
 

 This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 

International License. 

Automotive Experiences  353 
 

Automotive Experiences 
Vol. 8 No. 2 (2025) pp. 353-368 

p-ISSN: 2615-6202     e-ISSN: 2615-6636 
 

 

Multi-Objective Optimization of Structural Design for Lightweight 

Vehicle Chassis 
 

Dharma Maheswara1, Poppy Puspitasari1,2 , Diki Dwi Pramono1, Avita Ayu Permanasari1, 

Sukarni Sukarni1  

1Department of Mechanical and Industrial Engineering, Universitas Negeri Malang, Malang 65145, Indonesia 
2Centre of Advanced Material and Renewable Energy, Universitas Negeri Malang, Malang 65145, Indonesia 

 poppy@um.ac.id 

 https://doi.org/10.31603/ae.13567 
 

Published by Automotive Laboratory of Universitas Muhammadiyah Magelang 

 Abstract
 

Article Info 
Submitted: 

13/05/2025 

Revised: 

02/09/2025 

Accepted: 

02/09/2025 

Online first: 

25/09/2025 

This study presents a systematic optimization of a lightweight vehicle chassis design using 

Design of Experiments (DoE), Finite Element Analysis (FEA), and Analysis of Variance 

(ANOVA) to enhance structural performance while balancing mass efficiency and safety 

factor. Material selection and wall thickness variations were considered to achieve a 

compromise between minimal mass and a safety factor of at least 1.5. Pareto front analysis, 

combined with the Taguchi method, identified the optimal solution, Cycle Design 11, which 

achieved a safety factor of 1.9489, representing an increase of 0.7681 compared to the baseline 

design. The total mass of 3.5742 kg reflects a 32.13% increase from the baseline. ANOVA results 

confirmed that both material and wall thickness significantly influence safety factor and mass, 

providing critical guidance for design decisions. This multi-objective optimization approach 

demonstrates that integrating FEA with experimental design enables superior chassis designs 

compared to traditional single-objective methods, offering a practical strategy for developing 

lightweight, safe, and energy-efficient vehicles. 

Keywords: Design optimization; Lightweight chassis; Design of Experiments (DoE); Finite 

Element Analysis (FEA); Pareto optimal front 

1. Introduction 

Improving vehicle efficiency has become 

imperative to reducing energy consumption and 

the intensity of carbon emissions in the 

transportation industry [1], [2]. This is because 

global demand for passenger and freight 

transportation is expected to increase significantly 

by 196% and 200% between 2020 and 2050 [3]. The 

energy demand in the global transportation sector 

is expected to increase by nearly 4%, and total 

final energy consumption in the transportation 

sector is projected to be approximately 120 EJ in 

2023 [4]. As much as 90% of this energy is 

provided by fossil oil-based fuels, 4% by biofuels, 

5% by natural gas, and 1% by electricity. Since 

1990, greenhouse gas emissions from the global 

transportation sector have increased steadily at a 

rate of approximately 2% per year [5]. The 

increase in greenhouse gas emissions due to fossil 

energy is the primary trigger of global warming, 

pollution, and public health problems [6], [7]. 

Increasing fossil fuel consumption in the 

transportation sector is not in line with the 

principles of Sustainable Development Goals 

(SDGs) Goal 7 (Clean and Affordable Energy) [8].  

Intensive study efforts aimed at improving 

vehicle energy efficiency in the world for students, 

one of which is the Shell Eco-marathon program 

[9]. The goal of the Shell Eco-marathon is the 

mileage challenge, which involves completing the 

race within the allotted time with the least energy 

consumption. Design and technology aspects, 

utilizing Science, Technology, Engineering, and 
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Maths (STEM) skills, are emphasized in this 

competition [10]. A common strategy to improve 

energy efficiency is to lighten the weight of the 

vehicle [11], [12]. Therefore, this study focuses on 

developing an optimal chassis design for 

prototype vehicles in the Shell Eco-marathon 

competition. The chassis is one of the most 

important parts of a vehicle, functioning like a 

human skeleton, where various components, such 

as the engine, drive system, brakes, body, and 

steering system, are mounted [13]. Designing the 

chassis is crucial to ensure the safety, 

performance, and durability of the vehicle, as well 

as to enhance vehicle handling and efficiency [14].  

The study developed an optimization 

framework utilizing finite element analysis (FEA) 

for hybrid truck chassis, successfully reducing 

chassis mass by 13.25% while maintaining the 

allowable von Mises stress, thereby 

demonstrating the effectiveness of computational 

optimization in designing lightweight vehicle 

chassis [15], [16], [17]. The study by 

Nandhakumar et al. [18] is particulary interesting 

in this field, as they performed structural 

optimization (Topology, Size, and Shape) by 

modifying the existing material to achieve weight 

reduction of the chassis frame, thereby improving 

the overall performance of the bus. By replacing 

the steel in the chassis frame with aluminum 6061-

T6 and aluminum 7075-T6, a weight reduction of 

65.61% and 64.33% was achieved. FEA was 

performed on the chassis frame to ensure that safe 

stress limits were not exceeded. The study topic of 

Kengkongan et al. [19] is the effect of chassis 

thickness variation, the effect of different 

materials, and the impact of applied force values. 

The study aimed to evaluate the behavioral 

tendency of the vehicle chassis with the primary 

consideration of complying with standard 

regulations in energy-efficient vehicle 

competitions such as Shell Eco-marathon Asia or 

Kontes Mobil Hemat Energi (KMHE). The thickness 

of the chassis plays an important role in its 

performance. Moayyedian et al. [20] applied an 

optimization process to determine the optimal 

design for hubs and spindles in solar-powered 

vehicles using design of experiments (DoE) and 

FEA. Experiments were designed to achieve 

maximum safety and minimum weight. The 

spindle yielded a safety factor of 3.8 and a mass of 

0.826 kg while the hub yielded a safety factor of 

5.2 and a mass of 0.294 kg, indicating a reliable 

safety factor and a lightweight design. The recent 

study examining the use of aluminum 7075-T6 in 

car frames successfully reduced frame mass by 

approximately 40% while maintaining high 

strength and effective energy absorption during 

frontal collision simulations. Analysis shows that 

passenger zone deformation remains well below 

critical limits, highlighting the importance of 

incorporating safety factors into lightweight 

frame design to ensure passenger protection 

without compromising structural efficiency [21]. 

Despite extensive study on vehicle chassis 

optimization, existing studies primarily focus on 

isolated factors such as material selection, wall 

thickness, or individual component performance, 

without providing a systematic multi-objective 

framework that simultaneously addresses mass 

reduction and structural safety. To fill this gap, the 

present study develops an integrated 

optimization methodology combining DoE, FEA, 

and analysis of variance (ANOVA) to quantify the 

influence of material and geometric parameters on 

chassis performance. The proposed framework 

enables multi-objective optimization, identifying 

configurations that achieve significant chassis 

weight reduction while maintaining reliable 

safety factors, thereby improving both structural 

efficiency and occupant protection. This study 

contributes to the field by offering a validated, 

practical approach for lightweight chassis design 

in energy-efficient vehicle competitions and 

advancing the broader understanding of 

computational structural optimization in 

automotive engineering. 

 

2. Methods 

2.1. Material Selection 

The selection of a suitable material for chassis 

design is based on factors such as strength, 

lightweight, ease of manufacturing, and 

availability. Aluminum alloy is a widely selected 

material for lightweight structures in the 

automotive industry [18], [22]. As part of this 

study, two potential aluminum alloys were 

selected, namely aluminum 6061-T6 and 

aluminum 7075-T6. Aluminum alloys are 

established materials for automotive 

lightweighting due to their high specific strength 

or stiffness and corrosion resistance. Within this 

family, aluminum 6061-T6 is widely used for thin-
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walled structural members and energy absorbers, 

and appears frequently in crash/impact 

investigations on tubes/extrusions—reflecting its 

weldability and suitability for space-

frame/chassis members [23], [24]. Aluminum 

7075-T6 provides a substantially higher strength 

level and is often used as a high-strength 

benchmark in weight-critical members, including 

studies on thin-walled tubes under 

dynamic/crash-type loading. These attributes 

align with our study’s aims of minimizing mass 

while maintaining safety margins [25], [26]. Brief 

information about the composition of aluminum 

alloys is shown in Table 1. The mechanical 

properties of the materials used in the chassis 

design, aluminum 6061-T6 and aluminum 7075-

T6, are shown in Table 2. 

 

2.2. Physical Model 

The ladder frame is one of the oldest chassis 

forms still used in many SUV vehicles. The ladder 

frame chassis design offers ease of production, 

cost efficiency, and high structural strength 

through the triangulated truss principle [13]. 

Therefore, the chassis design in this study adopts 

the ladder frame chassis design. The chassis 

geometry design utilizes Computer-Aided Design 

(CAD) software. The design of the chassis 

geometry is based on the regulations of the 

energy-efficient vehicle competition, considering 

design size limitations and load distribution. The 

chassis geometry design in this study comprises 

several supporting parts, and a hollow profile 

structure is selected for the geometry design. The 

chassis geometry design 3D model and technical 

drawing are shown in Figure 1. 

 

2.3. Design of Experiment (DoE) 

The DoE defines the factors, levels, and 

orthogonal array arrangement, specifying the 

combinations to be analyzed in the optimization 

process. The DoE matrix and subsequent ANOVA 

were generated and analyzed using Minitab 22.2 

software, which allowed for the systematic 

identification of the dominant factors influencing 

chassis mass and safety factor. Optimization is  

 

 

Figure 1. The chassis geometry design: (a) 3D model; (b) Technical drawing 
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Table 1. Composition of selected aluminum alloys [27] 

Alloys 
Composition (wt%) 

Al Cu Mn Mg Zn Ti Cr Si Fe 

Aluminum 6061-T6 95.8-98.6 0.15 -0.4 0.15 0.8-1.2 0.25 0.15 0.04-0.35 0.4 0.7 

Aluminum 7075-T6 87.1-91.4 1.2 - 2 0.3 2.1-2.9 5.1-6.1 0.2 0.18-0.28 0.4 0.5 

 
Table 2. Mechanical properties of selected aluminum alloys [27] 

Property Aluminum 6061-T6 Aluminum 7075-T6 Unit 

Density 2700 2810 kg/m3 

Modulus of Elasticity 68900 71700 MPa 

Poisson’s Ratio 0.33 0.33 - 

Yield Tensile Strength 276 503 MPa 

Ultimate Tensile Streght 310 572 MPa 

Fatigue Strength (@ Cycles 5e+8) 96.5  159 MPa 

 

carried out by applying variations in the wall 

thickness of the hollow profile, namely 1 mm, 2 

mm, and 3 mm, to each constituent part of the 

chassis. The 1–3 mm range corresponds to the 

canonical thin-walled regime in 

crashworthiness/energy-absorption studies, 

where progressive folding/buckling yields high 

specific energy absorption with manufacturable 

sections. Representative peer-reviewed examples 

include ~1.2 mm-wall aluminum tubes in 

impact/crashbox tests and ~3.15 mm-wall 

AA6061-T6 square tubes in crush experiments—

bracketing the design space explored in our 

optimization  [28], [29]. In addition to the 

thickness factor, material variation is also 

considered as one of the optimization parameters. 

For the materials factor, aluminum 6061-T6 was 

designated as level 1, while aluminum 7075-T6 

was designated as level 2 in the Taguchi-DoE 

matrix. The factors and levels used in the 

optimization scheme in this study are shown in 

Table 3. The experimental design in this study 

employs an orthogonal array L18 (2¹ × 3⁷), which 

enables the control of one factor at two levels and 

seven other factors at three levels, resulting in a 

total of 18 test combinations. The L18 orthogonal 

array design for the chassis optimization scheme 

is shown in  

. In this study, the DoE is implemented prior to 

FEA to establish a structured optimization 

framework. 

 

2.4. Finite Element Analysis (FEA) 

FEA is used to evaluate the structural response 

of chassis configurations determined by DoE. 

Each factor level combination is analyzed to 

obtain mass and safety factor values, which serve 

as quantitative inputs for Taguchi analysis. FEA 

divides the workpiece into small elements to 

analyze the response to applied forces under 

certain boundary conditions and produce a 

comprehensive output [30]. Structural analysis of 

components is a crucial step in the design phase, 

ensuring feasibility and reliability before the 

production stage [31], [32]. The design structure of 

the chassis is analyzed using a static approach, 

considering the main load of the vehicle at rest, 

where the load magnitude and direction are 

assumed to be fixed, enabling more stable and 

reliable design predictions. This condition  

ensures that the chassis can maintain its structural 

 
Table 3. Factors and levels of Taguchi-DoE 

Parameter Unit Process Parameter Level 1 Level 2 Level 3 

A - Materials 1 2 - 

B mm Main Frame 1  2 3  

C mm Crossmember Beam 1  2 3  

D mm Roll Bar 1  2 3  

E mm Steering Column Bracket 1  2 3  

F mm Brake Mount Bracket 1  2 3  

G mm Engine Mount Bracket 1  2 3  

H mm Transmission Mount Bracket 1  2 3  
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Table 4. Orthogonal array design of Taguchi-DoE 

Cycle Design A B C D E F G H 

1 1 1 1 1 1 1 1 1 

2 1 1 2 2 2 2 2 2 

3 1 1 3 3 3 3 3 3 

4 1 2 1 1 2 2 3 3 

5 1 2 2 2 3 3 1 1 

6 1 2 3 3 1 1 2 2 

7 1 3 1 2 1 3 2 3 

8 1 3 2 3 2 1 3 1 

9 1 3 3 1 3 2 1 2 

10 2 1 1 3 3 2 2 1 

11 2 1 2 1 1 3 3 2 

12 2 1 3 2 2 1 1 3 

13 2 2 1 2 3 1 3 2 

14 2 2 2 3 1 2 1 3 

15 2 2 3 1 2 3 2 1 

16 2 3 1 3 2 3 1 2 

17 2 3 2 1 3 1 2 3 

18 2 3 3 2 1 2 3 1 

integrity and support the load without 

experiencing significant deformation or failure 

[14]. Therefore, the FEA process in this study 

utilizes Computer-Aided Engineering (CAE) 

software with a static structural simulation type. 

The pre-processing stage of static structural 

simulation includes CAD modeling, meshing, 

applying loads, and boundary conditions to the 

model [33]. The meshing stage is a crucial step in 

FEA, where appropriate structural assumptions 

are made to reduce computation time while 

ensuring model accuracy [31]. All chassis designs 

of the 18 test combinations were simulated using 

the same meshing parameters. The meshing 

parameters are set by default by the software, 

which adapts to the complexity of the chassis 

design and the computer's capabilities. Element 

size was set to 15 mm. The meshing results show 

the dominance of the tetrahedral shape of 10. The 

tetrahedral meshing shape with 10 nodes exhibits 

reasonably high accuracy despite its smaller 

number of nodes, as well as simpler, lighter, and 

faster calculations [34]. Visualization of the 

meshing results on the chassis design is shown in 

Figure 2. 

The application of boundary conditions in 

static structural simulations is crucial for 

accurately simulating the real physical conditions 

that influence the structural behavior of the 

chassis. All chassis designs from the 18 test 

combinations were simulated using the same 

boundary condition application to ensure 

objectivity and comparability. Table 5 presents 

details of the loads applied to the chassis used in

 

 
Figure 2. FEA meshing result 
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Table 5. Chassis loads in FEA 

No. Components Load (kg) 

1 Driver 57 

2 Engine 20 

3 Transmission 3 

4 Body 10 

5 Steering 2.5 

6 Brake 2 

7 Electrical 2 

 Total 96.5 

 

the simulation. Each mass value was subjected to 

gravitational acceleration (g = 9.8 m/s²) in a 

downward direction in the negative direction of 

the Y-axis. The total applied load in Table 5 

corresponds to the prototype vehicle used in the 

Shell Eco-marathon competition, which is a 

lightweight vehicle with a total mass of 

approximately 96.5 kg, including the driver. This 

load was selected to represent the maximum 

expected static weight acting on the chassis during 

standard operation. Visualization of the boundary 

condition application is shown in Figure 3, which 

displays the position of the support and the 

direction of the force applied to the FEA model. 

 

3. Results and Discussion 

3.1. Signal-to-Noise Ratio 

All chassis design combinations in Table 4 have 

undergone static structural simulation using FEA. 

The simulation results, including mass and safety 

factor, are shown in Table 6. The Taguchi method 

emphasizes the importance of analyzing response 

variation using the Signal-to-Noise (S/N) ratio 

[35]. The mass value is transformed into an S/N 

ratio with "smaller the better" characteristics using 

Eq. (1). In comparison, the safety factor value is 

transformed into an S/N ratio with "larger the 

better" characteristics using Eq. (2). Eq. (1) and Eq. 

(2) for the S/N ratio were adopted from [36], [37]. 

𝑆𝑁𝑖 = 10𝑙𝑜𝑔 (∑
𝑦𝑢
2

𝑁𝑖

𝑁𝑖

𝑢=1

) (1) 

𝑆𝑁𝑖 = 10𝑙𝑜𝑔 [
1

𝑁𝑖
∑

1

𝑦𝑢
2

𝑁𝑖

𝑢=1

] (2) 

 

3.2. Taguchi Analysis 

To determine the critical factors that have a 

significant impact on the output parameters, the 

ANOVA technique was used [38]. The results of 

the ANOVA for mass are presented in Table 7. The 

main frame factor contributed the highest at 

82.59%, followed by the roll bar at 9.05%, the brake 

mount bracket at 2.19%, the steering column 

bracket at 2.12%, and the crossmember beam at 

1.68%. Other factors, such as the material, engine 

mount bracket, and transmission mount bracket, 

each contributed less than 1%, with a total 

contribution of 2.31%. Meanwhile, variables not 

examined in this study contributed 0.05% to the 

total variance. 

The results of the level-to-mass response 

analysis are presented in Table 8. The highest level 

difference value indicates that the factor 

significantly influences the output parameters [20]. 

 

 
Figure 3. FEA boundary conditions 
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Table 6. Static structural simulation results with S/N ratio 

Cycle Design Mass (kg) Safety Factor S/N Ratio Mass S/N Ratio Safety Factor 

1 2.7049 1.1808 -8.6430 1.4435 

2 3.7755 1.3509 -11.5395 2.6125 

3 4.7398 1.3568 -13.5152 2.6503 

4 4.7551 2.2992 -13.5432 7.2315 

5 5.3831 2.4539 -14.6206 7.7971 

6 5.4135 1.9386 -14.6696 5.7498 

7 6.5384 2.4005 -16.3094 7.6060 

8 6.7743 2.8738 -16.6173 9.1691 

9 6.3243 3.3489 -16.0202 10.4980 

10 4.2466 2.2353 -12.5608 6.9867 

11 3.5742 1.9489 -11.0636 5.7958 

12 3.8564 2.2269 -11.7236 6.9540 

13 5.2839 4.0447 -14.4591 12.1377 

14 5.689 3.196 -15.1007 10.0921 

15 5.2125 3.7718 -14.3409 11.5310 

16 7.2159 4.63 -17.1658 13.3116 

17 6.3871 5.5685 -16.1061 14.9148 

18 6.8288 4.0116 -16.6869 12.0664 

 

Table 7. ANOVA results for the S/N ratio at mass 

Source DF 
Seq  

SS 

Adj  

SS 

Adj  

MS 
F-Value P-Value Contribution 

Materials 1 0.7727 0.7727 0.7727 37.06 0.026 0.85% 

Main Frame 2 75.1469 75.1469 37.5735 1801.86 0.001 82.59% 

Crossmember Beam 2 1.5289 1.5289 0.7644 36.66 0.027 1.68% 

Roll Bar 2 8.2372 8.2372 4.1186 197.51 0.005 9.05% 

Steering Column Bracket 2 1.9274 1.9274 0.9637 46.22 0.021 2.12% 

Brake Mount Bracket 2 1.9949 1.9949 0.9974 47.83 0.020 2.19% 

Engine Mount Bracket 2 0.6677 0.6677 0.3339 16.01 0.059 0.73% 

Transmission Mount Bracket 2 0.6669 0.6669 0.3335 15.99 0.059 0.73% 

Residual Error 2 0.0417 0.0417 0.0209   0.05 

Total 17 90.9843     100% 

 

Table 8. Level response to mass 

Level Materials Main Frame Crossmember Beam Roll Bar 

1 -13.94 -11.51 -13.78 -13.29 

2 -14.36 -14.46 -14.17 -14.22 

3  -16.48 -14.49 -14.94 

Delta 0.41 4.98 0.71 1.65 

Rank 8 1 5 2 

Level Steering Column 

Bracket 

Brake Mount Bracket Engine Mount 

Bracket 

Transmission Mount 

Bracket 

1 -13.75 -13.70 -13.88 -13.91 

2 -14.16 -14.24 -14.25 -14.15 

3 -14.55 -14.50 -14.31 -14.38 

Delta 0.80 0.80 0.44 0.47 

Rank 3 4 7 6 

 

Based on the delta value of each factor, the main 

frame shows the highest value difference of 4.98, 

ranking first as the most influential factor on mass. 

The next factor is the roll bar with a delta value of 

1.65, followed by the steering column bracket and 

brake mount bracket, which have delta values of 

0.80 and are ranked third and fourth, respectively. 

The crossmember beam factor ranked fifth with a 

delta of 0.71, while the transmission mount 

bracket and engine mount bracket had less 
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influence with deltas of 0.47 and 0.44, ranking 

sixth and seventh. The material factor has the 

smallest delta value of 0.41, so it is ranked eighth. 

Based on the main effect graph shown in Figure 

4, the combination of using aluminum 6061-T6 

material on all parts of the chassis with a hollow 

profile wall thickness of 1 mm produces the 

highest Signal-to-Noise (S/N) ratio. This indicates 

the most optimal configuration for chassis design 

with the lowest mass. The ANOVA results in 

Table 7 indicate that the material factor accounts 

for 0.85% of the chassis design mass in this study. 

Although this value is relatively small, the 

material factor is still significant to consider in the 

context of chassis design optimization. 

Differences mainly influence this contribution in 

material density, where aluminum 7075-T6 has a 

density approximately 4% higher than aluminum 

6061-T6 in identical geometries, resulting in a 

greater total mass [39]. In addition, the ANOVA 

results indicate that the thickness of the main 

frame is the most significant factor influencing the 

chassis mass in this study, accounting for 82.59% 

of the total variation. This finding is consistent 

with the structural principle that increasing 

thickness directly increases material volume and 

mass, as emphasized in the ladder frame chassis 

design literature, which highlights thickness 

optimization as a key factor in achieving weight 

reduction while maintaining rigidity for vehicle 

stability [40]. The next factor is the roll bar, which 

contributes 9.05%, reflecting the mass penalty due 

to the addition of rollover protection elements, in 

line with commercial vehicle chassis optimization 

studies [41]. Meanwhile, other components such 

as the brake mount bracket, steering column 

bracket, and crossmember beam have a more 

minor but still significant effect on mass 

accumulation. 

The results of the ANOVA for safety factors are 

presented in Table 9. Based on the contribution 

analysis, the main frame factor contributed the 

most, 59.74%. The materials factor contributed 

34.34%, while the steering column bracket 

contributed 5.23%. The other factors, including 

the crossmember beam, roll bar, brake mount 

bracket, engine mount bracket, and transmission 

mount bracket, each contributed less than 0.50%. 

The results of the level-to-safety factor 

response analysis are presented in Table 10. Based 

on the delta value of each factor, the main frame 

shows the highest value difference of 6.854, 

ranking first as the most influential factor on the 

safety factor. The next factor is materials with a 

delta value of 4.337, followed by the steering 

column bracket and roll bar, which have values of 

2.039 and 0.576, ranking third and fourth, 

respectively. The brake mount bracket factor 

ranked fifth with a delta of 0.280, while the 

crossmember beam (delta 0.277) and transmission 

mount bracket (delta 0.185) ranked sixth and 

seventh. The engine mount bracket factor has the 

least influence, with a delta of 0.174, ranking 

eighth. 

 

 
Figure 4. Main effect graph for S/N ratio at mass 
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Table 9. ANOVA results for the S/N ratio at safety factor 

Source DF 
Seq  

SS 

Adj  

SS 

Adj  

MS 

F- 

Value 
P-Value Contribution 

Materials 1 84.639 84.639 84.6393 806270.43 0.000 34.34% 

Main Frame 2 147.234 147.234 73.6171 701272.96 0.000 59.74% 

Crossmember Beam 2 0.232 0.232 0.1160 1104.64 0.001 0.09% 

Roll Bar 2 1.024 1.024 0.5120 4877.35 0.000 0.42% 

Steering Column Bracket 2 12.885 12.885 6.4425 61371.34 0.000 5.23% 

Brake Mount Bracket 2 0.235 0.235 0.1173 1117.31 0.001 0.10% 

Engine Mount Bracket 2 0.094 0.094 0.0472 449.79 0.002 0.04% 

Transmission Mount Bracket 2 0.104 0.104 0.0520 495.80 0.002 0.04% 

Residual Error 2 0.000 0.000 0.0001    

Total 17 246.448     100% 

 
Table 10. Level response to safety factor 

Level Materials Main Frame Crossmember Beam Roll Bar 

1 6.084 4.407 8.120 8.569 

2 10.421 9.090 8.397 8.196 

3  11.261 8.242 7.993 

Delta 4.337 6.854 0.277 0.576 

Rank 2 1 6 4 

Level Steering Column 

Bracket 

Brake Mount 

Bracket 

Engine Mount 

Bracket 

Transmission Mount 

Bracket 

1 7.126 8.395 8.349 8.166 

2 8.468 8.248 8.233 8.351 

3 9.164 8.115 8.175 8.241 

Delta 2.039 0.280 0.174 0.185 

Rank 3 5 8 7 

 

Meanwhile, the main effect graph shown in 

Figure 5 indicates the highest S/N ratio for the 

safety factor obtained by combining the use of 

aluminum 7075-T6 material on all chassis parts, 

including a hollow profile with a 3 mm wall 

thickness on the main frame and steering column 

bracket. And with a hollow profile wall thickness 

of 2 mm in the crossmember beam and 

transmission mount bracket. For the roll bar, 

brake mount bracket, and engine mount bracket, 

a 1 mm hollow profile wall thickness is sufficient. 

The combination of chassis design is the optimum 

condition to achieve the highest safety factor. The 

ANOVA results in Table 9 indicate that main 

frame thickness is the dominant parameter 

influencing the chassis safety factor, contributing 

59.74% of the variance, followed by material 

selection at 34.34%. Collectively, these two factors 

account for over 94% of the response variation, 

underscoring their critical role in structural 

integrity. Thickening the main frame enhances 

stiffness and load-bearing capacity, thereby 

preventing stress concentrations, while selecting 

aluminum 7075-T6, which has a superior yield 

strength compared to aluminum 6061-T6, safety 

margins are inherently increased. The steering 

column bracket contributes 5.23% to the variance, 

as in the chassis design of this study, it functions 

as a fixed support for the knuckle arm mounting, 

making it susceptible to local stress peaks during 

dynamic loading. Optimizing this area is very 

crucial to prevent local failures. These results align 

with literature emphasizing the combined 

importance of material strength and frame 

geometry in enhancing chassis rigidity and safety, 

and the critical role of load transfer interfaces in 

preventing localized failure [39], [42]. 

 

3.3. Multi-Objective Optimization 

The selection of the Pareto Optimal front 

method in this study is based on the complexity of 

the chassis design which involves two conflicting 

objectives, minimizing mass and maximizing the 

safety factor. Unlike single-objective optimization, 

which yields only a single solution, multi-

objective design optimization approaches enable  
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Figure 5. Main effect graph for S/N ratio at safety factor 

 

the exploration of non-dominated solutions that 

are more representative of design compromises 

[43]. All these multi-objective design optimization 

solutions are collectively known as Pareto 

Optimal, and the path connecting these solutions 

in the search space is called the Pareto front [44], 

[45]. The selection of the optimal result of chassis 

design by this Pareto Optimal front method 

ensures the design decision is more holistic, data-

driven, and follows modern structural 

optimization principles. 

Figure 6 shows the Pareto front plot of the 

relationship between mass parameters and safety 

factor for each combination of chassis designs in 

this study. The red data points represent the 

optimal solution set for the chassis design in this 

study. This set of solutions represents the best 

compromise without sacrificing any of the 

parameters to the extreme. Mass minimization is 

a crucial aspect in high-efficiency or energy-

efficient vehicles as it directly reduces energy 

consumption and improves the system's 

acceleration performance and dynamic efficiency 

[46], [47]. Decreased energy consumption also 

contributes to reducing carbon emissions [48]. On 

the other hand, a minimum safety factor of 1.5 is 

used as a safe threshold to ensure tolerance to load 

variations, material uncertainties, and unexpected 

operational conditions that are common in 

dynamic environments [49], [50], [51]. 

Therefore, the optimal design selection in this 

study is based on a compromise point that 

minimizes mass while still meeting the minimum 

safety factor requirement of 1.5 or greater. Cycle 

Design 11 was selected as the optimal result in this 

study, and this chassis design combination has a 

mass of 3.5742 kg with a safety factor of 1.9489. 

The selected chassis design exhibits an increase in 

safety factor of up to 0.7681 compared to the 

baseline (Cycle Design 1), resulting in a 

corresponding increase in mass of 32.13%. In 

vehicle design, structural safety priorities often 

favor increased strength even at the expense of 

some weight efficiency, especially for applications 

that require higher resistance to dynamic or shock 

loads [52], [53], [54]. 

 

3.4. FEA Analysis Cycle Design 11 

FEA results in Cycle Design 11 aim to evaluate 

significant structural performance based on safety 

factor, equivalent stress, and total deformation 

parameters to ensure the design meets technical 

 

 
Figure 6. Plot pareto front 
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and functional criteria [55], [56]. Based on Figure 

7, the chassis design yields a minimum safety 

factor of 1.9489, indicating that the chassis 

structure can withstand loads without failure, in 

accordance with design principles that 

prioritizestructural integrity and safety [13]. The 

use of Equivalent (von Mises) Stress analysis in 

FEA to evaluate structural performance is based 

on Distortion Energy Theory, which states that 

failure of ductile materials occurs when the 

distortion energy reaches a critical value, as in 

the one-way tensile test. Equivalent (von Mises) 

Stress is a failure criterion that considers the 

combined effect of principal stresses in three 

directions under various complex loading 

conditions in numerical simulations [57], [58]. 

Based on Figure 8, the analysis results show a 

maximum stress of 81.586 MPa, well below the 

yield strength (503 MPa) and ultimate tensile 

strength (572 MPa) of the aluminum 7075-T6 

material. These results indicate that the chassis 

structure is operating within elastic limits and is 

safe against the risk of permanent deformation or 

material failure [59]. Figure 9 shows the 

maximum deformation value of 1.5141 mm, 

which occurs in the negative direction of the Y 

axis of the chassis design. This indicates the 

degree of flexure or deflection of the chassis 

structure against vertical loads such as the mass 

of the driver and vehicle components. Significant 

structural deflection can lower the natural 

frequency of the chassis and trigger resonance 

due to excitation from the road surface, 

negatively affecting vehicle comfort, stability, 

and efficiency [60]. In contrast, low vertical 

deformations, as in these results, reflect good 

structural performance and support the vehicle's 

dynamic stability. 

 

 
Figure 7. Safety factor cycle design 11 

 

 
Figure 8. Equivalent stress cycle design 11

http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index


© Dharma Maheswara et al. 

Automotive Experiences  364 
 

 
Figure 9. Total deformation cycle design 11

 

4. Conclusion 

This study successfully integrated DoE, FEA, 

and ANOVA to optimize the design of a light 

vehicle chassis. The primary objective was to 

achieve an optimal balance between mass 

efficiency and structural safety while ensuring 

overall chassis integrity under operational loads. 

FEA simulations demonstrated that the selected 

optimal chassis configuration, Cycle Design 11, 

achieved a minimum safety factor of 1.9489, 

representing an increase of 0.7681 compared to the 

baseline design (Cycle Design 1). The 

corresponding chassis mass is 3.5742 kg, reflecting 

a 32.13% increase from the baseline, which is 

considered acceptable given the improved 

structural robustness. The maximum stress was 

81.586 MPa, well below the yield and ultimate 

tensile strengths of aluminum 7075-T6, 

confirming elastic behavior under load. 

Meanwhile, the maximum deformation reached 

1.5141 mm along the negative Y-axis, indicating 

that the chassis can sustain vertical loads without 

significantly impacting stability or dynamic 

performance. Using a multi-objective 

optimization approach and Pareto front analysis, 

the study identified a set of compromise solutions 

that balance mass minimization with a safety 

factor above the recommended threshold of 1.5. 

Cycle Design 11 represents the most favorable 

compromise, ensuring adequate structural safety 

without excessive mass penalty. This optimization 

highlights the importance of material selection 

and thickness variation, as demonstrated by 

Taguchi methods and ANOVA, in influencing 

chassis performance. Overall, this work provides 

a comprehensive approach to light vehicle chassis 

design, combining advanced simulation 

techniques with experimental design 

methodologies. The findings offer valuable 

insights for future energy-efficient vehicle 

development, demonstrating that chassis designs 

can be optimized to maintain safety and structural 

integrity while improving efficiency and reducing 

environmental impact. 
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