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Abstract - Mobility between campus buildings can remain inaccessible even when 

individual facilities are barrier-free. This study developed and verified a wheelchair-

accessible, low-speed electric campus buggy in which boarding access and 

manufacturability in workshops were considered from the concept stage. A requirements-

driven Design Thinking process was combined with design-for-manufacture principles, 

CAD modelling, linear static finite-element analysis, full-scale prototype fabrication, 

controlled engineering tests and direct-cost assessment. The prototype uses a welded AISI 

1020 tubular ladder frame, a continuous low anti-slip floor, open side access, multi-row 

seating, side guards, a canopy and a detachable boarding ramp. Under the final static vertical 

load case, the chassis model produced a maximum von Mises stress of 140.0 MPa, a 

maximum equivalent strain of 4.521 × 10⁻⁴, a maximum resultant displacement of 2.724 

mm, and a minimum factor of safety of 2.511. The ramp remained elastic up to 180 kg, the 

mean stopping distance increased from 3.9 to 5.4 m at 15 km/h as the payload increased, and 

wheel lightening occurred at 24° for the driver-only condition and 21° under load. Estimated 

energy consumption was 184–238 Wh/km, while the corrected direct prototype cost was 

MYR 36,363.16. The findings support continued controlled prototype development rather 

than service certification, with higher ramp proof loading, positive wheelchair securement, 

instrumented braking, direct centre-of-gravity measurement, and durability testing identified 

as priorities before routine deployment. 
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1. Introduction 

Campus accessibility depends on more than accessible entrances to individual buildings. Students, staff and visitors must 

also move between lecture spaces, offices, hostels, parking areas, workshops and shared facilities. For wheelchair users, 

gradients, kerbs, uneven surfaces and breaks in accessible routes can turn otherwise short journeys into practical barriers 

[1], [2], [3]. Low-speed vehicles (LSVs), including low-speed electric vehicles (LSEVs), are well suited to repeated travel 

on managed internal routes because their operating speed can be limited and their use coordinated with pedestrian-

dominant areas [4], [5]. Policy reviews of small electric mobility devices likewise emphasise the need to consider 

operating context and user safety together [6]. An electric buggy alone does not solve an accessibility problem; boarding 

geometry, floor height, handholds, payload allowance and stability must be addressed as part of the vehicle design. 

Wheelchair mobility research has addressed service provision and low-cost powered mobility [7], [8], detachable drive 

modules and power-assist concepts [9], [10], [11], and other compact electric mobility platforms [12], [13]. Together, 

these studies show that access, packaging and propulsion decisions are closely linked. Design Thinking provides a 

structured way to translate user and context needs into engineering requirements [14], while design-for-manufacture and 

product-development methods encourage simpler geometry, repeatable assembly and early evaluation of design trade-

offs [15], [16]. 

This approach is consistent with the authors' earlier workshop-scale development work. A modular magnetic jig 

showed the value of standardised interfaces and controlled positioning [17]; a portable drill guide combined CAD 

modelling, finite-element analysis and physical prototype testing [18]; and a low-cost PC-based CNC platform 

demonstrated the practical benefits of modular construction and maintainable off-the-shelf hardware [19]. More recent 

structural-optimisation work used numerical evidence to target local stiffness improvements without simply increasing 

structural mass [20]. Building on that experience, the present study treats wheelchair access as part of the vehicle 

architecture rather than as a post-build modification. The objective is to demonstrate a reproducible design-to-prototype 

route for a low-speed electric campus buggy that can be fabricated in a university workshop and evaluated using structural, 

functional, energy and cost evidence. The revised manuscript therefore brings the design requirements, workshop 

constraints, finite-element screening, fabrication controls, prototype tests and direct-cost model into one engineering 

workflow. 
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1.1 Related Work 

Tubular and ladder-frame vehicle structures are commonly assessed through their load paths, stiffness, local joint 

behaviour and manufacturability. Ladder-frame studies have examined cross-member geometry and stiffness [21], while 

combined simulation and experimental work has been used to refine light-commercial-vehicle chassis designs [22]. 

Recent reviews continue to identify material selection and section geometry as important design variables [23]. 

Experimental torsional-stiffness studies and finite-element analyses of student and off-road frames also provide useful 

precedents for locating weak regions before redesign [24], [25]. For compact electric vehicles, these structural questions 

interact directly with packaging and serviceability. Recent work on hollow-frame urban electric vehicles illustrates the 

value of lightweight, accessible frame layouts [26], while small electric-vehicle development studies show the practical 

need to coordinate steering, drivetrain and chassis decisions [27]. 

These findings are relevant to a campus vehicle because low operating speed does not remove the need for clear load 

paths, maintainable assemblies and predictable handling. Affordability is a second design constraint. Earlier work on 

assistive-technology economics established the value of transparent cost–benefit reasoning [28], while more recent 

wheelchair-selection research shows how technical and economic criteria can be considered together [29]. Parametric 

evaluation has also been applied to energy and refuelling strategies for small vehicles [30]. Recent electric-moped life-

cycle studies quantify how component selection and end-of-life scenarios influence cost and environmental performance 

[31], [32], and second-life battery research further demonstrates the economic importance of battery utilisation beyond 

first service [33]. What remains comparatively under-reported is a single prototype workflow that brings wheelchair 

access, DFM, structural assessment, physical verification, energy use and direct fabrication cost together for a campus-

scale LSEV. 

2. Materials and Methods 

A requirements-driven design-to-prototype methodology was adopted. Instead of modifying an existing commercial cart, 

the study began with the campus access problem and translated it into a vehicle layout that could be built with the 

materials, equipment and skills available in the institutional workshop. Design Thinking structured the requirement-

elicitation stage, DFM guided decisions on geometry and joining, and CAD-integrated linear-static finite-element analysis 

provided an early structural screen. The completed prototype was then assessed through dimensional inspection, ramp 

loading and handling, braking, side-slope stability, functional commissioning, energy estimation and direct-cost analysis. 

Findings from each stage were used to identify changes for the next design iteration. 

2.1 Design Thinking-Based Product Development Framework 

As shown in Figure 1, the early design work began with the way the buggy would actually be used on campus. Because 

it would travel close to pedestrians, stop often and carry people with different mobility needs, access conditions were 

considered before the chassis layout was fixed. The first design notes therefore dealt with practical matters such as floor 

height, clear space at the entrance, ramp-assisted boarding, handhold position, expected payload, short-route operation 

and the capability of the workshop.  

 

Figure 1. An author-drawn Design Thinking-based framework used to translate accessibility needs into prototype 

requirements, fabrication planning, and verification activities 
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These observations were then organised through the five Design Thinking stages. In the Empathise stage, typical 

shuttle journeys and likely boarding difficulties were reviewed. The Define stage converted those observations into 

engineering targets for access, payload, safety, manufacturability and maintenance. The Ideate stage consisted of 

comparison of alternatives for the ladder frame, the opening of the side, the ramp interface, and the modular assembly. 

After this, the selected concept went through a computer-aided drafting (CAD) process and was also manufactured in a 

full-size format. Testing then covered structural screening, dimensional suitability, commissioning, practical use, and 

documentation of major issues for the next design iteration.  

The Design Thinking activities were limited to engineering problem definition and prototype development. No clinical 

studies, treatments, and identifiable health information were included. The process of requirement collection in this phase 

only included non-identifying operational information concerning boarding space, height of the surface, ramp operation, 

handhold position, roadway conditions, and limitations in the workshop. The future experiment that would include a 

direct assessment of persons with disabilities would need the necessary ethical approvals, participants’ instructions, 

informed consent, and an evaluation of accessibility. 

2.2 Design Requirements, Ethical Boundaries, and DFM Translation  

Table 1 links the main service requirements to the corresponding prototype features. The vehicle was intended for short, 

low-speed journeys around the university campus. The main requirements were six-passenger capacity, wheelchair 

accessibility, a low anti-slip floor, an approximate 500 kg payload limit, basic low-speed safety apparatus, local 

manufacturing capabilities, and modular subsystems that could be maintained easily. This table provides details on how 

the specific requirements are satisfied, but should not actually be interpreted as evidence of compliance with the industry 

standards.  

Table 2 specifies the design and manufacturing constraints that the university workshop has. The use of commercially 

available square hollow sections and manual or semi-automatic operations allowed the definition of the manufacturing 

envelope for the design. The aforementioned restrictions favoured straight elements, repeated joints, and plug-in modules 

rather than monocoque solutions. Jigs were used to control alignment and simplify the fabrication of component 

interfaces, consistent with the authors' previous work on workshop jig development [17]. As a result, the derived 

configuration is based on the expected behaviour of the structure and possible manufacturing processes. 

Table 1. Key design requirements and their implementation in the prototype 

Requirement Design target/rationale Implementation in the prototype 

Operating class Intended for limited-speed LSV operation 

while incorporating the basic safety features 

expected for low-speed transport. 

A speed limiter was incorporated together 

with lighting and visibility-related 

accessories. 

Passenger capacity Designed to accommodate six passengers for 

short-distance shuttle trips within a campus 

environment. 

Multi-row bench seating was provided, with 

handholds to improve passenger stability and 

comfort. 

Accessibility The vehicle should support wheelchair 

access, minimise boarding height and provide 

a secure, slip-resistant boarding surface. 

A detachable access ramp, open-side entry, 

and a low chequered-plate floor were 

incorporated into the design. 

Payload A total payload allowance of approximately 

500 kg was adopted to accommodate 

passengers and wheelchair use. 

The seating arrangement and wheelchair-

access area were configured around the 

specified payload capacity. 

Safety equipment Provide the essential equipment required for 

safe low-speed operation. 

The prototype includes a windscreen, side 

mirrors, lights, a horn, a parking brake, and 

provisions for seat belts. 

Manufacturability Enable local fabrication using methods that 

are repeatable and minimise unnecessary 

rework. 

The frame uses standard square-tube sections, 

jig-assisted fit-up, and modular subframes to 

simplify fabrication and assembly. 

Maintainability and 

cost 

Allow straightforward maintenance while 

keeping material and labour costs transparent 

and traceable. 

Bolt-on accessories, accessible wiring routes 

and a direct-cost model based on the BOM 

and labour hours were adopted. 
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Table 2. Institutional workshop constraints and their implications for DFM 

Workshop 

limitation 
Engineering constraint adopted Influence on design decisions 

Material stock Commercial low-carbon square hollow-section 

steel was used, primarily in 38.1 × 38.1 × 2 mm 

and 50.8 × 50.8 × 2 mm sections. 

Straight structural members and modular 

subframes were favoured to reduce forming 

requirements and simplify fabrication. 

Cutting and 

preparation 

Members were prepared using manual or semi-

manual cutting, followed by deburring, 

identification, and trial fit-up. 

Joint configurations were kept simple and 

easily accessible so that parts could be prepared 

and assembled consistently. 

Fit-up and 

alignment 

Assembly was carried out on a flat jig surface. 

Primary datums were tack-welded first, followed 

by diagonal and squareness checks before final 

welding. 

A ladder-frame configuration was selected 

because it provides better dimensional control 

under typical institutional workshop conditions. 

Welding 

capability 

GMAW/MIG welding was used, with 

workmanship and visual inspection guided by the 

structural-steel principles of AWS D1.1/D1.1M 

[34]. 

A balanced welding sequence and intermediate 

inspection points were used to limit distortion 

and identify visible weld defects during 

fabrication. 

Inspection 

tools 

Inspection relied mainly on measuring tapes, 

steel rulers, visual weld checks, and documented 

inspection points. 

The measurements were therefore treated as 

evidence of prototype-level acceptance rather 

than formal production certification. 

Assembly 

strategy 

Mechanical and electrical systems were 

integrated in stages, including seats, guards, 

canopy supports, and other bolt-on components. 

Staged assembly helped reduce rework and 

provided better access for subsequent 

maintenance and component replacement. 

Cost and 

labour limit 

The cost model was based on the BOM, 240 

labour hours, a workshop labour rate of MYR 

35/h, and 15% overhead. 

Design decisions balanced affordability, 

fabrication time, ease of manufacture, and 

sufficient robustness for prototype testing. 

2.3 Mechanical Architecture and Accessibility Features  

The CAD model was developed after the key specifications and workshop constraints had been established. The decision 

to use a welded tubular frame was based on the need for a clear load path beneath the floor without requiring sophisticated 

forming processes. Seats, side shields, and roof supports could also be attached easily to the frame. Standard square 

hollow sections were used wherever possible to simplify cutting, jigging, and fit-up. The principal frame supports the 

anti-slip floor, while the front frame carries the steering post and suspension components within a compact turning 

arrangement. At the rear, the wide track and dual wheels provide greater stability when carrying passengers and a 

wheelchair. The seat bases, shields, and roof supports were treated as secondary frames and can be repaired or replaced 

without cutting the main frame. The passenger area was arranged with benches along the sides to maintain a clear access 

path rather than using the available floor space for additional seating. Handgrips and rails were fitted inside the cabin to 

support passengers during boarding and travel.  

Mesh panels were used along the open sides of the cabin to provide protection while maintaining easy access for 

inspection. Mirrors, lights, a windscreen, horn, parking brake, and seat-belt provisions were also installed. The final belt 

configuration, warning signs, operating speed, and permitted route would still need to be defined through the campus 

operational risk assessment before regular use. A removable ramp is used to bridge the ground-to-floor height. The ramp 

consists of a welded frame with a mesh deck to reduce mass while providing drainage and surface grip. The side opening 

provides sufficient space for assisted wheelchair alignment and boarding. Figure 2 combines the principal CAD views: 

(a) the overall vehicle concept, (b) the side-access and seating arrangement, and (c) the rear ramp-deployment geometry. 

The present ramp should not be considered service-qualified until higher proof loading, positive locking or retention, wet-

surface grip, and wheelchair securement have been verified. 

2.4 Static Finite Element Analysis of the Ladder-Frame Chassis 

Prior to interpreting the prototype results, the ladder-frame chassis was screened using a linear static finite-element model 

in SolidWorks Simulation 2021 Education Version. The analysis examined the overall deformation pattern, von Mises 

stress, equivalent strain, support reactions, and yield-based safety margin under a representative vertical service load. 

This numerical stage complemented the CAD and prototype work by identifying the more flexible regions and areas of 

concentrated load transfer in the frame. It was not intended to predict fatigue life, crashworthiness, long-term durability, 

or roadworthiness. The final model settings are summarised in Table 3. The welded chassis was modelled as a bonded 

tubular assembly without explicit weld-bead geometry. Fixed geometry was applied to ten support faces at the wheel-

support regions, while a distributed vertical line load of −1000 N/m was applied to four beam entities. Large-displacement, 

inertial-relief and soft-spring options were disabled, and free-body force calculation was retained as an equilibrium check. 

Figure 3 shows the chassis model, while Figure 4 presents the final load case and the resulting displacement, von Mises 

stress and factor-of-safety fields. 
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Figure 2. CAD configurations of the wheelchair-accessible campus buggy: (a) overall concept, (b) side-access and 

seating arrangement, and (c) rear ramp-deployment geometry 

Table 3. Chassis model and finite element analysis settings 

Parameter Specification 

Software SolidWorks Simulation 2021 Education Version 

CAD model Chassis – Raw – Weld Joint (W-O Weld Bead) 

Analysis type Linear static finite element analysis 

Unit convention Geometry and displacement in mm; load in N/kN; stress in MPa 

Structural architecture Tubular ladder-frame chassis 

Main tube sections Square hollow sections of 50.8 × 50.8 × 2 mm and 38.1 × 38.1 × 2 mm 

Joint/weld modelling Weld beads not explicitly modelled; global bonded interactions used 

Boundary conditions Fixed geometry on ten support faces representing the final wheel-support constraints 

Applied load Distributed vertical line load of −1000 N/m applied to four beam entities 

Solver settings 
Automatic solver; large displacement off; inertial relief off; soft spring off; adaptive 

method off; free-body force calculation on 

The material definition used in the finite-element model is given in Table 4. The principal members were assigned AISI 

1020 low-carbon steel, or an equivalent commercial mild-steel hollow section, using a linear-elastic isotropic material 

model. Yield strength was used as the reference for the von Mises factor-of-safety calculation because the analysis was 

restricted to elastic service-load screening. The final discretisation is summarised in Table 5. A high-quality blended 

curvature-based mixed mesh generated 41,571 nodes and 20,772 elements, with maximum and minimum element sizes 

of 21.8015 mm and 1.53073 mm, respectively. This was the mesh used for the reported results. The original analysis did 

not include a formal multi-level mesh-convergence series and adaptive refinement was disabled. The FEA results are 

therefore used to describe the global structural response and to identify regions for design attention, rather than as mesh-

independent estimates of local weld-toe stress or fatigue behaviour. 

Table 4. Material properties used for the finite element model 

Property Value Unit 

Material AISI 1020 low-carbon steel – 

Material model Linear elastic, isotropic – 

Failure criterion Maximum von Mises stress – 

Elastic modulus, E 200 GPa 

Poisson’s ratio, ν 0.29 – 

Density, ρ 7,900 kg/m³ 

Shear modulus, G 77 GPa 

Yield strength, σᵧ 351.571 MPa 

Ultimate tensile strength, σᵤ 420.507 MPa 

(a) 

(b) 

(c) 
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Table 5. Mesh settings and discretisation details used in the finite element analysis 

Mesh parameter Setting/result 

Mesh formulation Mixed-element mesh 

Meshing method Blended curvature-based meshing 

Mesh quality setting High 

Jacobian evaluation points 16 

Maximum element size 21.8015 mm 

Minimum element size 1.53073 mm 

Total number of nodes 41,571 

Total number of elements 20,772 

Adaptive refinement Off 

Mesh-convergence assessment No formal multi-level convergence series; final 

mesh used for global structural screening 

The displacement, stress, strain and safety-factor fields were considered together rather than being represented only 

by a single maximum value. The differences can be observed from Figure 4; the displacement plot reveals the more 

flexible parts of the structure, while the stress and safety-factor plots show more concentrated load-transfer points that 

relate to joints and connections of the structure. The visual deformation in SolidWorks is exaggerated and may not 

represent reality; the practical size of the displacement was taken from the numerical value instead of the visual one. 

 

Figure 3. Ladder-frame chassis model used for finite element analysis 

 

   

  

Figure 4. Finite-element model and structural response: (a) static nodal stress plot with applied boundary conditions and 

loading, (b) resultant displacement, (c) von Mises stress, and (d) factor of safety 

(a) (b) 

(c) (d) 
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2.5 Prototype Fabrication and Assembly 

Fabrication of the buggy was carried out at the workshop of the institution using available equipment. The main 

fabrication activities included tube cutting and preparation, drilling, jig-assisted fit-up, gas metal arc welding/metal inert 

gas (GMAW/MIG) welding, surface preparation, coating, and final mechanical and electrical assembly. Weld preparation 

and tack sequence were controlled, and completed welds were inspected visually with reference to AWS D1.1/D1.1M 

[34]. These inspections improved consistency across the fabrication stages of the research prototype; however, they do 

not constitute road-vehicle chassis certification. 

2.5.1 Manufacturing workflow 
Fabrication involved a series of checks before the parts were installed. The tubular members were cut and numbered 

according to the CAD cut list before assembly. The main frame was first tack-welded so that the diagonals, squareness, 

and critical mounting points could be checked before full welding. After the measurements were verified, full welding 

was completed, followed by installation of the floor plate and brackets. Four inspection points were used during 

fabrication: fit-up, post-weld visual inspection, post-coating inspection, and the final pre-assembly check. This approach 

minimised the risk of late-stage dimensional issues and provided a record of the prototype fabrication process. 

2.5.2 Surface finishing and staged integration 
The process of finishing and final integration occurred in different stages rather than performing the assembly process in 

one go. The steelwork was mechanically cleaned, sharp edges were rounded, and weld spatter was removed before 

painting and coating. The front body panel was finished separately to facilitate handling and inspection of the part. The 

mechanical integration process began with running gear and mounting points, followed by the traction battery, and then 

the controllers, cable routing, and electrical protection. Seats, guards, canopy components and controls were fitted after 

those functional systems were verified. The electrical testing covered fuses, operation of contactors, identification of 

cables, insulation status, grounding, and strain relief. Finally, the steering system, emergency brakes, lights, horn, and 

speed limiters were tested.  

The prototype was completed after integration of the main body and mechanical components, as shown in Figure 5. 

Figure 5(a) presents the front view of the vehicle, including the windscreen, front body panel, lighting arrangement, 

canopy structure, and overall width of the buggy. The image also shows the appearance of the prototype after the main 

exterior components were installed. The side view in Figure 5(b) shows the low-floor arrangement, multi-row seating, 

open side-access area, side guards, canopy supports, and overall positioning of the running gear. Together, the two views 

illustrate how the accessibility-related features were incorporated into the final vehicle configuration. 

 

 

(a) (b) 

Figure 5. Completed prototype after body-panel integration: (a) front view, and (b) side view 

Figure 6 shows several stages of prototype fabrication, assembly, and deployment. Figure 6(a) presents the body-panel 

finishing stage, where the front body section was prepared separately from the chassis before final installation. Figure 

6(b) shows the frame during workshop assembly, including the ladder-frame structure and the integration of the main 

structural and mounting components before completion of the vehicle. Figure 6(c) presents the prototype during on-site 

commissioning, where basic functional checks were carried out before demonstration. Figure 6(d) shows the rear view of 

the buggy during the demonstration stage, representing the completed vehicle after fabrication and assembly. Together, 

these images show the progression from workshop fabrication to a completed prototype for controlled functional 

evaluation. 
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(a) (b) 

  

(c) (d) 

Figure 6. Prototype fabrication and deployment stages: (a) body-panel finishing, (b) frame assembly, (c) on-site 

commissioning, and (d) rear view during demonstration 

3. Results and Discussion 

The buggy was tested after assembly to determine whether it met the expectations established during the design stage. 

The results are presented in three sections: finite-element analysis, prototype cost analysis, and measurements from the 

physical prototype. These results illustrate the performance achieved under the conditions investigated in this study and 

highlight areas for improvement in the next design iteration. 

3.1 Finite Element Structural Analysis 

The final static analysis showed no overall indication of member failure. The highest stresses were concentrated around 

specific joints and member intersections. The maximum von Mises stress was 140.0 MPa, and the maximum resultant 

displacement was 2.724 mm. The minimum factor of safety was 2.511 and occurred at the same location as the maximum 

stress. The total support reaction was 11.216 kN, with the vertical component dominant, as shown in Table 6. 

Table 6. Summary of finite element output 

Output Minimum/lower result Maximum/governing result 

Von Mises stress, σᵥ 0 MPa 140.0 MPa 

Resultant displacement, Uᵣₑₛ 0 mm 2.724 mm 

Equivalent strain, εₑᵩ 0 4.521 × 10⁻⁴ 

Factor of safety Minimum 2.511 Large non-governing values in near-zero-stress regions 

Resultant reaction force – 11.216 kN, dominant Y component 

 

Resultant displacement was calculated using Eq. (1): 

𝑈𝑟𝑒𝑠  =  √𝑈𝑥
2  +  𝑈𝑦

2  +  𝑈𝑧
2  (1) 

where Ures denotes resultant displacement and Ux, Uy, and Uz are the three displacement components. For the ductile 

steel frame, the yield check was based on von Mises equivalent stress. The corresponding safety factor is defined by  

Eq. (2). 

𝐹𝑜𝑆 =  
𝜎𝑦

𝜎𝑣,𝑚𝑎𝑥
  (2) 

where FoS is the factor of safety, σy is the material yield strength, and σv,max is the maximum von Mises stress. Using 

σy = 351.571 MPa and σv,max = 140.0 MPa gives Eq. (3). 



Z. Abd Rahman et al. | International Journal of Automotive and Mechanical Engineering │ Volume 23, Issue 3 (2026) 

journal.ump.edu.my/ijame  13764 

𝐹𝑜𝑆 =  
351.571

140.0
 =  2.511  (3) 

The value calculated in Eq. (3) agrees with the minimum factor of safety reported by SolidWorks. For this load case, 

the governing stress remains well below the assigned yield strength, indicating an elastic safety margin of about 2.51. 

This result should nevertheless be read within the limits of the model. The joints were treated as bonded connections 

rather than explicit welds, and the analysis did not include braking, traction, wheel articulation, impact or fatigue loading. 

The FEA is therefore evidence for structural screening and design refinement, not a vehicle certification result. According 

to the numerical pattern, future modifications are to be used selectively instead of being applied uniformly throughout the 

frame. Making the sizes of all members bigger would only result in adding extra mass without guaranteeing that the joints 

undergoing the highest localised demands would be modified adequately. Short gussets, good continuity of members and 

local stiffening in the areas where the most vulnerable joints connect are better candidates to use for further design 

improvement. Apart from that, the zone with the maximum displacement value 2.724 mm should also be monitored 

separately from the stress-critical joints since stiffness and strength may not be present in the same place. 

3.2 Cost and Economic Evaluation 

Direct cost was calculated from purchased materials and components, fabrication consumables, labour and overhead. 

Summing the itemised bill of materials in Table 7 gives MYR 23,220.14. The baseline also includes 240 labour hours at 

MYR 35/h, equivalent to MYR 8,400.00. Applying 15% overhead to the combined BOM and labour gives MYR 4,743.02, 

resulting in a corrected direct prototype cost of MYR 36,363.16. The total cost was calculated using Eq. (4): 

𝐶𝑇  =  (𝐶𝐵  +  𝐶𝐿)(1 + 𝑟𝑜)  (4) 

where CT is the total direct prototype cost, CB is the BOM cost, CL is the labour cost, and ro is the overhead rate. The 

local sensitivity of total cost to an individual component cost, Ci, is given in Eq. (5). 

𝜕𝐶𝑇

𝜕𝐶𝑖
 =  1 + 𝑟𝑜  (5) 

The dimensionless cost elasticity used to compare the influence of components is given by Eq. (6). 

𝐸𝑖  =  
(1 + 𝑟𝑜)𝐶𝑖

𝐶𝑇
  (6) 

Here, E_i represents the cost elasticity associated with component i and C_i is the corresponding baseline component 

cost. This form of the calculation is useful when the cost estimate needs to be updated, because a change in battery price, 

drivetrain cost or fabrication time can be carried through to the total without rebuilding the entire model. The BOM in 

Table 7 makes the concentration of component cost clear. The 72 V, 150 Ah LiFePO₄ battery pack is the largest single 

purchase at MYR 10,221.00. The next largest items are the 5 kW traction motor at MYR 2,064.42, the suspension set at 

MYR 1,500.00 and the wheel-and-tyre set at MYR 1,200.00. The frame and floor account for a smaller share because 

they are made mainly from standard mild-steel tube and plate. 

Table 7. Bill of materials and estimated cost of the prototype 

Subsystem Component Specification Quantity 
Unit cost 

(MYR) 

Subtotal 

(MYR) 

Chassis and floor Square steel tube AISI 1020 or equivalent SHS, 38.1 × 

38.1 × 2 mm and 50.8 × 50.8 × 2 mm 

99 m 11.67 1,155.33 

Chassis and floor Floor plate Mild-steel chequered plate, 1524 mm × 

3048 mm × 3.0 mm 

1 sheet 713.43 713.43 

Body and 

canopy 

Roof panel Polycarbonate/ACP roof panel 1 400.00 400.00 

Body and 

canopy 

Front body panel FRP or formed front body panel 1 800.00 800.00 

Safety and 

guards 

Side mesh 

guards 

Expanded-metal or mesh side guards 1 lot 400.00 400.00 

Accessibility Detachable ramp Welded ramp frame with mesh deck and 

latch 

1 300.00 300.00 

Seating and 

interior 

Passenger seats Cushioned passenger bench-seat set 1 set 800.00 800.00 

Running gear Wheels and tyres Complete wheel-and-tyre set 1 set 1,200.00 1,200.00 

Running gear Suspension set Shock absorbers and associated 

mountings 

1 set 1,500.00 1,500.00 

Running gear Steering system Steering and brake-related components 1 800.00 800.00 

Drivetrain Traction motor 5 kW traction motor, 48–72 V class 1 2,064.42 2,064.42 

Drivetrain Motor controller 72 V, 5 kW motor controller 1 415.96 415.96 
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Table 7. (cont.) 

Subsystem Component Specification Quantity Unit cost 

(MYR) 

Subtotal 

(MYR) 

Energy storage Battery pack 72 V, 150 Ah LiFePO₄ battery pack with 

BMS 

1 10,221.00 10,221.00 

Energy storage On-board 

charger 

72 V charger, approximately 20 A 1 300.00 300.00 

Electrical Wiring and 

protection 

Wiring harness, fuses, contactor, and 

electrical protection 

1 lot 600.00 600.00 

Electrical Lights and horn Front/rear lighting and horn set 1 lot 250.00 250.00 

Finishing Paint and coating Primer, paint, and coating materials 1 lot 500.00 500.00 

Others Fasteners and 

brackets 

General fasteners and fabricated 

brackets 

1 lot 300.00 300.00 

Fabrication Consumables Welding wire, shielding gas, cutting/ 

grinding discs, and related consumables 

1 lot 500.00 500.00 

Total 
    

23,220.14 

Workshop labour was concentrated mainly in the welding stage, which accounted for 70 of the estimated 240 labour 

hours. This reflects the number of joints, the welding sequence, and the need to maintain access for local repairs. Electrical 

integration also required substantial time because the components had to be installed, wired, protected, labelled, and 

functionally checked. For future builds, labour savings are more likely to come from improving the jigs, cut lists, 

component interfaces, and assembly sequence than from increasing welding speed alone. 

Table 8. Estimated labour requirements for prototype fabrication and assembly 

Activity Main tasks 
Estimated 

labour (h) 
Remarks 

Cutting and 

preparation 

Tube cutting, deburring, member 

identification, and mitre cutting 

20 Varies with the number of frame members and 

available cutting equipment 

Fit-up and tack 

welding 

Jig setup, dimensional alignment, and tack 

welding 

25 Establishes the main frame geometry and helps 

control welding distortion 

Full welding Completion of structural welds and local 

rework where required 

70 Largest single labour requirement in the 

fabrication process 

Grinding and surface 

preparation 

Weld-spatter removal, edge finishing, and 

surface preparation 

20 Prepares the structure for coating and improves 

surface finish 

Coating and painting Primer and top-coat application, including 

curing time 

10 May be outsourced where appropriate 

Floor and bracket 

installation 

Installation of the floor plate, seat bases, 

and mounting brackets 

15 Bolt-on interfaces help minimise subsequent 

rework 

Ramp fabrication Fabrication of the ramp frame, mesh deck, 

and latch 

10 Includes preparation for the prototype load test 

Electrical integration Installation of the battery, motor controller, 

wiring, and electrical protection 

35 Includes cable routing, labelling, and 

protection checks 

Final assembly Installation of seats, guards, canopy, and 

accessories 

25 Includes fit-up and fastening checks 

Commissioning Functional inspection and low-speed 

shakedown testing 

10 Used to document and verify the final as-built 

configuration 

Total 
 

240 Equivalent labour cost: MYR 8,400 at MYR 

35/h 

Table 9 illustrates the principal cost drivers based on the revised direct cost baseline. A reduction of 20% in battery pricing 

results in a decrease of total direct cost by MYR 2,350.83, which is equivalent to 6.46%. A similar decrease of 20% in 

working hours results in a reduction of total cost by MYR 1,932.00 or 5.31%. The same decrease applied to motor and 

controller leads to a decrease of MYR 570.49 or 1.57% in total cost. For the same build, battery acquisition will offer the 

most immediate opportunity to reduce direct cost while workshop labour is the next significant area to improve upon. On 

a smaller fleet scale, the team will expect more effective jigs, numerous subassemblies, established wiring instructions, 

and earlier inspection points to minimise the assembly time while achieving better manufacturing consistency across 

different vehicles. 

Table 9. Summary of formal cost sensitivity 

Cost group 
Baseline value 

(MYR) 
Elasticity Scenario 

Change in total cost 

(MYR) 
Interpretation 

Battery pack 10,221.00 0.3232 20% reduction 2,350.83 6.46% reduction in total cost 

Labour hours 8,400.00 0.2657 20% reduction 1,932.00 5.31% reduction in total cost 

Motor and controller 2,480.38 0.0784 20% reduction 570.49 1.57% reduction in total cost 

BOM excluding 

battery 

12,999.14 0.4111 10% reduction 1,494.90 4.11% reduction in total cost 
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3.3 Prototype Validation and Experimental Evaluation 

Verification by physical prototype followed the assembly and commissioning of the vehicle. The checks included the 

dimensions of the frame, the loading of the ramp, the stopping distance, the side slope performance, mechanical and 

electrical basic functionalities, and the use of batteries including charging and the output of the photovoltaic panel on the 

roof. Verification was performed in controlled prototype conditions and the results were presented as engineering 

observations for the particular phase of the development. 

3.3.1 Dimensional verification of the manufactured frame 

Frame dimensions were checked before painting and final assembly to identify any welding-induced distortion. A tape 

measure and a steel ruler were employed for checking two main diagonals, validating squareness of the cross-members, 

and verifying certain mounting interfaces. As-built measurements used for inspection can be seen in Table 10. 

Table 10. Dimensional verification of the fabricated chassis 

Measurement Design target Measured value Assessment 

Frame diagonal A – 2688 mm Reference measurement 

Frame diagonal B – 2693 mm +5 mm relative to diagonal A 

Cross-member squareness 

difference 

Internal prototype 

limit ≤ 6 mm 

5 mm Within the prototype acceptance 

limit 

Seat-base hole spacing 320 mm 319 mm −1 mm 

Rear-axle mount alignment – Within 2 mm Recorded as-built dimension 

Floor-interface height – 420 mm Recorded as-built value 

The diagonals measured 2688 mm and 2693 mm, yielding a variation of 5 mm or around 0.19% of the diagonal 2.69 

m. The frame was still able to be assembled with its primary parts without issue, and thus this variation was accepted for 

this prototype. This acceptance was a decision taken by the workshop in the case of a unit production and should not be 

interpreted as an official vehicle tolerance. If the design is produced again, limits on length, angle and flatness should be 

specified directly in drawings and inspection sheet. The ISO 2768-1 could be used as a general guidance whenever there 

is no individual tolerance quoted [35]. 

3.3.2 Ramp static load test 

The detachable ramp was situated in the same location that was used for boarding during the ramp test and loaded in 

increments. Calibrated masses were placed at mid-span, where the greatest bending was expected. Each load was held for 

two minutes before the deflection was measured. After each deflection reading, the load was removed and the ramp was 

measured again to distinguish residual deformation from elastic recovery. The three load increments and their respective 

deflections can be seen in Table 11. The ramp deflected by 8.6 mm under the 180 kg test load and retained 0.4 mm 

residual displacement after unloading, with no visible failure. This indicates satisfactory elastic behaviour under the 

prototype test condition, but it is insufficient to define a universal service rating because the combined mass of a powered 

wheelchair and an adult may exceed 200 kg. Higher proof loads and verification of the locking mechanism are therefore 

required before practical use. 

Table 11. Ramp static load test results 

Load case 
Applied load 

(kg) 

Hold time 

(min) 

Maximum 

deflection (mm) 

Residual 

deflection (mm) 
Observation 

Test 1 120 2 4.2 0.1 No visible damage 

Test 2 150 2 6.3 0.2 Ramp position stable 

Test 3 180 2 8.6 0.4 Elastic bending only 

3.3.3 Ramp deployment usability test 

Ramp handling was evaluated over five deployment and stowage cycles to assess whether the detachable ramp could be 

positioned and removed within a practical operating time under dry conditions. Mean deployment and stowage times 

were 18 s and 16 s, respectively. No unintended release or slip was observed on the dry test surface. Because the 

assessment covered only five cycles and one surface condition, the result demonstrates handling feasibility rather than 

long-term reliability. 

Table 12. Ramp deployment and handling assessment 

Assessment parameter Observed result 

Mean deployment time 18 s 

Mean stowage time 16 s 

Number of deployments–stowage cycles 5 

Ramp stability during deployment No unintended movement or release observed 

Slip on dry surface None observed 
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3.3.4 Braking performance test 

The buggy was driven on a dry, level paved surface and brought to a stop from an indicated speed of about 15 km/h. Tests 

were carried out with the driver only, with a partial load and with the full test load, and three stops were recorded for each 

condition. The driver began braking at a fixed visual marker and the distance to rest was measured manually. Because the 

procedure relied on a human trigger and manual distance measurement, the figures include normal response-time and 

marker-reading uncertainty. They should therefore be interpreted as practical stopping distances for the prototype rather 

than as instrumented brake-system measurements. 

Table 13. Measured stopping distance under different payload conditions 

Load 

condition 

Test speed 

(km/h) 

Payload 

(kg) 

Trial 1 

(m) 

Trial 2 

(m) 

Trial 3 

(m) 

Mean stopping 

distance (m) 

Driver only 15 85 3.8 3.9 4.0 3.9 

Partial load 15 250 4.6 4.8 4.7 4.7 

Full load 15 420 5.3 5.4 5.5 5.4 

Mean stopping distance increased from 3.9 m with the driver only to 5.4 m under the full-load condition. At 15 km/h, the 

initial speed is 4.167 m/s. Assuming constant average deceleration, the corresponding estimate can be obtained from Eq. 

(7). 

𝑎 =  
𝑣2

2𝑑
  (7) 

Substituting v = 4.167 m/s and d = 5.4 m gives: 

𝑎 =  
(4.167)2

2 × 5.4
 =  1.61 𝑚/𝑠²  (8) 

The calculated average deceleration is approximately 0.164 g. The consistent increase in stopping distance with 

payload supports conservative speed control on campus routes, but the test should not be interpreted as a regulatory 

emergency-braking assessment. Recent IJAME work on electric-vehicle longitudinal performance likewise used 

measured speed, travel distance, motor variables and battery voltage to strengthen dynamic validation [36]. Future testing 

of this prototype should use a pedal trigger, wheel-speed sensing, GPS/IMU logging or optical timing gates. 

3.3.5 Static stability assessment 

Static lateral stability was examined by gradually inclining the vehicle until initial wheel lightening was observed. This 

point was used as a practical indicator of incipient rollover under quasi-static conditions. Driver-only and loaded 

configurations were tested, and the results are reported in Table 14. 

Table 14. Static lateral slope stability results 

Condition Payload (kg) 
Side-slope angle at initial 

wheel lightening 
Stability assessment 

Driver only 85 24° Stable under tested conditions 

Loaded 420 21° Stable under tested conditions 

A simple rigid-body model was used only to interpret the observed wheel-lightening angle. For a laterally centred centre 

of gravity, the critical side-slope angle is given by Eq. (9). 

𝜃𝑐  =  𝑡𝑎𝑛−1(
𝑇/2

ℎ𝐶𝐺
)  (9) 

where θc is the critical side-slope angle, T is the effective track width and hCG is the centre-of-gravity height. If the 

centre of gravity is laterally offset, yCG is introduced as shown in Eq. (10). 

𝜃𝑐  =  𝑡𝑎𝑛−1(
𝑇/2 − 𝑦𝐶𝐺

ℎ𝐶𝐺
) (10) 

The 21° wheel-lightening angle measured with the vehicle loaded is useful for describing the particular arrangement 

that was tested, but it is not a certified rollover angle. Passenger location, wheelchair mass and the position of heavy 

components such as the battery will all move the centre of gravity. A service limit should therefore not be set from this 

test alone. The next stability study should measure the centre of gravity directly, repeat the test with representative load 

positions and include dynamic turning and braking conditions. 

3.3.6 Functional commissioning tests 

Functional commissioning was carried out before the low-speed demonstration to confirm that the main mechanical and 

electrical systems operated as intended. The checks covered forward and reverse control, throttle response, steering 

operation, service and parking brakes, lighting, horn function, battery indication and cable routing. The outcomes are 

summarised in Table 15. All systems listed in Table 15 operated satisfactorily under the test conditions. These results 
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supported supervised low-speed demonstration of the prototype on a controlled campus route. They should, however, be 

regarded as prototype-level functional verification rather than approval for unsupervised operation or use on public roads. 

Table 15. Functional verification of the main vehicle systems 

System Verification check Observed result 

Directional control Forward and reverse operation Pass 

Throttle response Smooth and progressive acceleration Pass 

Steering system Full steering range achieved without interference Pass 

Service brake Vehicle stopped effectively during the functional check Pass 

Parking brake Vehicle remained stationary on the test slope Pass 

Lighting system Front and rear lights operated correctly Pass 

Horn Audible warning signal operated correctly Pass 

Battery indicator State-of-charge display operated correctly Pass 

Cable routing No visible interference, abrasion or loose routing Pass 

3.3.7 Battery energy consumption and range assessment 

Battery energy use was assessed during repeated stop–start operation on a paved campus route at an average speed of 

approximately 18 km/h. The vehicle was powered by a 72 V, 150 Ah battery pack with a nominal energy capacity of 

approximately 10.8 kWh. Energy consumption was estimated from the reduction in state of charge (SOC) shown by the 

on-board display, while a 90% usable-energy fraction was assumed to retain an operating reserve when estimating range. 

The results for driver-only and full-load operation are presented in Table 16. Recent IJAME work on battery-electric 

vehicle structures also highlights the close relationship between battery packaging and overall vehicle architecture [37]. 

Table 16. Battery energy consumption and estimated range at approximately 18 km/h 

Condition 
Average 

speed (km/h) 

Payload 

(kg) 

Distance 

(km) 

SOC 

drop (%) 

Energy 

used (kWh) 

Specific consumption 

(Wh/km) 

Estimated 

range (km) 

Driver only 18 85 10.0 17 1.84 184 52.8 

Full load 18 420 10.0 22 2.38 238 40.8 

The estimated specific energy consumption increased from 184 Wh/km with the driver only to 238 Wh/km under full 

load, reducing the corresponding estimated range from 52.8 km to 40.8 km. The direction of change is physically 

consistent with the higher rolling resistance, repeated acceleration demand and drivetrain loading associated with greater 

payload. These values should be treated as planning estimates rather than high-accuracy energy measurements.  

Experimental battery studies show that discharge response and thermal state vary with load and operating conditions 

[38], while electric-vehicle energy-source research emphasises the importance of matching storage characteristics to the 

duty cycle [39]. Dynamic battery modelling also shows why state estimation is sensitive to the applied current profile 

[40]. A more rigorous assessment of this prototype should record voltage and current continuously using a calibrated 

shunt, Hall-effect sensor or power analyser. 

𝐸 =  ∫  𝑉(𝑡) 𝐼(𝑡) 𝑑𝑡 (11) 

where E is electrical energy, V(t) is instantaneous battery voltage and I(t) is instantaneous battery current. Direct 

integration would provide a stronger basis for Wh/km estimation, route-energy prediction and battery sizing. 

3.3.8 On-board charging performance test 

Charging performance was assessed from the indicated state of charge during normal AC charging. Table 17 records the 

observed increase from 20% to 100% SOC. 

Table 17. Charging-time profile using the on-board charger 

Time from start (h) SOC (%) 

0.0 20 

1.0 35 

2.0 50 

3.0 65 

4.0 78 

5.0 90 

6.0 100 

The indicated SOC increased from 20% to 100% in approximately 6 h. This duration is compatible with overnight campus 

charging, provided that the charging location, electrical protection, ventilation, supervision and battery-management 

procedures are defined. Routine operation should also include battery-temperature and charging-history records. 
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3.3.9 Roof-mounted solar panel performance test 

The roof-mounted photovoltaic (PV) system was measured outdoors to estimate its supplementary contribution to the 

vehicle energy system. Table 18 summarises the voltage, current and calculated power recorded at three times of day. 

Table 18. Roof-mounted PV output measurements under outdoor lighting conditions 

Time Vpv (V) Ipv (A) Ppv (W) Condition 

11:00 33.0 4.7 155 Bright sunlight 

13:00 33.5 5.4 181 Peak sun 

15:00 32.2 3.9 126 Partly cloudy 

 

Using an effective average output of approximately 135 W over six sun-hours gives about 0.81 kWh/day, equivalent 

to roughly 7–8% of the nominal 10.8 kWh battery capacity. At the estimated consumption of 184–238 Wh/km, this 

contribution corresponds to approximately 3–4 km of additional range before charging losses are considered. The roof-

mounted PV system should therefore be regarded as a supplementary energy source rather than the primary means of 

charging the vehicle. 

4. Discussion 

The project shows that accessibility requirements can be carried into the mechanical design without making the vehicle 

impractical to fabricate in a university workshop. Standard square hollow sections, repeated joints, and jig-assisted fit-up 

suited the available processes, while the low floor, side opening, and detachable ramp were retained within a relatively 

simple ladder-frame layout. The structural response of the final chassis configuration was evaluated using finite element 

analysis. Under the prescribed static vertical load, the maximum von Mises stress was 140.0 MPa and the minimum factor 

of safety was 2.511. This value indicates that the chassis is still within the elastic range for the load case. However, these 

results cannot be considered representative of all operating conditions. The stress distribution identifies several joints and 

member intersections as the more highly loaded regions. This may require local reinforcement or improvements to ensure 

continuity of members. Next, fatigue evaluation and physical verification of the numerical response are necessary for the 

structural analysis. This aims to consider asymmetric wheel loading, torsion, braking, and traction loads, as well as 

detailed weld modelling. In general, the physical test results support the numerical evaluation conducted.  

However, it is not enough to prove that the prototype is ready for routine service. The ramp returned almost completely 

to its original state after the 180 kg load test. The stopping distance also increased with increasing load. Meanwhile, the 

findings showed that the wheel began to lift during the side-slope test. These findings are useful for design improvements 

at a later stage. However, this is not yet sufficient to allow unrestricted operation. This includes ramp tests at higher proof 

loads, provision of positive locking mechanisms and wheelchair restraint systems, instrumented braking tests and direct 

centre of gravity measurements. The energy and cost results can still be used as a basis for planning. The estimated energy 

consumption at full load is approximately 29% higher per kilometre than without passengers. The observed charging time 

is compatible with overnight charging. The photovoltaic panels mounted on the roof provide only a small amount of 

additional energy. The direct cost of the revised prototype is MYR 36,363.16, with the battery pack and labour being the 

largest cost contributors. Based on the evidence available, the prototype is suitable for further controlled campus testing. 

However, it is not yet ready for routine service. 

5. Conclusions 

A functional prototype for an electric vehicle specifically adapted for wheelchair access was developed. The design and 

the layout of the fabrication were done using the resources available in the institution's workshop. It had easily accessible, 

multi-row seating with side guards, a lightweight canopy, and a removable ramp. The frame was low with side access. It 

was designed for workshop fabrication, with repeatable joints for future repairs. For the static load case analysed, the 

chassis had a maximum von Mises stress of 140.0 MPa with a maximum resultant displacement of 2.724 mm, an 

equivalent strain of 4.521 × 10⁻⁴, and a minimum factor of safety of 2.511. The joints and intersections of the members 

were where most stress was concentrated. In future designs, these areas will require attention. The corrected direct cost 

of the prototype was MYR 36,363.16. This included MYR 23,220.14 for the BOM, MYR 8,400.00 for labour, and MYR 

4,743.02 for overhead. Dimensional inspection showed a 5 mm difference between the two frame diagonals. The ramp's 

response remained highly elastic up to a load of 180 kg. At a speed of 15 km/h, the stopping distance varied from 3.9 to 

5.4 m, depending on the load condition. Initial wheel unloading occurred at angles of 24° (driver-only) and 21° (loaded). 

All major functional tests were completed successfully. It was estimated that the operating range would be approximately 

52.8 km (driver-only) and 40.8 km with full load. Charging the battery from 20% to 100% took approximately 6 hours. 

These results provide additional evidence for continued controlled prototype development. Currently, the results do not 

justify certification for routine use. Before operational use, other improvements should include higher ramp proof-load 

testing, positive locking mechanisms, formal wheelchair restraint systems, instrumented braking and energy-consumption 

measurements, direct measurement of the centre of gravity, fatigue and torsional strength tests, durability tests along the 

operating route, wet-grip evaluation, corrosion protection, and thorough weld inspection. 
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