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Abstract — Reducing the weight of control arms used in automotive suspension systems is a critical R&D
topic in terms of fuel consumption, emissions, and raw-material cost reduction. In this study, a control
arm currently produced through a combined casting and forging process has been redesigned through a
methodology consisting of reverse engineering, 3D (GOM) optical scanning, CAD remodeling, finite
element method (FEM) and topology-based structural optimization, with the goal of switching to a single-
step casting process. Stress distribution of the reference design was analyzed under an initial load of
6,751 N at a 25° angle with a stepwise load increase to identify critical regions. Connection interfaces
(ball-joint and bushing) were kept fixed; central hole and body wall thicknesses were optimized
considering manufacturability constraints (mold suitability, flow). Two spheroidal-graphite cast iron
alternatives, GGG60 and GGG70, were compared under fatigue test scenarios. In the optimized design,
part weight was reduced from 7.036 kg to 5.414 kg (—23.06%; —1.622 kg per part), maximum stress
decreased from 356 MPa to 284 MPa (—20.2%), and the critical region was relocated near the ball-joint.
Both material alternatives satisfied the 1,000,000-cycle dynamic test criterion. Based on annual volumes
and raw material costs, a significant cost advantage is achieved through material substitution alone.
Furthermore, replacing multi-stage processes with a single casting method streamlines the production
flow. The synergy between raw material savings and process optimization creates a sustainable net
financial improvement. The methodology is scalable to the company's other OEM control arm families,
providing an innovative design framework beyond the conventional copy-and-produce approach.

Keywords — Control arm, topology optimization, finite element method, GGG60, GGG70, spheroidal-graphite cast iron,
fatigue strength

I. INTRODUCTION

Weight reduction in the modern automotive industry is a design discipline that simultaneously addresses
CO: emission targets, electric-vehicle range, driving dynamics and material costs. Suspension systems
constitute a significant portion of the vehicle's unsprung mass; therefore, weight improvements achieved
on suspension components such as control arms have noticeable effects on road holding, braking distance
and ride comfort [1], [2].
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A control arm is a critical structural element that connects the wheel to the chassis through two bushings
and one ball-joint, transferring dynamic loads originating from road irregularities to the suspension
spring. In MacPherson, double-wishbone and multi-link suspension architectures, control arms are
produced via stamping, casting or forging methods using steel- or aluminum-based materials. The
selection of the production method is determined by the balance between stress distribution, fatigue
strength, cost and serial manufacturability [3], [4].

The most common approach followed by Turkish supplier-industry companies when fulfilling OEM
(original equipment manufacturer) orders is to convert the existing original part into three-dimensional
mesh data via methods such as GOM optical scanning and to recreate the CAD geometry by referencing
this mesh data. While this approach shortens lead time, it imposes a ceiling on raw-material efficiency
and cost competitiveness because no original structural improvement is introduced into the geometry. A
significant portion of the weight-reduction studies in the literature have been carried out purely through
material substitution (e.g., from steel to aluminum or composite); geometry- and topology-based design
changes have remained comparatively limited [1], [5].

The present study addresses this gap by developing a geometry- and topology-optimization
methodology that reduces the weight of a control arm currently produced through combined casting and
forging, while preserving its mechanical strength and keeping mounting interfaces unchanged. The
original aspects of the work can be summarized as follows: (i) iterative finite-element-driven topology
optimization integrated into the reverse engineering steps, (ii) comparison of GGG60 and GGG70
spheroidal-graphite cast iron alternatives in terms of dynamic fatigue and stress, (iii) process
simplification and cost improvement obtained by replacing the casting, forging and heat-treatment steps
with a single casting process, and (iv) transformation of the resulting methodology into a corporate design
guideline.

The remainder of the paper is organized as follows. Section II presents the materials used (sample part,
materials, software, hardware) and the four-work-package methodology in detail. Section III contains the
finite element results of the reference and optimized designs, weight and cost improvements, and the
GGG60-GGGT70 fatigue comparison. Section IV compares the findings with the literature and industrial
practice; Section V presents conclusions and proposed future work.

1. MATERIALS AND METHODS

The work was carried out in four work packages: (i) literature review and part selection, (i1) 3D
scanning, CAD remodeling and reference analysis, (iii)) geometry/topology optimization and
manufacturability control, and (iv) verification, prototype planning and corporate methodology.

A. Study Component and Reverse Engineering

A passenger-car suspension control arm currently produced through a combined casting-and-forging
route was selected as the study part. The part connects to the chassis and the axle structure through two
bushings and one ball-joint interface; in the existing production line it is manufactured via a combination
of casting + forging + heat treatment + machining. To obtain a geometric digital twin of the reference
part, a GOM optical scanning system was used; the resulting mesh data, after alignment and repair steps,
was transferred to the CAD environment for parametric remodeling. Figure 1 presents the CAD views of
the reference and optimized designs.
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Figure 1. CAD views of the reference (current) and optimized (new) designs of the control arm considered in this study.

B. Finite Element Model and Loading Conditions

In the finite element model, 4-node tetrahedral elements were used; mesh density was increased in the
critical regions. The loading scenario represents a quasi-static case derived from previous vehicle-
underbody load calculation projects performed at the AYD R&D Center: a force of 6,751 N was applied
along an orientation forming a 25° angle between the part's long axis and the horizontal plane. As
boundary conditions, fixed constraints were defined at the two bushing interfaces, and degrees of freedom
parallel to the load directions were defined at the ball-joint region. Figure 2 shows the FEA inputs.

Figure 2. Inputs used in the finite element analysis.

278



International Journal of Advanced Natural Sciences and Engineering Researches

C. Topology and Geometry Optimization

Using the stress map obtained from the reference analysis, the low-stress-density volumetric regions
were identified as candidate areas for material removal. In the topology optimization [6], weight
minimization was defined as the objective function, while the constraint was that the maximum
equivalent (von Mises) stress should remain below 70% of the material's yield strength. The continuous
density distribution obtained as the output was projected onto parametric design variables considering
manufacturability constraints (mold-opening direction, casting flow channels, minimum wall thickness);
the central hole and body wall thicknesses were increased to strengthen the hot-spot regions. Figure 3
shows the design difference at the central hole, and Figure 4 shows the thickness difference at the body
and hole-edge wall. In the previous design, since the forging operation was applied after casting, the core
regions had been left solid. In the new design, taking advantage of single-step casting, the core voids in
the bushing region have been opened to improve weight. This design difference is shown in Figure 5.

Mevcut Tasarim Optimize Tasarim

Figure 3. Design differences at the central hole.

Mevcut Tasarim Optimize Tasarim

Figure 4. Design difference in the body and hole-edge wall thickness.
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Figure 5. Design difference of the core voids.

D. Manufacturability Assessment: G28Mn6, GGG60 and GGG70

In place of the casting + forging + heat-treatment steps in the current production line, a single casting
process is foreseen; in this scope, two spheroidal-graphite cast iron alternatives (GGG60 and GGG70) [7]
were evaluated. For both materials, yield strength, tensile strength, elongation and fatigue limit values
were taken from literature references and casting-supplier certificates and fed into the FEM model. Figure
6 shows the etched microstructure analysis of the G28Mn6 material, and Figure 7 shows that of GGG70.

100X |

Figure 6. Etched microstructure analysis of the G28Mn6 material.

E. Dynamic Fatigue Verification

For the dynamic-strength verification of the optimized design, a 1,000,000-cycle target fatigue-test
scenario [8] was simulated under constant-amplitude (R=-1) and stepwise-load-increase variants. The
Goodman and Soderberg approaches were used to obtain damage-accumulation (Miner) estimates for the
GGG60 and GGGT0 alternatives.

1. RESULTS

In the reference part analysis, the maximum equivalent stress was obtained as 356 MPa in the bridge
region between the central hole and the bushing. This value corresponds to approximately 63% of the
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yield strength of the GGG70 alternative, indicating that the existing design carries an excessive safety
margin (over-design).

In the design obtained after topology and geometry optimization, the maximum equivalent stress
decreased to 284 MPa (—20.2%); the critical region was relocated to the transition area near the ball-joint
thanks to the central-hole reinforcement. This change made the stress distribution more homogeneous and
reduced the risk of local accumulation. The stress distributions are shown in Figure 8.

The part weight was reduced from the reference value of 7.036 kg to 5.414 kg, corresponding to an

improvement of 1.622 kg per part and —23.06%. Table 1 summarizes the main performance indicators of
the reference and optimized designs.

Table 1. Comparison of the reference and optimized control arm designs

Parameter Reference Optimized
Weight (kg) 7,036 5,414 (—%23,06)
Maximum equivalent stress (MPa) 356 284 (—%20,2)
Critical region location Central hole — bushing bridge Transition near ball-joint
Production process Casting + Forging + Heat treatment Single casting + machining
+ machining
1,000,000-cycle fatigue v (G28Mn6) v (GGG60 ve GGG70)
Tensile strength (MPa) 910 817
Yield strength (MPa) 652 460
Elongation % 20 8
Hardness (HB) 252 284

©
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Figure 8. Effect of the current and optimized designs on the stress field.

4. GGG60 and GGG70 Fatigue Comparison

In the fatigue analyses performed with the GGG60 and GGG70 alternatives of the optimized design,
both materials successfully satisfied the 1,000,000-cycle dynamic test criterion. While the GGG70
alternative offers a higher safety margin, the GGG60 alternative provides a more suitable balance for pre-
series production in terms of supply cost and castability. The analysis results are shown in Figure 9.
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Figure 9. Von Mises stress distributions obtained at 1,000,000 cycles for GGG60 (left) and GGG70 (right) material

alternatives.

Figure 10 shows the front-face comparison of the GGG60 and GGG70 designs. In the GGG60 design, the
local safety margin has been increased by approximately 1 mm at the radius transitions compared with
GGG70. Figure 11 shows the rear-face comparison of the GGG60 and GGG70 designs. The 1 mm wall
difference in the central area and radius regions has been increased in GGG60 with respect to GGG70 in

order to balance castability and fatigue behavior.

I

Figure 11. Rear-face comparison of the GGG60 and GGG70 designs.
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B. Cost and Production Efficiency Impact

Eliminating the casting, forging and heat-treatment steps in favor of a single casting process provides (i)
shorter cycle time, (ii) reduced energy consumption, (iii) decreased intermediate-stock and in-line
transport requirements, and (iv) reduced raw-material consumption. Considering the annual production
volume and raw-material unit costs, even material substitution alone yields a notable cost advantage.

Furthermore, the complete elimination of casting, forging and heat-treatment operations significantly
increases process efficiency; the combination of raw-material savings and process optimization is
expected to provide a permanent and net financial gain to the company.

1v.DISCUSSION

The results obtained show that geometry- and topology-based optimization can yield higher weight
savings on automotive suspension components than approaches relying solely on material substitution.
While Hirsch [1] reports that multi-material body-in-white approaches in automotive light-weighting can
deliver weight reductions of up to 34%, the present study achieves a 23% weight reduction while
remaining within the existing cast-material family, underscoring how valuable a leverage geometry
optimization can be.

The reduction of the maximum stress from 356 MPa to 284 MPa and the relocation of the critical region
to the transition near the ball-joint demonstrate that topology optimization is not merely about removing
material, but also involves consciously redesigning the stress flow path. This approach is consistent with
the load-path-based optimization framework proposed by Schramm and colleagues [2] for automotive
components.

Eliminating the casting + forging + heat-treatment steps in favor of a single casting process not only
provides direct cost gains in the part but also contributes to the company's sustainability indicators
through line simplification and energy savings. The fact that both GGG60 and GGG70 alternatives satisfy
the 1,000,000-cycle criterion offers flexibility (dual-sourcing) against supply-chain risks.

A limitation of the study is that the verification has been primarily simulation-based. Following
prototype production, real mechanical and dynamic test data are planned to be obtained on the vehicle-
underbody load simulation line at the AYD R&D Center; the experimental results obtained are intended
to be presented in a future version of this paper. In addition, generalizing the developed methodology to
other control arm and suspension component families and converting it into a corporate design manual are
among the topics being studied.

v. CONCLUSIONS

In this study, the redesign of an OEM suspension control arm through reverse engineering, finite
element analysis and topology-based optimization has been presented. The main findings can be
summarized as follows:

* The part weight was reduced from 7.036 kg to 5.414 kg (—23.06%); the OEM mounting interfaces
were not modified.

* The maximum equivalent stress decreased from 356 MPa to 284 MPa (—20.2%); the critical region
was relocated from the central-hole—bushing bridge to the transition area near the ball-joint.

* The 1,000,000-cycle dynamic test criterion was met for both the GGG60 and GGG70 alternatives;
both materials were found suitable.

* The substitution of casting, forging and heat-treatment processes with a single casting method
streamlines the production workflow. This transition, combined with material efficiencies, is projected to
yield a significant net annual cost improvement based on the current production scale.

* The developed geometry- and topology-optimization methodology is scalable to the company's other
suspension components and is being institutionalized as a national-level innovative design framework.

Future work includes prototype production, dynamometer tests under actual vehicle-underbody load
conditions, evaluation of aluminum-based alternatives in addition to GGG, and integration of the
methodology into the in-house design manual.
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