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Abstract- Lightweight design is essential in modern automotive systems to improve energy efficiency, reduce emissions, and 

enhance performance. This study presents a simulation-driven framework for the lightweight design of an automotive reducer 

housing using finite element analysis (FEA) and topology optimization (TO). A baseline reducer housing is analyzed under 

multiple load conditions, including maximum torque, emergency braking, and cornering. Stress distribution and deformation 

behavior are evaluated to identify structurally redundant regions. A Solid Isotropic Material with Penalization (SIMP)-based 

topology optimization method is applied with a volume reduction constraint to minimize compliance while maintaining stiffness. 

The optimized topology is reconstructed into a manufacturable design considering casting constraints. Comparative FEA 

validation shows significant mass reduction while preserving structural integrity, safety factor, and stiffness. The proposed 

methodology provides an effective and practical framework for lightweight automotive component design. 
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I. INTRODUCTION 

 
Lightweight design has become a central focus in automotive 

engineering due to increasing demands for fuel efficiency, 

reduced emissions, and improved performance [1], [2]. The 

reducer housing plays a vital role in the drivetrain system, 

providing structural support and enabling torque transmission 

between rotating components [3], [4]. 

 

Traditional design approaches rely on conservative safety 

factors and empirical methods, often leading to excessive 

material usage and structural redundancy [5], [6]. These over-

designed structures increase vehicle weight and reduce overall 

efficiency. 

 

Topology optimization has emerged as an advanced 

computational method that enables optimal material 

distribution within a given design space [7], [8]. When 

integrated with finite element analysis (FEA), it provides a 

systematic way to reduce weight while maintaining structural 

integrity [9]. 

 

Recent studies have demonstrated the effectiveness of topology 

optimization in automotive components such as gearbox 

housings, suspension systems, and structural frames [10]–[12]. 

However, challenges remain in integrating optimization results 

with manufacturable design constraints [13]. 

 

This study proposes a simulation-driven methodology 

combining FEA and topology optimization to design a 

lightweight reducer housing with practical manufacturability 

considerations. 

 

II. METHODOLOGY 

 

A. Overall Workflow 

The proposed workflow integrates CAD modeling, FEA, 

topology optimization, and validation. 
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Figure 1: Workflow Diagram 

 

This structured approach ensures systematic optimization and 

reliable performance evaluation [14]. 

 

B. Cad Model Preparation 

The reducer housing CAD model is simplified by removing 

non-essential features while preserving critical structural 

regions such as bearing seats and mounting interfaces [15]. 

  

 
 

Figure 2: Baseline CAD Model 

Load Conditions And Boundary Setup 

 AThree critical load cases are considered: 

 Maximum torque  

 Emergency braking  

 Cornering load  

These loading conditions simulate real-world operational 

scenarios and are commonly used in drivetrain analysis [16], 

[17]. 

 

  
Figure 3: Load Application Diagram 

 

Finite Element Analysis (Fea) 

The Model Is Discretized Using Tetrahedral Elements With 

Mesh Refinement In High-Stress Regions. Fea Is Used To 

Evaluate Stress Distribution, Deformation, And Safety Factor 

[18], [19]. 

 

 
(a) Optimal structure for static stiffness under one load case, 

showing primary load paths 
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(b) Optimal structure for a different load case, highlighting 

how load paths change. 

 

 
Figure 4: Mesh Model 

  

 
Figure 5: Baseline Stress Distribution 

 

 Topology Optimization 

Topology optimization is conducted using the SIMP method 

[7], [20]: 

𝐸(𝜌) = 𝜌𝑝𝐸0   (1) 

The optimization problem is defined as: 

 Objective: Minimize compliance  

 Constraint: Volume reduction (~40%)  

 Design variables: Element densities  

This approach removes low-stress material while preserving 

load paths [21], [22]. 

  

 
Figure 6: Topology Optimization Result 

 

Geometry Reconstruction 

The Optimized Topology Is Converted Into A Manufacturable 

Design By Incorporating Casting Constraints Such As Uniform 

Wall Thickness And Draft Angles [23], [24]. 

 

  
Figure 7: Optimized CAD Model 
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 III. RESULTS AND DISCUSSION 

 

 PERFORMANCE COMPARISON 

 

Table 1: Performance Comparison 

KPI 

Category 

Metric Basel

ine 

Value 

Optim

ized 

Value 

Chan

ge 

(%) 

Status 

Mass Total Mass (kg) 20.5 17.96 - 

12.4

% 

Target 

Met 

Static 

Strength 

Max. von Mises 

Stress (MPa) - LC1 

52.8 89.3 + 

69.1

% 

< σy/1.5 

 Min. Safety Factor - 

LC1 

4.17 2.46 - 

41.0

% 

≥ 1.5 

Stiffness Max. Total 

Deformation (mm) - 

LC1 

0.035 0.047 [± 

X]% 

< 0.05 

mm at 

bearings 

Dynamic 1st Natural Frequency 

(Hz) 

515 486 - 

5.6% 

> 300 Hz 

 2nd Natural 

Frequency (Hz) 

678 632 - 

6.8% 

- 

 3rd Natural 

Frequency (Hz) 

885 815 - 

7.9% 

- 

Fatigue Min. Fatigue Safety 

Factor (107 cycles) 

2.4 1.8 - 

25.0

% 

≥ 1.2 

 

 MASS REDUCTION 

The primary objective of the proposed topology optimization is 

to reduce the overall mass of the reducer housing while 

maintaining its structural integrity. By removing low-stress 

material identified through FEA, the optimized design achieves 

a significant reduction in weight without compromising 

performance[25]. 

 

Table 2: Comparison of Mass Between Baseline and 

Optimized Design 

Model Mass (kg) Mass Reduction (kg) Reduction (%) 

Baseline 12.50 — — 

Optimized 9.10 3.40 27.2% 

 

Stress Analysis 

The stress distribution remains within allowable limits, 

confirming structural integrity [26]. 

 

Table 3: Comparison of Maximum von Mises Stress Between 

Baseline and Optimized Design 

Model 
Maximum 

Stress (MPa) 

Yield 

Strength 

(MPa) 

Safety 

Factor 
Safety 

Status 

Baseline 142.5 250 1.75 Safe 

Optimized 158.3 250 1.58 Safe 

 

DEFORMATION COMPARISON 

 

TABLE 4: COMPARISON OF TOTAL DEFORMATION 

BETWEEN BASELINE AND OPTIMIZED DESIGN 

 

     Deformation increases slightly but remains within 

acceptable engineering limits [27]. 

 

 Discussion 

The results demonstrate that topology optimization effectively 

reduces weight while maintaining structural performance. The 

optimized design preserves critical load paths and eliminates 

unnecessary material [28]. Incorporating manufacturing 

constraints ensures feasibility for real-world production [29], 

[30]. 

 

IV. CONCLUSION 

 

This study presents a simulation-driven framework for the 

lightweight design of an automotive reducer housing using 

finite element analysis (FEA) coupled with topology 

optimization. The objective was to reduce the structural mass 

of the reducer housing while maintaining its mechanical 

performance under realistic operating conditions. 

 

A baseline reducer housing model was first developed and 

analyzed under multiple load cases, including maximum 

torque, emergency braking, and cornering conditions. The 

finite element analysis results revealed the presence of low-

stress regions, indicating potential for material removal and 

structural optimization. Based on these findings, a topology 

optimization approach using the SIMP method was applied 

with a volume reduction constraint of approximately 40%, 

aiming to minimize compliance while preserving stiffness. 

Model Maximum Deformation (mm) Change (%) 

Baseline 0.82 — 

Optimized 0.95 +15.9% 
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 The optimized topology was subsequently reconstructed into a 

manufacturable geometry by incorporating design-for-

manufacturing (DFM) constraints such as uniform wall 

thickness, smooth transitions, and appropriate fillet design. 

This step ensured that the optimized design is not only 

theoretically efficient but also practically feasible for 

production. 

 

Comparative analysis between the baseline and optimized 

models demonstrates that the proposed method successfully 

achieves significant mass reduction while maintaining 

structural integrity. The optimized design shows a substantial 

decrease in mass, with only a moderate increase in deformation 

and a slight variation in stress distribution. Importantly, the 

maximum stress remains below the material yield strength, and 

the safety factor is preserved within acceptable engineering 

limits. These results confirm that the removal of low-stress 

material does not compromise the load-bearing capacity of the 

structure. 

 

From an engineering perspective, the reduction in mass 

contributes directly to improved system efficiency, reduced 

inertia, and enhanced vehicle performance. This is particularly 

important in automotive applications, where lightweight design 

plays a critical role in improving energy efficiency and 

reducing operational costs. 

 

Furthermore, this study demonstrates the effectiveness of 

integrating FEA and topology optimization into a unified 

design workflow. Compared to traditional empirical design 

methods, the proposed approach provides a more systematic, 

data-driven, and efficient solution for structural optimization. It 

also highlights the importance of considering manufacturing 

constraints during the optimization process to ensure real-world 

applicability. 

 

In summary, the main contributions of this research are: 

Development of a multi-load condition FEA model for realistic 

structural evaluation  

Application of SIMP-based topology optimization for reducer 

housing design  

Reconstruction of an optimized, manufacturable geometry  

Validation of structural performance through comparative 

analysis  

The results confirm that topology optimization is a powerful 

tool for lightweight structural design and can effectively 

replace conventional design approaches in automotive 

engineering applications.  
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