Journal of the Korean Crystal Growth and Crystal Technology p-ISSN 1225-1429
Vol. 35, No. 4 (2025) 165-175 e-ISSN 2234-5078
https://doi.org/10.6111/JKCGCT.2025.35.4.165

Composite material application and shape optimization design of electric
mobility steering knuckles

Joon Hwang'’, Hyun Yong and Seung-Woo Ra™

Department of Aeronautical and Mechanical Design Engineering, Korea National University of Transportation, Chungju 27469,
Korea

*Department of Secondary Battery Engineering, Korea National University of Transportation, Chungju 27469, Korea

(Received December 12, 2025)
(Revised December 15, 2025)
(Accepted December 15, 2025)

Abstract This study aimed to reduce the weight and improve the performance of an electric vehicle (EV) front axle
knuckle by utilizing topology optimization using CFRP materials. Aluminum alloy-based steering knuckles are currently
used in major vehicle models production. To further improve the energy efficiency and maneuverability of electric vehicles
and reduce unsprung mass, CFRP composites material change and finite element analysis and topology optimization
technology were applied to predict weight loss and performance of the front steering knuckle carriers. Through the
application of composite materials and the optimal design, we achieved a weight reduction of about 50.7 % compared to
the existing aluminum alloy steering knuckle products. From the analysis results under various load conditions (static
loading, driving, braking, cornering), it was found that the shape of the CFRP steering knuckle can improve stress
distribution and demonstrate excellent safety while maintaining high rigidity and stability. In addition, it is expected that
this weight reduction will be applied to contribute to the improvement of vehicle energy efficiency and driving
performance. We intend to apply these research results to the industrial field and use them as technical data for the
development of new product concepts.
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Fig. 1. Front Axle Knuckle (Hyundai Genuine OEM 51710AR500
Front Axle 4WD Knuckle LH for GENESIS GV70 EV 2022~
2024).
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Fig. 2. Composite material with fiber arrangement laminated
by angle.

Table 1
Material properties of uni-directional ply
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Table 2

Material properties of the initial laminated CFRP
E, (MPa) E, (MPa) E; (MPa)
51,735 51,735 12,008
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Fig. 3. Genesis electrified GV70 specifications.
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Fig. 4. Topology optimization process example (resource : altair.com).
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Fig. 5. Boundary and load conditions of front axle knuckle.

Table 3
Load conditions by front axle knuckle part
Load X-axis Load (N) Y-axis Load (N) Z-axis Load (N)
Ass’y Part
Upper Arm -2,191.32 —1,982.29 25,984.07
Lower Arm —8,765.28 —4,625.4 25,984.07
Wheel Hub —-10,957.6 0 51,968.13
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Table 4
Mechanical properties of three different materials

Material Densrgy Young’s Modulus Shear Modulus Poisson’s ratio
(kg/m”) E (MPa) G (MPa) v
Steel 7,850 210,000 81,200 0.3
Aluminum 2,700 70,000 26,000 0.33
=51735 G12=19935 0.298
CFRP 1,640 E2=51735 G21 =4058 0.298
E3 =12008 G31=4058 0.062
Table 5 YR AP AR AoH6T) Table 59}
Yield strength and failure strain of three different material B3low AEoA] T RS oZsly ARE
bl h
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Almnum 280 e Hlsle] FRgo] vk He WRE Fsa g Wrker
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Fig. 6. Comparison of total deformation in front axle knuckles w.r.t. three different materials.

2972208 Min

(a) Steel (b) Aluminum (¢) CFRP

Fig. 7. Comparison of equivalent elastic strain in front axle knuckles w.r.t. three different materials.
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(a) Steel (b) Aluminum (¢) CFRP

Fig. 8. Comparison of equivalent stress in front axle knuckles w.r.t. three different materials.

(a) Steel (b) Aluminum (c¢) CFRP

Fig. 9. Comparison of safety factor in front axle knuckles w.r.t. three different materials.

Table 6

FEM analysis results of front axle knuckle w.r.t. three different materials
Analysis results Steel Aluminum CFRP
Weight (Kg) 10.12 3.57 2.11
Total Deformation (mm) 0.053 0.15 0.37
Equivalent elastic strain (Max) 0.00083 0.0024 0.0057
Equivalent stress (MPa) 148.29 151.67 239.77
Safety Factor(Min) 1.69 1.85 345
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Table 7
SIMP phase optimization parameter setting

Reload Volume Analysis

Reload Volume Fraction oft

Definition

Maximum Number Of Iterations 500

Minimum Normalized Density 1.e-003
Convergence Accuracy 0.1%

Initial Volume Fraction Program Controlled

Penalty Factor (Stiffness) 3

Region of Manufacturing Constraint Include Exclusions
Region of Min Member Size Include Exclusions
Region of AM Overhang Constraint Exclude Exclusions
Filter Program Controlled

Solver Controls

Solver Type Program Controlled
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Fig. 10. Topological optimization region definition for front axle knuckle.
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Table 8
Topology optimization cases studies conditions for front axle knuckle
Topology optimization conditions Mass of
Optimization Percentage Minimum Optimization
Case  Exclusion to Retain Member Objective results of
Region (OER)  Mass (PRM)  Size (MMS)  function front axle
(EA) (%) (mm) knuckle (Kg)
1 22 50 20 Minimize compliance and mass 1.14
2 22 50 20 Minimize compliance and mass, Limit to equivalent stress ~ 1.13
3 28 70 20 Minimize compliance and mass, Limit to equivalent stress ~ 1.47
4 31 70 20 Minimize compliance and mass, Limit to equivalent stress ~ 1.52
5 31 30 20 Minimize compliance and mass, Limit to equivalent stress ~ 0.92
6 25 45 20 Minimize compliance and mass, Limit to equivalent stress ~ 1.096
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Fig. 11. Comparison of front axle knuckle design change (a) original knuckle shape, (b) Re-designed knuckle shape.
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(b) Re-designed front axle knuckle
using CFRP material
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Fig. 12. Total deformation of Re-design CFRP front axle
knuckle.
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Fig. 13. FEM analysis results of in Re-designed CFRP front axle knuckles reflecting topology optimization simulation results and
manufacturing process.

Table 9

Comparison of FEM analysis results between the Original front axle knuckle, Before optimization and the Final Re-designed optimized

front axle knuckle

Analysis results Origingl knuckle Before Optimization Re-designed optimized
(Aluminum) (CFRP) knuckle (CFRP)

Weight (kg) 3.57 2.11 1.76

Total Deformation (mm) 0.15 0.37 0.28

Equivalent stress (MPa) 151.67 239.77 112.1

Safety Factor 1.85 3.45 3.77
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7.4 B
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