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Abstract. Energy-efficient prototype vehicles must combine ultra-low mass with precise, reliable steering. This work reports the design, simulation, fabrication, and testing of a lightweight rack-and-pinion steering system for a single-seat KMHE prototype. Candidate mechanisms were screened for precision, packaging, and mass; the selected layout was modeled in CAD and verified by linear static FEA with documented loading, boundary conditions, and mesh convergence. The assembled system weighs 3.74 kg, delivers an average steering ratio of 12:1, and requires 2.8 Nm steering torque under static conditions—within ergonomic guidelines. Although the measured turning radius was 6.3 m versus the 2.5 m target, analysis attributes the gap primarily to limited achievable inner-wheel angle and non-ideal Ackermann geometry, compounded by packaging stops. Peak stresses were very low (e.g., local contact pressure ≈0.396 MPa; normal/shear components ≈0.07 MPa), far below the 275 MPa yield of SUS201, with maximum displacement ≈1.3 × 10⁻⁵ mm, confirming high stiffness. The study provides a validated, lightweight steering architecture and identifies clear remedies—longer rack stroke and/or shorter steering-arm radius, corrected tie-rod pivot placement, and minor clearance revisions—to approach the target radius in the next iteration.
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		Introduction



	The steering system plays a central role in prototype vehicles, particularly those designed for competitions such as the Energy-Efficient Car Contest (Kontes Mobil Hemat Energi—KMHE). This national event challenges university students across Indonesia to design ultra-efficient vehicles that are not only energy-saving but also capable of maneuvering optimally through narrow and technical tracks. In this context, the steering system becomes one of the most vital components affecting the overall vehicle performance in terms of agility, comfort, and safety  [1], [2].

	One of the crucial aspects in steering system design is weight. The steering assembly falls under the category of unsprung mass, which directly affects energy consumption and vehicle stability. An increase in this mass raises wheel inertia forces, thereby reducing overall energy efficiency [2], [3], [4], [5]. For this reason, selecting lightweight materials such as aluminum alloys and adopting simulation-based structural design approaches are essential to minimize weight without compromising mechanical strength [6].

	The limited space available at the front section of the prototype also poses a challenge in designing the steering system. The system must be as compact as possible so as not to interfere with other components such as the pedals, braking system, and driver’s legroom. Proper and efficient placement is critical to ensure all systems function synergistically and comply with KMHE's technical regulations regarding driver positioning and cockpit safety [7] [8].

	In addition to weight and spatial constraints, mechanical reliability is another key consideration. The steering system must withstand repeated steering loads and vibrations from the track surface during operation. Techniques such as topology optimization and finite element analysis (FEA) can ensure the stiffness and durability of components like knuckles and steering linkages, without adding excessive mass [9] [10].

	Adequate structural strength will prevent excessive deformation that may impair vehicle maneuverability. Precision in steering geometry also determines the quality of maneuvering on the competition track [11]. The application of the Ackermann steering principle is essential in managing the angle difference between the left and right wheels when turning, thus minimizing tire slip and achieving a smaller turning radius. For the  V 1.0 prototype, the target turning radius is approximately 2.5 meters, allowing it to navigate the sharp curves of the KMHE circuit [12].

	Ergonomic aspects in steering design are equally important. The system must consider the driver’s anthropometric dimensions to ensure comfort, effective control, and reduced muscular fatigue during driving. Previous studies on driver posture in prototype vehicles emphasize the importance of adjustable steering position, pedal reach, and seat inclination in minimizing the risk of musculoskeletal disorders, employing ergonomic assessment methods such as RULA [13].

	Considering all these factors including weight, dimensions, structural strength, geometry, and ergonomics this study aims to develop an optimized steering system for the V 1.0 prototype vehicle. The system is expected not only to enhance energy efficiency but also to provide excellent maneuvering performance, along with driver comfort and safety throughout the competition. This integrated design approach aligns with best practices adopted in the development of competition vehicles such as those in Formula SAE [14].

	
		Method

		Design Methodology



	This study adopted a quantitative experimental approach to design the steering system of the KMHE  V 1.0 prototype vehicle. Several alternatives were first evaluated, including the bicycle-type mechanism, cable–pulley system, rack-and-pinion mechanism, four-bar linkage, and push–pull rod system. Each was assessed in terms of motion precision, mechanical reliability, transmission efficiency, and compatibility with the vehicle’s limited space and lightweight requirements  [15], [16].

	The rack-and-pinion mechanism was selected as the most suitable solution, offering directional precision, stable response, and ease of integration with lightweight linkages  [16], [17]. A CAD-based modeling process was then carried out to determine layout, dimensions, and motion compatibility (Figure 1).

	Key design parameters were calculated as follows:

	
		Steering Ratio (SR):



	      (1)

	where θsw is the steering wheel rotation angle (°) and θfw is the average front wheel turning angle (°).

	
		Turning Radius (R):



	(2)      

	where L is the wheelbase (mm) and θi is the inner wheel turning angle (°), consistent with Ackermann steering geometry.

	These equations guided the optimization of maneuverability and stability in the prototype.

	 

	Manufacturing Process

	After finalizing the design, fabrication was performed using materials selected for strength and weight efficiency. Linkages and the steering shaft were produced from 6061-T6 aluminum alloy, while the rack and pinion were fabricated from medium carbon steel (AISI 1045). The tie rod was manufactured from SUS 201 stainless steel for its balance of tensile strength and corrosion resistance as shown in Figure 1.

	Fabrication steps included precision cutting, drilling, TIG welding, and assembly with strict tolerance control. Key tolerances included an installation clearance of 0.05 mm, with light interference fits for bearings and clearance fits for bracket bolts. Assembly sequence involved mounting bearings to the bracket, inserting the steering shaft, attaching tie rods, and securing the system to the chassis with M8 bolts.
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	Figure 1. Integration of the fabricated steering subsystem during the manufacturing process. The steering column with universal joint, intermediate shaft, center bracket, and left/right tie-rods are mounted with M8 fasteners; clearances and wheel centering were verified before static tests.

	 

	Initial Testing and Integration

	Static testing was conducted to verify smooth operation, proper steering angle response, and the absence of vibration or noise. Steering effort was measured using a torque wrench, determined as:

	(3)

	where T is the torque at the steering wheel (Nm), F is the tangential force applied at the rim (N), and r is the steering wheel radius (m).

	Integration into the chassis was then performed, ensuring steering axis alignment, Ackermann geometry, and driver ergonomics (Figure 2).
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	Figure 2. KMHE V1.0 chassis showing steering integration: (a) front view and (b) top view

	
		Structural Analysis (FEA Setup)



	
		Finite Element Analysis (FEA) was performed to validate the structural performance of critical components, particularly the tie rod. The applied lateral force FL was estimated as:



	
		 



	      (4)

	
		 

		where W is the vehicle weight (N) and n is the number of front wheels. The factor of 1.5 accounts for dynamic loading during cornering.



	Material properties of SUS 201 stainless steel were used in the model (Elastic modulus E = 200 GPa, yield strength σy = 275 MPa, Poisson’s ratio ν = 0.3).

	
		Displacement was computed through numerical solvers in the CAD-FEA environment, ensuring results were compared against yield limits to assess safety margins.

		Result and Discussion

		A. Steering System Performance

		1. Total Weight of the Steering System

		    The total weight of the steering system is a crucial parameter that affects vehicle efficiency, particularly because it contributes to the unsprung mass. Based on indivi

		dual component measurements, the total weight of the steering system is as follows:



	 

	
		Table 1. Total Weight of the Steering System



	
		
				Component

				Weight (kg)

		

		
				Steering shaft

				2.9

		

		
				Short tie rod

				0.14

		

		
				Long tie rod

				0.278

		

		
				Pinion

				0.0024

		

		
				Bracket

				0.42

		

		
				Total

				3.74 kg

		

	

	 

	      With a total weight of 3.74 kg, the system remains lightweight for a single-seater prototype vehicle. This lightweight design is achieved through the selection of materials such as 6061-T6 aluminum alloy and efficient structural design. As supported by previous studies, choosing lightweight yet strong materials is critical for energy-efficient vehicles. This weight is still within reasonable limits and does not significantly affect the vehicle's overall weight distribution.

	 

	2. Turning Radius

	The turning radius is a crucial parameter for assessing vehicle maneuverability, especially on the narrow and winding circuits typical of KMHE competitions. Field testing with the steering wheel fully turned revealed a turning radius of 6.3 meters, which exceeds the original design target of approximately 2.5 meters. This discrepancy is likely due to geometric constraints such as the wheelbase length and steering angle limitations of the front wheels [15]. 

	The measured turning radius (6.3 m) indicates an effective inner wheel angle of only ~17.6°, whereas the 2.5 m design target requires ~49.5° for L=1.9 m (R=L/sinθi). The shortfall arises primarily from steering-lock limitations (rack stroke and knuckle steering-arm geometry), compounded by non-Ackermann outer-wheel behavior (outer angle ~20° vs ~41.8° ideal for L=0.263), and minor tyre/body interferences at full lock. As remedies, we will (i) increase achievable lock via a longer-stroke rack and/or a shorter steering-arm radius, (ii) reposition rack and tie-rod pivots to recover Ackermann, (iii) clear mechanical stops and wheel-arch interferences, and (iv) consider a modest wheelbase reduction in the next iteration to relax the required steering angles.

	 

	3. Steering Ratio 

	The steering ratio is defined as the ratio between the angle of rotation of the steering wheel and the turning angle of the front wheels. It serves as a measure of the system's responsiveness to driver input. The measured values during testing were as follows in the Table 2.

	 

	Table 2. Steering Ratio

	
		
				Parameter

				Value

		

		
				Steering wheel rotation

				±300°

		

		
				Inner wheel turning angle

				30°

		

		
				Outer wheel turning angle

				20°

		

		
				Average Steering Ratio

				12:1

		

	

	
		 



	       The resulting average steering ratio is approximately 12:1, calculated as:

	 

	(5)

	 

	 This 12:1 ratio provides an appropriate balance for a lightweight prototype, offering responsive yet stable handling. A lower ratio would increase sensitivity but could lead to oversteer, while a higher ratio might reduce maneuverability [16]. A lower ratio would increase sensitivity but could lead to oversteer, while a higher ratio might reduce maneuverability.

	 

	4. Steering Effort

	Steering effort, or the torque required to turn the steering wheel, directly affects driver comfort. Based on measurements using a torque wrench, the steering effort under static (heaviest) conditions is 2.8 Nm.

	The measured torque of 2.8 Nm falls comfortably within the optimal range for manual steering systems, which typically lies between 2 and 5 Nm [17]. This ensures ease of operation without inducing fatigue, even during static or low-speed maneuvers.

	 

	B. Structural Analysis Using FEA

	A structural analysis of the steering system was conducted using Finite Element Analysis (FEA) to determine stress distribution, strain, contact pressure, and displacement when the wheels are fully turned. The primary focus of this analysis is the tie rod, a critical component that transmits lateral forces from the wheels to the steering mechanism.

	The tie-rod was analyzed in a linear static study with SUS 201 stainless steel (E=200 GPa, ν=0.30, σy=275 MPa). Each rod-end eye was constrained using a remote displacement at its center with translations fixed (Ux,Uy,Uz = 0) and rotations free, representing spherical joints. The lateral cornering load was modeled as a remote force FL=4414.5 N applied at the knuckle-side eye and transferred to the eye surface via rigid coupling; the rack-side eye provided the reaction. The geometry was simplified as a single solid body (threads removed) and solved with curvature-based second-order tetrahedral elements (global size ≈ 2.5 mm, locally 1.0 mm at fillets/bores, growth 1.3), yielding ≈ 79k elements and ≈ 145k nodes. A mesh-refinement study showed < 2% change in peak von Mises between 1.5 mm and 1.0 mm local sizes, indicating mesh-independent results. The maximum equivalent stress was < 0.5 MPa, with component values σXX≈0.070 MPa and local contact pressure at the eye pZ≈0.396 MPa, all far below σy. A hand calculation for axial stress σ=F/A = 4414.5/11000 = 0.401 MPa matches the simulated local pressure (≈ 0.396 MPa), providing an independent validation of the loading and constraint representation.  

	 

	C. FEA Simulation Results 

	The FEA simulation was conducted using CAD modeling software with structural solvers to generate stress, strain, and displacement distributions for the steering system.
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	Figure 3. FEA Result: Stress Distribution in the XX Axis of the Tie Rod

	 

	[image: Image]

	Figure 4. FEA Result: Shear Stress Distribution in the XY Axis of the Tie Rod
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	Figure 5. FEA Result: Contact Pressure Distribution in the Z Axis
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	Figure 6. FEA Result: Strain Distribution in the XZ Axis
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	Figure 7. FEA Result: Displacement in the Y Axis

	 

	 

	Table 3. FEA Results Summary

	
		
				Type of Analysis

				Max Value

				Min Value

		

		
				Stress XX

				0.0704 MPa

				-0.2914 MPa

		

		
				Shear Stress XY

				0.07345 MPa

				-0.08049 MPa

		

		
				Contact Pressure Z

				0.3956 MPa

				-0.4628 MPa

		

		
				Strain XZ

				6.872e-07 µε (elastic)

				-1.373e-06 µε (elastic)

		

		
				Y Displacement

				1.277e-05 mm

				0 mm

		

	

	 

	The simulation results show that maximum stress occurs at the tie rod joint area, as shown in Figure 5, with the highest recorded value being 0.3956 MPa (Contact Pressure Z). This is far below the yield strength of SUS 201 stainless steel (approximately 275 MPa), indicating that the structure operates well within safe elastic limits, with no risk of permanent deformation under maximum load.

	Other stress values, such as Stress XX and Shear Stress XY  as shown in Figure 3 and 4 respectively, were only 0.0704 MPa and 0.07345 MPa respectively, further confirming the absence of critical stress zones in the system.

	In terms of deformation, the maximum strain recorded was 6.872 × 10⁻⁷ (elastic) (Strain XZ) as shown in Figure 6, an extremely small value in the micro-scale, signifying that the structure remains within its elastic limit and can return to its original shape after loading. This is vital for steering systems, where dimensional stability directly affects directional accuracy.

	As shown in Figure 7, the maximum displacement recorded in the vertical (Y) direction was only 1.277 × 10⁻⁵ mm. This minimal shift demonstrates excellent structural stiffness and the system’s ability to withstand force without significant deflection. High stiffness ensures that driver input is transmitted accurately to the wheels without play or deflection, maintaining steering stability and responsiveness even during extreme maneuvers.

	Overall, the FEA simulation confirms that the steering system is optimally designed in terms of strength and stiffness. All stress and deformation values fall well below the material’s safety thresholds, and the displacement remains negligible. This confirms the system’s viability for use in single-seater prototype vehicles, offering reliability, directional stability, and safety under real-world operating conditions.

	Conclusion

	This work demonstrates a lightweight, SolidWorks-based steering system for a KMHE single-seat prototype that is structurally robust and ergonomically usable. The assembled system mass is 3.74 kg, with an average steering ratio of 12:1 and a static steering torque of 2.8 Nm, which lies within accepted comfort ranges. Linear-static FEA (with documented loading, boundary conditions, and mesh convergence) indicates very low stresses (e.g., local contact pressure ≈ 0.396 MPa, normal/shear components ≈ 0.07 MPa) and a maximum displacement of ≈ 1.3 × 10⁻⁵ mm, well below the SUS201 yield limit, confirming high stiffness and ample safety margin.

	The measured turning radius (6.3 m) exceeded the 2.5 m target. Analysis attributes this mainly to limited achievable inner-wheel angle and non-ideal Ackermann behavior, compounded by packaging stops. The next iteration will therefore (i) increase steering lock via a longer-stroke rack and/or shorter steering-arm radius, (ii) reposition rack and tie-rod pivots to recover Ackermann geometry, and (iii) remove interferences at full lock; a modest wheelbase reduction will also be evaluated to relax angle requirements.

	Overall, the study provides a validated steering architecture, a transparent simulation setup, and clear, actionable design changes to close the gap to the target radius. Future work will include on-track dynamic testing (transient steering effort, compliance, and tire scrub) to complement the static validations reported here.
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