safety, contributing to the ongoing development of EV technology.

Introduction :

The global transportation sector is undergoing a transformative shift towards sustainable and energy-efficient alternatives, driven by concerns over
environmental pollution, depleting fossil fuel reserves, and the urgent need to reduce greenhouse gas emissions. In this context, electric vehicles (EVs)
have emerged as a promising solution, offering cleaner and more efficient mobility options. Among the various categories of EVs, electric motorcycles
have gained significant attention due to their potential to revolutionize urban commuting by combining energy efficiency, cost-effectiveness, and reduced
carbon footprints. Unlike their internal combustion engine (ICE) counterparts, electric motorcycles eliminate direct emissions, reduce noise pollution,
and require lower maintenance, making them an attractive alternative for both individual riders and fleet-based applications.

The development of an electric motorcycle, however, presents several engineering challenges that necessitate a multidisciplinary approach. A well-
designed electric motorcycle must balance various factors, including chassis geometry optimization, structural integrity, aerodynamic efficiency,
powertrain performance, and thermal management. The selection of suitable materials, such as lightweight aluminum alloys, is crucial in maintaining an
optimal strength-to-weight ratio while ensuring safety and durability. Furthermore, advancements in battery technology and energy storage systems play
a pivotal role in extending the range and improving the overall efficiency of electric motorcycles.

A critical aspect of electric motorcycle design is the powertrain configuration, which includes the motor, battery pack, motor controller, and transmission
system. The efficiency of the powertrain determines the vehicle’s acceleration, top speed, and overall range. Additionally, battery management systems
(BMS) are essential for monitoring and regulating battery health, ensuring safe charging and discharging cycles, and preventing potential hazards such
as overvoltage or thermal runaway. Thermal simulations and heat dissipation strategies must be carefully implemented to maintain optimal operating
conditions for the battery pack and motor, thereby enhancing performance and longevity.

In addition to performance optimization, safety remains a fundamental concern in electric motorcycle design. Advanced safety features, including
insulation monitoring devices (IMD), regenerative braking systems, and electronic stability controls, contribute to improved rider security and vehicle
reliability. Structural analysis using finite element analysis (FEA) is employed to assess the mechanical strength of the chassis and swingarm under
different load conditions, ensuring durability and crashworthiness. Furthermore, suspension setup and tire selection play a crucial role in enhancing ride
comfort, maneuverability, and overall stability.

This research paper aims to provide a comprehensive study on the design, simulation, and optimization of an electric motorcycle prototype. The study
covers key aspects such as chassis development, powertrain calculations, battery management, and safety systems. Computational modeling and
experimental validation are used to analyze the impact of design parameters on vehicle performance, ensuring an optimal balance between efficiency,
safety, and sustainability. By integrating innovative engineering solutions and leveraging emerging technologies, this research contributes to the
advancement of electric motorcycle development, paving the way for a greener and more sustainable future in urban transportation.
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1. Chassis Design and Structural Optimization :

The chassis forms the structural foundation of a motorcycle, playing a crucial role in weight distribution, maneuverability, and overall performance.
Various researchers have explored different frame materials and geometries to achieve a balance between weight reduction and structural integrity.

1.1 Frame Materials

Traditional motorcycle frames have been constructed using materials such as steel and aluminum alloys. While steel frames provide excellent strength
and durability, they are relatively heavy, negatively impacting vehicle efficiency. Aluminum alloys, particularly AL 6061 and AL 7068, have gained
popularity due to their high strength-to-weight ratio, corrosion resistance, and machinability. Studies indicate that aluminum frames contribute to
improved handling and acceleration by reducing the overall vehicle mass. Recent advancements in composite materials, such as carbon fiber-reinforced
polymers (CFRP), have further enhanced chassis performance by offering lightweight and high-strength properties, albeit at a higher manufacturing cost.

1.2 Frame Geometry and Optimization

Motorcycle chassis geometry significantly affects ride stability, cornering performance, and rider comfort. Researchers have identified key geometric
parameters such as rake angle, trail, wheelbase, and steering offset as critical determinants of handling characteristics. Finite element analysis (FEA) has
been widely employed to assess the mechanical strength and deformation characteristics of various chassis configurations under dynamic loading
conditions. Iterative design processes, combined with stress analysis simulations, have led to the development of trellis and perimeter frame designs,
which provide enhanced stiffness and weight efficiency.

2. Powertrain Efficiency and Motor Selection :

The powertrain is the heart of an electric motorcycle, consisting of the motor, transmission system, and drivetrain components. Unlike ICE
motorcycles, which rely on combustion-based propulsion, electric motorcycles utilize electric motors that offer high torque output, rapid acceleration,
and improved efficiency.

2.1 Motor Types and Performance Optimization

Several studies have compared different motor technologies for electric motorcycles, including brushed DC motors, brushless DC (BLDC) motors, and
permanent magnet synchronous motors (PMSMs). BLDC motors have emerged as the preferred choice due to their high efficiency, reduced maintenance
requirements, and superior torque characteristics. PMSMs, on the other hand, offer higher power density and efficiency but are relatively expensive due
to the use of rare earth magnets. Researchers have explored field-oriented control (FOC) and direct torque control (DTC) algorithms to enhance motor
efficiency and torque response.

2.2 Transmission and Gear Reduction

The selection of an appropriate transmission system plays a critical role in optimizing power delivery and range efficiency. Many electric motorcycles
employ a single-speed direct drive system to reduce mechanical losses and simplify the drivetrain. However, multi-speed transmissions have been
investigated to improve energy efficiency at different speed ranges. Gear reduction systems are often implemented to increase torque output without
excessive power consumption. MATLAB Simulink models have been used to analyze optimal gear ratios based on drive cycle simulations, ensuring an
ideal balance between acceleration and top speed.

3. Battery Technology and Management Systems :

The battery pack is one of the most crucial components in an electric motorcycle, directly influencing range, weight, and overall performance. Extensive
research has been conducted on battery chemistry, energy storage capacity, and battery management systems (BMS) to enhance reliability and longevity.

3.1 Battery Chemistry and Energy Storage

Lithium-ion (Li-ion) batteries are the most widely used energy storage solution for electric motorcycles due to their high energy density, fast charging
capabilities, and long lifespan. Within the Li-ion category, different chemistries such as lithium iron phosphate (LiFePO4), lithium nickel manganese
cobalt oxide (NMC), and lithium cobalt oxide (LCO) have been analyzed for their suitability in high-performance applications. Studies have shown that
NMC batteries offer a balance between energy density and thermal stability, making them ideal for motorcycles requiring extended range and power
output.
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3.2 Battery Management Systems (BMS) and Safety Mechanisms

Efficient battery management is essential for preventing overcharging, deep discharging, and thermal runaway. Researchers have developed advanced
BMS solutions that incorporate passive and active balancing techniques to ensure uniform charge distribution across individual cells. Thermal monitoring
sensors, state of charge (SOC) estimation algorithms, and real-time voltage tracking have been integrated into modern BMS platforms to enhance battery
safety and performance. The implementation of regenerative braking systems has further contributed to energy recovery, improving the overall efficiency
of electric motorcycles.

4. Thermal Management and Heat Dissipation :

Thermal regulation is a critical aspect of electric motorcycle design, as excessive heat generation can lead to performance degradation, reduced battery
lifespan, and safety hazards. Various cooling strategies have been explored to mitigate heat buildup in key components such as the battery pack, motor,
and controller.

4.1 Battery Cooling Techniques

Studies indicate that natural convection cooling is insufficient for high-performance electric motorcycles, necessitating the use of forced air or liquid
cooling systems. Computational fluid dynamics (CFD) simulations have been employed to analyze airflow patterns and optimize cooling channel designs.
Heat sinks, phase change materials (PCM), and thermoelectric cooling modules have been investigated as potential solutions for maintaining optimal
battery operating temperatures.

4.2 Motor and Controller Cooling

Electric motors and controllers generate significant heat during prolonged operation, requiring effective cooling solutions. Forced air cooling, achieved
through strategically placed cooling fins and fans, is commonly used in commercial electric motorcycles. Liquid cooling systems, involving coolant
circulation through dedicated channels, have demonstrated superior thermal performance but add complexity and cost to the overall design. Research
continues to explore hybrid cooling solutions that combine passive and active cooling methods for enhanced efficiency.

5. Safety Systems and Crash Analysis :

Safety remains a top priority in electric motorcycle development, necessitating the integration of advanced protective systems. Crash analysis simulations
and real-world testing have been conducted to assess structural integrity and impact resistance.

5.1 Insulation Monitoring and Electrical Safety

Insulation monitoring devices (IMD) are critical for detecting electrical faults and preventing leakage currents. These systems continuously monitor the
high-voltage battery connections and provide early warnings in case of insulation failure. Research has shown that integrating IMD with the vehicle’s
BMS can enhance overall safety and reduce the risk of electrical hazards.

5.2 Structural Crashworthiness and Impact Analysis

Finite element analysis (FEA) has been widely used to evaluate the crashworthiness of electric motorcycle frames. Frontal, side, and rear impact
simulations help identify stress concentration areas and optimize frame reinforcements. Energy-absorbing materials, such as aluminum honeycomb
structures and composite reinforcements, have been explored to improve impact resistance while maintaining lightweight construction.

5.3 Regenerative Braking and Stability Control

Regenerative braking systems not only enhance energy efficiency but also contribute to safer deceleration. Studies have examined the effectiveness of

electronic stability control (ESC) and anti-lock braking systems (ABS) in preventing wheel lock-up and skidding. Simulation-based evaluations have
demonstrated that integrating traction control systems (TCS) with regenerative braking can significantly improve overall vehicle stability.

Methodology :

The design and development of an electric motorcycle require a systematic approach that integrates computational modeling, simulation-based validation,
and experimental analysis. This section outlines the methodology adopted in this research, covering vehicle geometry, powertrain design, battery
configuration, thermal management, and safety system integration.

The first step in the design process involved defining the motorcycle’s geometric parameters, which directly impact handling, stability, and rider comfort.
Essential parameters such as wheelbase, rake angle, trail, and steering offset were determined using standard design principles and computational analysis.
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The Tony Foale Motorcycle Geometry software was employed to conduct parametric studies, enabling iterative refinements to the frame design. The
finalized geometry was selected to balance stability and agility, ensuring optimal performance across varying road conditions.

The powertrain system was designed to achieve high efficiency and performance. A 2kW Brushless DC (BLDC) motor was selected due to its high torque
output, superior power-to-weight ratio, and minimal maintenance requirements. MATLAB Simulink simulations were conducted to validate the motor’s
performance under different loading conditions, incorporating vehicle mass, tire-road interaction dynamics, and energy consumption across various drive
cycles. The transmission system was optimized to deliver maximum torque while maintaining energy efficiency. A single-stage gear reduction system
was employed, with a duplex chain drive ensuring reliable power transmission from the motor to the rear wheel.

The battery pack was designed to meet the energy requirements of the motorcycle while ensuring safety and longevity. Lithium-ion cells, specifically LG
Chem 18650 MJ1, were selected due to their high energy density and charge-discharge efficiency. The pack was configured in a 14S26P arrangement,
yielding a nominal voltage of 51.8V and a total capacity of 92Ah. An advanced Battery Management System (BMS), Orion Jr 2, was integrated to monitor
state of charge (SOC), voltage balancing, and thermal conditions. The BMS was interfaced with a CANBUS communication system, ensuring real-time
monitoring and control.

Thermal management was a critical aspect of the design, particularly for the battery pack and motor. Computational fluid dynamics (CFD) simulations
were conducted using COMSOL Multiphysics to analyze heat dissipation. The study accounted for conduction, convection, and radiation to evaluate
temperature distribution across battery cells. The results indicated that passive air cooling, supplemented by strategically placed vents, was sufficient to
maintain battery temperatures within safe operating limits. For the motor and controller, forced-air cooling was employed using aluminum heat sinks and
optimized airflow channels to enhance thermal regulation.

Safety considerations played a pivotal role in the design and development process. An insulation monitoring device (IMD) was integrated to detect
potential electrical faults, preventing insulation failures and leakage currents. Structural crash analysis was performed using finite element analysis (FEA)
to evaluate the impact resistance of the chassis and swingarm. Frontal, side, and rear impact simulations were conducted, leading to structural
reinforcements in high-stress regions. Additionally, a regenerative braking system was implemented to enhance energy efficiency by recovering kinetic
energy during deceleration, reducing reliance on mechanical braking.

The vehicle architecture incorporated both hardware and software components for seamless integration. A Nextion Human-Machine Interface (HMI)
dashboard was developed for real-time vehicle monitoring, displaying battery status, speed, and system diagnostics. An Arduino-based microcontroller
managed inputs from various sensors and controlled different subsystems. The CANBUS communication protocol facilitated data exchange between the
battery, motor controller, and dashboard, ensuring efficient system performance.

To validate the design, a comprehensive MATLAB Simulink model was developed to simulate real-world driving conditions. The model assessed energy
consumption, power delivery, and overall system efficiency under various load conditions. The results provided insights into optimizing battery utilization
and enhancing vehicle performance.

The methodology employed in this research integrates theoretical modeling, computational analysis, and experimental validation to develop an optimized
electric motorcycle prototype. By systematically addressing vehicle geometry, powertrain efficiency, battery safety, thermal management, and structural
integrity, this study contributes to the advancement of sustainable electric mobility solutions. The subsequent section will present the results and
discussion, analyzing the performance of the electric motorcycle based on experimental data and computational simulations.

Results and Discussion :

The performance of the designed electric motorcycle was evaluated through a combination of computational simulations and experimental validation.
This section presents the key findings related to vehicle geometry, powertrain efficiency, battery performance, thermal behavior, and safety
assessments. The results are analyzed in terms of their impact on overall vehicle functionality, efficiency, and reliability.

Vehicle Geometry and Structural Integrity

The finalized chassis geometry, derived through iterative simulations, achieved an optimal balance between stability and maneuverability. The selected
wheelbase of 1345 mm provided improved straight-line stability, while a rake angle of 23 degrees ensured responsive handling. The trail and steering
offset were optimized to maintain ease of maneuvering while minimizing wobbling effects.

Finite element analysis (FEA) was performed on the chassis and swingarm under different loading conditions, including acceleration, braking, and
cornering. The results indicated that the maximum stress experienced by the chassis was 285.47 MPa under frontal impact conditions, remaining
well below the yield strength of the AL 7068 frame material (590 MPa). The factor of safety (FOS) for different impact scenarios was found to be
within the acceptable range, ensuring structural durability.

Powertrain Performance and Energy Efficiency

The selected 2kW Brushless DC (BLDC) motor was tested under various speed and load conditions using MATLAB Simulink simulations. The
motorcycle achieved a top speed of 83.33 km/h, with the motor delivering a peak torque of 30 Nm at optimal efficiency. The gear reduction ratio of
2.656:1 provided a well-balanced trade-off between acceleration and cruising efficiency.

The powertrain’s energy consumption was analyzed using standard FTP-75 drive cycle simulations, which indicated an average energy expenditure of
4.74 kWh per 100 km. The transmission system, utilizing a duplex chain drive, exhibited an efficiency of 90%, with minimal energy losses due to
friction.

Battery Performance and Range Estimation

The battery pack, configured in a 14S26P arrangement (51.8V, 92Ah), was tested under real-world and simulated conditions. The results showed that
the motorcycle could achieve an estimated range of 120-130 km per charge, depending on riding conditions and terrain. The battery state of charge
(SOC) varied from 100% to 10.5% over a full discharge cycle, demonstrating stable voltage characteristics throughout the operation.
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The Battery Management System (BMS) effectively regulated cell balancing and prevented overcharging and deep discharging. Voltage deviations
among individual cells remained within £5mV, indicating high balancing efficiency. The insulation monitoring device (IMD) successfully detected
minor insulation fluctuations and prevented leakage currents, ensuring safe battery operation.

Thermal Analysis and Heat Dissipation

A COMSOL Multiphysics thermal simulation was conducted to analyze heat dissipation in the battery pack and motor. The results indicated that the
maximum temperature in the battery pack under continuous operation reached 34°C, well within the safe operating limit of lithium-ion cells. The
forced air cooling mechanism employed for the motor and controller maintained temperature levels below 70°C, preventing thermal degradation.
The simulation of different cooling strategies showed that passive airflow through strategically placed vents was sufficient for maintaining battery
thermal stability. However, under high-load conditions, additional airflow enhancements, such as heat sinks and thermal conductive pads, were
suggested to further improve cooling efficiency.

Braking and Regenerative Energy Recovery

The braking system, equipped with hydraulic disc brakes (280 mm front, 230 mm rear), demonstrated effective stopping power. The regenerative
braking system contributed to an energy recovery rate of approximately 12%, enhancing overall battery efficiency. The system functioned optimally
during deceleration, particularly in urban riding conditions where frequent braking was required.

Simulations of extreme braking scenarios indicated that the braking force distribution (60% front, 40% rear) was effective in preventing wheel
lock-up, ensuring stability under emergency braking conditions. The electronic stability control system (ESC) further improved vehicle control during
sharp turns.

Crashworthiness and Safety Assessments

The structural impact analysis conducted using FEA simulations showed that the chassis deformation under frontal impact was limited to 10.88
mm, while the rear impact resulted in minimal deformation of 0.11 mm, confirming structural resilience. The side impact safety factor was 7.11,
demonstrating sufficient lateral crash resistance.

The integration of safety components, including the BMS-controlled shutdown system, fuse protection, and IMD, successfully minimized
electrical hazards. No instances of thermal runaway or overvoltage conditions were observed during testing.

Overall System Performance

The combined results from powertrain efficiency, battery performance, and safety evaluations indicate that the designed electric motorcycle meets
industry standards for urban and highway commuting. The energy efficiency, structural integrity, and safety features align with modern electric
motorcycle requirements, positioning this prototype as a viable sustainable mobility solution.

Conclusion :

The development of electric motorcycles presents a significant opportunity for the future of urban transportation, aligning with global goals to reduce
greenhouse gas emissions and promote sustainable mobility solutions. This study explored various aspects of electric motorcycle design, from the electric
powertrain to the integration of smart technologies, providing a comprehensive analysis of the challenges and opportunities in this evolving sector.

The findings demonstrate that electric motorcycles offer numerous advantages over traditional internal combustion engine motorcycles, particularly in
terms of reduced environmental impact, lower operational costs, and quieter operation. The choice of components, such as the high-efficiency electric
motor and advanced battery systems, plays a crucial role in maximizing the performance and range of the vehicle, while minimizing its environmental
footprint.

However, several challenges remain that require continued innovation and research. Improving battery technology, particularly in terms of energy density,
charging speed, and cost, is essential for enhancing the practicality and affordability of electric motorcycles. Furthermore, advancements in vehicle
aerodynamics and the integration of smart, connected technologies could significantly improve rider experience and safety.

While the design proposed in this study provides a solid foundation, future work will need to address issues such as vehicle cost reduction, end-of-life
battery management, and scalability for mass production. As electric motorcycles continue to evolve, it is clear that they hold great promise as a key
component of a sustainable urban transportation ecosystem, contributing to cleaner air and reduced traffic congestion in cities worldwide.

In conclusion, electric motorcycles are poised to revolutionize the way we approach personal transportation, offering both environmental and economic
benefits. With continued advancements in technology and manufacturing processes, these vehicles have the potential to become a mainstream alternative
to traditional motorcycles, providing a cleaner, greener, and more efficient mode of transportation for the future.

Future Work and Recommendations :

The electric motorcycle design presented in this study offers a promising platform for sustainable urban transportation. However, several areas could
benefit from further exploration and enhancement to ensure its optimal performance in real-world conditions.

Advanced Battery Technologies

While the current design utilizes lithium-ion batteries, future work could investigate the application of solid-state batteries or lithium-sulfur batteries,
which offer greater energy density and longer lifespans. These alternative technologies could potentially reduce the weight of the battery pack, allowing
for higher efficiency and extended range without compromising safety. Furthermore, optimizing battery charging infrastructure and improving charging
times will be crucial in making electric motorcycles more convenient and competitive with traditional combustion-engine vehicles.
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Vehicle Aerodynamics

The current design focuses on structural integrity and energy efficiency, but aerodynamic performance can significantly impact the overall range and
stability of the motorcycle. Future studies should explore wind tunnel testing or computational fluid dynamics (CFD) simulations to identify opportunities
to reduce drag and improve the aerodynamic profile. Streamlining components such as mirrors, seat design, and fenders can reduce wind resistance,
especially at higher speeds, enhancing the overall efficiency and performance of the motorcycle.

Smart Technologies and Connectivity

The incorporation of smart technologies in electric motorcycles could further enhance their usability and appeal. Future iterations of the electric
motorcycle could include advanced telematics and 0T capabilities, allowing riders to monitor battery health, energy consumption, and location in real
time via smartphone apps. Moreover, features such as adaptive cruise control, collision detection, and advanced navigation systems can significantly
enhance rider safety and comfort. Additionally, autonomous or semi-autonomous driving capabilities might be considered for long-distance commuting
scenarios.

Sustainability and End-of-Life Management

One of the key challenges for electric motorcycles, and electric vehicles in general, is managing the environmental impact at the end of the vehicle’s
lifecycle. Research into battery recycling and the reuse of critical materials such as lithium, cobalt, and nickel will become more vital as electric vehicles
become more widespread. Designing motorcycles with modular components that are easy to disassemble and recycle will contribute to the reduction of
waste and further improve the sustainability of electric vehicles. Additionally, lifecycle assessments (LCAS) of the entire vehicle, from production to
disposal, will be necessary to quantify its net environmental impact and guide improvements in eco-design.

Cost Optimization and Manufacturing

While the research focused on optimizing performance and efficiency, cost is a major barrier for the widespread adoption of electric motorcycles. Future
work should focus on optimizing manufacturing processes to reduce production costs, including 3D printing and automation technologies. Advanced
composite materials, such as carbon fiber-reinforced polymers, could also be explored for lightweight structures at lower costs. Furthermore, investigating
economies of scale in battery production, along with reducing the reliance on expensive raw materials, can make electric motorcycles more accessible to
a larger demographic.

Integration with Public Transport Systems

Another direction for future research is exploring the integration of electric motorcycles with existing public transport networks. For instance, the
development of "last-mile™ solutions, where electric motorcycles can be used to cover the distance between public transportation hubs and commuters'
destinations, could help alleviate urban congestion and reduce pollution. Collaboration with municipal transportation authorities and other mobility
providers could lead to the establishment of shared electric motorcycle fleets for urban commuting, ensuring widespread accessibility and further
contributing to sustainability goals.
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