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DOI: 10.37199/c41001018 

 

Teo ČOLOVIĆ 

University of Split, Croatia 
tcolov@fesb.hr  

Ivo MARINIĆ-KRAGIĆ 

Association of Applied Engineering, Croatia  

 

Abstract 

Lightweight and efficient drivetrain components are of critical importance for electric vehicles, 
where mass reduction directly influences energy consumption, vehicle range, and dynamic 
performance. This is particularly relevant in electric motorcycle racing, such as the MotoStudent 
Electric competition, where strict performance constraints and sustainability goals coexist. Chain 
sprockets, as rotating drivetrain components, contribute significantly to rotational inertia and 
overall system efficiency. Therefore, their structural optimization represents a valuable opportunity 
for performance improvement and sustainable design. This paper presents the design, structural 
analysis, and topology optimization of a secondary chain sprocket developed for an electric 
MotoStudent motorcycle. Two sprocket configurations with 53 and 65 teeth were designed in 
accordance with DIN 8196 standards. Static loading conditions were derived from electric motor 
torque and chain dynamics, including impact and centrifugal forces. Analytical force calculations 
were combined with finite element analysis conducted in SolidWorks and ANSYS to evaluate stress 
distribution at the tooth face and root. A high-strength titanium alloy (Ti-6Al-4V, Grade 5) was 
selected to achieve an optimal balance between structural integrity and mass reduction. Topology 
optimization was performed using ANSYS and followed by parametric optimization with 
modeFrontier, employing a multi-objective genetic algorithm to minimize mass while constraining 
maximum von Mises stress. The topology-optimized sprocket designs achieved approximately 50% 
mass reduction compared to the initial baseline models, while maintaining acceptable stress levels 
under the applied loading conditions. Stress concentrations were successfully reduced in critical 
regions, and material was removed from low-load areas without compromising mechanical safety. 
The optimized geometries demonstrated improved stiffness-to-weight ratios and reduced rotational 

mailto:tcolov@fesb.hr
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inertia, which are essential for high-performance electric motorcycle applications. The results 
confirm that this optimization workflow is an effective approach for the development of lightweight 
drivetrain components in electric MotoStudent and motorsport applications. By reducing material 
usage and improving efficiency, the proposed design methodology supports sustainable mobility 
objectives while enhancing vehicle performance. The presented approach is transferable to other 
electric vehicle drivetrain components and demonstrates the potential of advanced engineering 
tools in sustainable motorsport development. 

Keywords: electric vehicles, MotoStudent, topology optimization, chain sprocket, sustainable 
mobility 

 

I. INTRODUCTION 

The transition toward sustainable mobility necessitates a paradigm shift in automotive design, 
where energy efficiency is paramount. Lightweighting strategies are of critical importance for 
electric vehicles (EVs), as mass reduction directly correlates with reduced energy consumption, 
extended range, and improved environmental performance [1]. This relationship is particularly 
acute in electric motorsport competitions, such as MotoStudent Electric, which serve as essential 
testbeds for future mobility technologies. These competitions challenge engineering students to 
reconcile stringent performance constraints with sustainability goals, fostering the development of 
innovative solutions that can be transferred to commercial applications. 

Within an electric motorcycle drivetrain, the chain sprocket acts as a critical power transmission 
element. While often overlooked, rotating components like sprockets contribute significantly to the 
vehicle's rotational inertia. Reducing the mass of these components not only lowers the overall 
vehicle weight but also decreases the gyroscopic effect and energy required for angular 
acceleration, thereby enhancing the vehicle's responsiveness and handling characteristics [2]. 
Traditional sprocket manufacturing, however, often relies on standardized geometries with 
substantial material redundancy. This results in unnecessary weight that adversely affects the 
performance metrics of electric powertrains, which is counterproductive to the goals of sustainable 
engineering. 

The specific operating conditions of electric motorcycles – characterized by high instantaneous 
torque at low rotational speeds – differ significantly from internal combustion engines, 
necessitating a reevaluation of conventional design approaches. This study addresses these 
challenges by applying advanced Computer-Aided Engineering (CAE) tools to optimize secondary 
chain sprockets for an electric MotoStudent motorcycle. The research builds upon preliminary 
chain drive simulations documented in earlier technical reports [3, 4], expanding the workflow to 
include topology optimization and parametric refinement. Furthermore, the rigorous demands of 
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racing necessitate a shift from standard aluminum alloys to high-strength materials like Ti-6Al-4V 
to ensure high fatigue resistance under dynamic loads [5]. 

Current literature on structural optimization emphasizes the potential of topology optimization 
algorithms to achieve substantial mass reductions without compromising structural integrity [6]. 
These methods have been successfully applied in high-stakes fields such as aerospace to maximize 
stiffness-to-weight ratios [7]. However, there is limited research connecting these advanced 
computational techniques specifically to the cost and manufacturing constraints of student 
motorsport competitions. This paper aims to bridge that gap by presenting a comprehensive 
workflow that integrates analytical calculation, Finite Element Analysis (FEA), and Multi-Objective 
Genetic Algorithms (MOGA). 

By demonstrating that lightweight components can be designed using accessible engineering tools, 
this research contributes to the broader objective of advancing technological innovation and 
fostering sustainable engineering skills. 

 

II. METHODS 

The research methodology followed a structured, multi-stage workflow integrating analytical 
calculations, computer-aided design (CAD), finite element analysis (FEA), topology optimization and 
numerical parametric optimization. This integrated approach ensured that the final optimized 
sprocket designs maintained structural integrity under operational loads while achieving maximum 
mass reduction. The complete workflow is illustrated in Figure 1, showing the progression from 
initial design through optimization to final validation. 

 
Figure 1. Optimization workflow. 
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1. Sprocket design and analytical force calculations 

Two secondary sprocket configurations were designed according to DIN 8196 standards [5], with 
53 and 65 teeth to accommodate different performance requirements—53 teeth for maximum 
speed testing and 65 teeth for acceleration testing. The primary design parameters included the 
chain. These calculations formed the basis for the initial CAD models created in SolidWorks, with 
dimensional specifications summarized in Table 1 and shown in Figure 2. 

 
Figure 2. Sprocket geometry dimensions given by DIN 8196 [5] 

Table 1. Sprocket dimensions calculated following the DIN 8196 [5] 

Sym. Tol. 53 Tooth 65 Tooth
d1 7.75 7.75
do 214.38 262.86
dk 206.62 255.12

max 222.5 270.98
min. 218.94 267.49
max 4.05 4.05
min. 3.91 3.91
max 185.318 273.11
min. 51.15 62.31

r3 12.7 12.7
max 1.905 1.905
min. 1.27 1.27

τ 6.7924° 5.5384°
max 138.31° 138.615°

 min. 118.301° 118.615°
z 53 65
B 4.5 4.5 Sprocket width

 Tooth flank radius

 Tooth side radius

 Dimentions

 Roller sitting angle

 Tooth side relief

 Roller sitting radius

 Angular pitch

 Roller diameter 
 Pitch diameter
 Root diameter

 Tip diameter dg

Specification of the tooth profile - DIN 8196

 Tooth count

χ

c

r2

r1

 

 

2. Finite element analysis in SolidWorks 
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Initial FEA simulations were conducted in SolidWorks to validate the analytical force calculations 
and establish baseline stress distributions. The simulation methodology evolved through two 
phases, as documented in Report MP201201 [3]. 

 

2.1 Phase 1: Complete chain-sprocket assembly simulation 

A detailed assembly was created consisting of the secondary sprocket and 14-16 chain links 
positioned along the sprocket circumference Figure 3. This approach required around 100 
components in the simulation with objective of maintaining simulation accuracy. Global "No 
Penetration" contact setting between chain rollers and sprocket teeth. Fixed constraints applied to 
sprocket bolt holes and shaft interface, roller fixtures applied to chain links to prevent outward 
movement. Tension force of 16466.12 N applied to a designated chain link. Local mesh refinement 
on sprocket tooth contact faces and chain roller surfaces with element sizes of 1.1 mm in critical 
regions. 

 
Figure 3. Sprocket with chain links (a zoom of the part of the assembly). 

Results included stress analysis with maximum at 630.7 MPa, displacement analysis maximum 
displacement: 0.136 mm and factor of safety evaluation minimum: 1.1 at tooth roots. Most 
critically, reaction forces at each tooth contact interface were extracted, forming the basis for 
simplified subsequent analyses. 

 

2.2 Phase 2: Simplified sprocket-only simulation 

The complex chain-sprocket assembly was replaced with a simplified model where extracted 
reaction forces were directly applied to sprocket tooth faces and roots shown in the following 
figure. This approach reduced simulation time from ~40 minutes to 2-3 minutes while maintaining 
result accuracy. 
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Figure 4. Forces and constraints applied on the sprocket. 

The force application required careful consideration of directionality, with 76 force components 
precisely positioned according to the contact geometry. A finer mesh with global element size of 
1.1 mm was applied to the sprocket model, resulting in improved result resolution without 
significantly increasing computation time.  

 

3. Topology optimization and parametric refinement 

The optimization process employed a two-stage approach: 

 

3.1 Stage 1: Preliminary topology optimization 

An initial pure topology optimization was performed in ANSYS to identify optimal material 
distribution patterns (Figure 4.1 from MP210102.pdf). This provided conceptual guidance for 
manual design refinement, revealing that approximately half of the sprocket teeth experienced 
minimal loading and could potentially be lightened. 

 

3.2 Stage 2: Parametric optimization with modeFrontier 

A parametric optimization workflow was implemented using modeFrontier software with the 
following configuration: Algorithm - MOGA-II (Multi-Objective Genetic Algorithm) selected for 
efficient Pareto frontier convergence, Design Evaluations - 100 iterations with 40 initial random 
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designs for design space exploration, Objective Functions - Minimization of both mass and 
maximum von Mises stress. 

The optimization process generated Pareto frontiers illustrating trade-offs between mass reduction 
and stress increase a shown in Figure 7b). Optimal design points were selected based on 
engineering judgment, considering both performance objectives and manufacturability constraints. 
Selected optimal designs were re-modeled in SolidWorks, incorporating the optimized parameters, 
and subjected to final FEA validation in both SolidWorks and ANSYS. Final stress distributions for 
53-tooth and 65-tooth sprockets confirmed that stress levels remained within acceptable limits 
while achieving substantial mass reduction. 

                          
Figure 5. Topology optimization. 

 

4. ANSYS simulation and parametrization 

The optimization workflow transitioned to ANSYS for advanced FEA capabilities and seamless 
integration with modeFrontier. The process involved: 

 

4.1 Geometry import and parametrization 

Sprocket geometry was imported as .STEP files from SolidWorks into ANSYS Design Modeler. Key 
dimensions were parametrized to create a design space for optimization, focusing on six critical 
parameters defining relief cutouts and structural features as seen in the Figure 6. These parameters 
included: D20 - Inner relief diameter, D1 - Intermediate relief diameter, D2 - Outer relief diameter, 
R24 - Inner fillet radius, R6 - Intermediate fillet radius, L17 - Relief depth. 
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Figure 6. Parametric optimization variables for 53 Tooths. 

Two critical response parameters were defined for optimization objectives: mass extracted from 
geometry properties and maximum von Mises stress extracted from solution results. The sprocket 
material was upgraded from aluminum alloy 7075-T6 (used in initial simulations) to titanium alloy 
Ti-6Al-4V (Grade 5) in annealed condition. 

 

III. RESULTS 

The optimization workflow yielded significant improvements in both mass reduction and structural 
efficiency for the two sprocket configurations. Quantitative results are presented for mass, stress, 
and geometric parameters, with comparative analysis between baseline and optimized designs. 

In modeFrontier a calculator preset is the closest preset to final workflow, so we alter it in the 
following. The dimensions parametrized in the relief sketch are in this case our input variables so 
we have to add 6 input variable data nodes, as for the parametrized mass and max stress we ad 2 
output variable data nodes and set their goals to minimize. Because we have a static analysis in 
Ansys the center node must be replaced with a Ansys CAE Node and itself must connect with every 
node as shown in Figure 7a). 
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Figure 7. a) Modefrontier workflow and b) Pareto solutions of the multi-objective optimization. 

The overall optimization yielded a rough 50% weight reduction in both cases, this can possibly be 
more optimized if the initial simulation is done dynamically and with the proper topology 
optimization. But at the end the topology optimization is more of a suggestion for the engineer that 
can be taken further into final design. The solutions generated in this way enable selection of a 
compromise between the factor of safety and ass as shown in Figure 7b). 

 

IV. CONCLUSIONS 

This study successfully demonstrates an integrated design and optimization workflow for 
developing lightweight chain sprockets for high-performance electric motorcycle applications. The 
methodology, combining analytical calculations, finite element analysis, and multi-objective 
parametric optimization, achieved a 50% mass reduction for both 53-tooth and 65-tooth sprocket 
configurations while maintaining structural integrity under operational loading conditions. The 
optimized titanium alloy (Ti-6Al-4V) sprockets exhibited maximum von Mises stresses of 623 MPa 
and 587 MPa respectively, corresponding to safety factors of 1.41 and 1.50 relative to yield strength 
– values deemed acceptable for the dynamic loading environment of motorsport applications. 

The research confirms several key engineering principles for lightweight component design. First, 
the transition from aluminum to titanium alloy proved essential for achieving both strength and 
weight objectives, demonstrating that material selection must be integrated with geometric 
optimization. Second, the parametric optimization approach using modeFrontier's MOGA-II 
algorithm provided superior manufacturable solutions compared to pure topology optimization, 

a) b) 
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highlighting the importance of balancing computational suggestions with practical manufacturing 
constraints. Third, the force extraction and application methodology—transitioning from complex 
chain-sprocket assemblies to simplified force models—reduced simulation times from 40 minutes 
to 2-3 minutes while maintaining accuracy, establishing an efficient workflow for iterative design 
processes. 

This study presents a replicable framework for developing high-performance, lightweight 
components that address the dual imperatives of competitive motorsport and sustainable 
engineering. By achieving significant mass reduction without compromising structural safety, the 
research advances both technical capabilities and ecological responsibility in electric vehicle 
development. 
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