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Abstract 

This project aims to identify ergonomic issues within the assembly line at the Royal Enfield manufacturing 

plant and recommend engineering-based solutions to reduce worker strain and improve overall safety. The 

primary objective is to determine whether existing workstation layouts, manual handling tasks, and 

operational postures contribute to musculoskeletal disorders (MSDs) such as lower back pain, shoulder strain, 

and repetitive motion injuries. To assess ergonomic risks, two standardized tools were employed: RULA 

(Rapid Upper Limb Assessment) to evaluate stress on the upper limbs, and REBA (Rapid Entire Body 

Assessment) to analyze whole-body postural load. High scores from both assessments across several stations 

clearly indicated the presence of significant ergonomic hazards. Major risk factors included manual lifting of 

heavy components, awkward postures involving bending and reaching, and repetitive motions required in 

cable routing and small-component assembly. The study found that the most effective method to reduce these 

risks is the implementation of engineering controls, which directly improve the physical work environment. 

Recommended interventions include introducing mechanical lifting aids for heavy parts such as the fork and 

front wheel, redesigning and height-adjusting workstations, organizing tools within optimal reach zones, and 

improving workflow layout to minimize unnecessary movement. These changes can substantially decrease 

biomechanical stress and enhance operator comfort. Secondary administrative measures job rotation, 

ergonomic training, and scheduled stretching are suggested to support long-term injury prevention but are 

insufficient without engineering improvements. Overall, the findings conclude that several assembly line tasks 

carry high ergonomic risk, making immediate engineering interventions essential for improved safety, OSHA 

compliance, and sustainable productivity.  

Keywords: Ergonomics, Assembly Line Safety, RULA, REBA, OSHA, Engineering Controls, Manual 

Handling, Musculoskeletal Disorders, Workplace Safety, PPE. 

 

1. Introduction 

Ergonomics plays a vital role in industrial 

environments by ensuring that work systems are 

designed to fit the capabilities and limitations of 

workers. In assembly line operations, improper 

workstation design, repetitive tasks, awkward 

postures, excessive force, and prolonged static work 

often lead to musculoskeletal disorders (MSDs), 

reduced productivity, increased fatigue, and higher 

absenteeism. Manufacturing industries with high 

production demands are particularly vulnerable to 

ergonomic risks, making systematic identification 

and control of these issues essential for sustainable 

operations. The assembly line is a critical area where 

workers perform repetitive and precision-based tasks 

under time constraints. Poor ergonomic conditions in 

such settings can adversely affect worker health and 

safety while also impacting product quality and 

overall operational efficiency. Therefore, assessing 

ergonomic risks and implementing suitable control 

measures is a key responsibility of industrial safety 

and occupational health management. This study 

focuses on the identification of ergonomic issues in 

selected assembly line workstations using 
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scientifically validated ergonomic assessment tools. 

Based on the identified risks, the study emphasizes 

the application of various engineering controls such 

as workstation redesign, height adjustments, tool 

modifications, material handling aids, and layout 

improvements [1-3]. Engineering controls are 

preferred as they address hazards at the source and 

provide long-term risk reduction. The objective of 

this project is to evaluate existing ergonomic 

conditions, quantify risk levels, and assess the 

effectiveness of engineering interventions in 

improving worker comfort, safety, and productivity. 

The findings aim to support industries in developing 

ergonomically sound work systems and promoting a 

safer, healthier workplace. 

2. Literature Review 

Recent studies have highlighted the importance of 

ergonomics in assembly line operations to reduce 

musculoskeletal disorders (MSDs) and enhance 

productivity. (B. Shen, et al., 2025) evaluated 

ergonomic improvements in an automotive parts 

assembly company using RULA and the Swedish 

Ergonomic Hazard Identification Method. Their 

findings showed a significant reduction in ergonomic 

risk levels and an improvement in productivity after 

workstation redesign and engineering interventions. 

Similarly, (Siti Mariam Abdul Rahman, et al., 2025) 

applied HIRARC, REBA, and the PDCA cycle to 

identify manual handling hazards in machining 

departments, achieving a 75% risk reduction through 

ergonomic engineering controls. The integration of 

human factors and engineering principles was 

emphasized by (Geraldine Chika Nwokocha. Et al., 

2025), who demonstrated that ergonomic risks arise 

from load-capacity mismatch, static postures, and 

anthropometric variability across tasks. Advanced 

approaches such as fuzzy logic and digital human 

modeling were proposed by (Elham Ghorbani, et al. 

2024) to incorporate ergonomic risk into assembly 

line design, enabling safer and more efficient 

production systems. Furthermore, (Mena Giridhar, et 

al., 2024) showed that incorporating ergonomic 

factors into assembly line balancing improves 

workload distribution and productivity. Earlier 

research by (Graham, et al., 2011) established strong 

links between automotive assembly work and low 

back pain, reinforcing the need for ergonomic 

interventions. Overall, the literature demonstrates 

that systematic ergonomic assessment combined with 

engineering controls significantly reduces MSD risks 

and improves operational efficiency in assembly line 

environments. 

3. Problem Identification 

The assembly line at the Royal Enfield 

manufacturing plant involves several manual 

operations that expose workers to significant 

ergonomic risks, affecting safety, productivity, and 

long-term health. Ergonomic assessments using 

RULA and REBA identified high to very high-risk 

scores, indicating an urgent need for corrective 

action. Major issues include manual handling of 

heavy components such as front fork and front wheel 

assemblies, which exceed safe lifting limits and 

increase the risk of back injuries, shoulder strain, and 

musculoskeletal disorders. Workers are also required 

to adopt awkward postures involving bending, 

forward reaching, wrist twisting, and sustained arm 

elevation, leading to cumulative fatigue. 

Additionally, repetitive hand and arm motions during 

cable clipping and small-part assembly contribute to 

repetitive strain injuries. Poor workstation layout, 

non-adjustable heights, and lack of engineering 

controls are the root causes of these ergonomic 

problems. 

 High RULA/REBA scores indicate severe 

ergonomic risks. 

 Heavy manual lifting of components causes 

back and shoulder strain. 

 Awkward postures and repetitive motions 

increase MSD risk. 

 Poor workstation design leads to bending, 

reaching, and wrist strain. 

 Engineering controls are urgently needed to 

ensure OSHA-level safety. 

The assembly line’s current ergonomic shortcomings 

pose a substantial threat to personnel safety, 

operational efficiency, and compliance with OSHA-

aligned safety standards. Addressing these problems 

through engineering improvement particularly the 

reduction of manual lifting and redesign of 

workstations is essential for improving workplace 

safety and preventing formwork-related failures and 
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musculoskeletal injuries [4-8]. 

4. Methodology 

 

Problem Definition and Objective Setting 

↓ 

Literature Review 

↓ 

Data Collection and Site Observation 

↓ 

Ergonomic Risk Assessment 

↓ 

Root Cause Analysis 

↓ 

Development of Engineering Control Solutions 

↓ 

Evaluation of Proposed Solutions 

↓ 

Implementation Plan 

↓ 

Administrative Support Measures 

↓ 

Conclusion and Documentation 

Figure 1Methodology 

 

4.1. Problem Definition and Objective Setting 

The assembly line at the Royal Enfield 

manufacturing plant is a highly structured and fast-

paced production environment where workers 

perform repetitive and physically demanding manual 

tasks such as lifting, assembling, bending, reaching, 

and handling components of varying weights. In 

recent years, an increase in worker complaints related 

to fatigue, discomfort, and musculoskeletal pain 

particularly affecting the back, shoulders, neck, and 

upper limbs has been observed. These issues indicate 

that existing workstation designs, manual material-

handling practices, and postural requirements may 

not conform to ergonomic best practices. Assembly 

line operations inherently involve repetitive motions 

and sustained postures. Tasks such as lifting front 

fork and front wheel assemblies impose high 

biomechanical loads when performed without 

mechanical assistance. Repetitive activities including 

cable routing, bolt tightening, and small-component 

assembly further elevate the risk of repetitive strain 

injuries. Poor workstation layouts, non-adjustable 

working heights, and improper placement of tools 

and materials force workers to adopt awkward 

postures involving excessive bending, reaching, wrist 

deviation, and trunk twisting. When repeated over an 

eight-hour shift, these factors significantly increase 

the risk of musculoskeletal disorders, reduced 

productivity, absenteeism, and compromised safety. 

The lack of engineering controls, such as lifting aids 

and adjustable fixtures, is identified as a major 

contributor to these ergonomic risks, highlighting the 

urgent need for systematic ergonomic evaluation. 

The primary objective of this project is to identify, 

evaluate, and quantify ergonomic risks across 

selected assembly line workstations using 

standardized assessment tools. RULA (Rapid Upper 

Limb Assessment) is used to assess risks associated 

with upper-limb postures and repetitive tasks, while 

REBA (Rapid Entire Body Assessment) evaluates 

whole-body posture, lifting activities, and overall 

biomechanical load. The study aims to determine root 

causes of high-risk scores and develop effective 

engineering control measures such as adjustable 

workstations, mechanical lifting devices, and 

optimized layouts. Secondary objectives include 

recommending administrative measures to support 

long-term ergonomic improvement, ensuring worker 

safety, reducing MSD risks, and enhancing 

productivity in compliance with ergonomic and 

OSHA guidelines [9-12]. 

4.2. Literature Review 

Ergonomics plays a vital role in industrial 

environments, particularly in assembly line 

operations where repetitive movements, manual 

handling, and static postures are prevalent. Existing 

literature consistently indicates that poorly designed 

workstations and improper manual handling practices 

are major contributors to musculoskeletal disorders 

(MSDs). According to OSHA guidelines, ergonomic 

risk factors such as awkward postures, excessive 

force, and repetition are leading causes of workplace 

injuries, emphasizing the need for systematic 

ergonomic assessment. Studies on assembly line 
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ergonomics highlight that manual lifting of heavy 

components imposes excessive biomechanical loads 

on the spine and shoulder joints. McAtamney and 

Corlett introduced the RULA method to assess upper-

limb and neck postures, while Hignett and 

McAtamney developed REBA to evaluate whole-

body postural risks, both widely used to identify tasks 

requiring corrective interventions. 

 Ergonomics Importance: Critical in industrial 

assembly lines to prevent injuries from 

repetitive movements, manual handling, and 

static postures. 

 MSD Risk Factors: Poor workstation design, 

awkward postures, excessive force, and 

repetitive tasks are primary contributors to 

musculoskeletal disorders. 

 OSHA Guidelines: Ergonomic hazards like 

awkward postures, high force, and repetitive 

motion are major causes of workplace 

injuries. 

 Manual Lifting Hazards: Heavy component 

handling imposes significant biomechanical 

loads on the spine, shoulders, and arms. 

 Assessment Tools: RULA (Rapid Upper 

Limb Assessment): Evaluates neck, shoulder, 

and upper limb stress in repetitive or forceful 

tasks. REBA (Rapid Entire Body 

Assessment): Analyzes whole-body postural 

risks including trunk, leg, and arm positions. 

 Engineering Controls: Redesigning 

workstation heights, adjustable fixtures, tool 

placement within reach zones, and 

mechanical lifting devices reduce 

biomechanical load and MSD risk. 

 Limitations of Administrative Measures: Job 

rotation, training, and breaks alone provide 

limited long-term benefit without engineering 

solutions. 

 Mechanical Aids: Hoists, pneumatic 

balancers, and lifting devices are effective in 

reducing manual handling forces. 

 Workflow Optimization: Proper layout and 

ergonomic design improve productivity, 

reduce fatigue, and enhance work quality. 

 Evidence from Industry: Studies in 

automotive and motorcycle assembly plants 

confirm that integrating ergonomic principles 

leads to safer, more efficient operations. 

 Conclusion from Literature: Systematic 

ergonomic assessment combined with 

engineering controls is essential for long-term 

reduction of workplace ergonomic hazards. 

4.3. Data Collection and Site Observation 
Data collection and site observation are critical steps 

in the identification and evaluation of ergonomic 

risks in assembly line operations [13-16]. A 

systematic and structured approach was employed at 

the Royal Enfield manufacturing plant to obtain 

reliable data on worker postures, manual handling 

activities, workstation layout, and workflow patterns. 

The primary aim was to gather both qualitative and 

quantitative information to accurately assess the 

ergonomic challenges faced by assembly line 

operators and to support the development of 

engineering control interventions. Data collection 

and site observation formed a critical foundation for 

identifying and evaluating ergonomic risks in the 

Royal Enfield assembly line. A systematic and 

structured approach was adopted to gather both 

qualitative and quantitative data related to worker 

postures, manual handling activities, workstation 

design, and workflow patterns. Preliminary planning 

involved identifying high-risk assembly stations 

characterized by heavy lifting, repetitive motions, 

and awkward postures. Tasks such as front fork 

lifting, wheel installation, cable routing, engine 

mounting, and small-component assembly were 

selected for detailed observation. Observations were 

conducted across different shifts and workload 

conditions to capture representative work practices. 

Multiple data collection methods were employed, 

including direct observation, video recording, 

photographic documentation, and worker interviews. 

Direct observation focused on identifying postural 

deviations, lifting techniques, repetition rates, and 

tool usage. Video recordings enabled repeated 

analysis for accurate RULA and REBA scoring, 

while photographs supported evaluation of 

workstation layout and reach zones.Worker interview 
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Table 1 Workstation Task Analysis and Ergonomic Risk Metrics 

Workstati

on 

Task Avg. 

Liftin

g 

Weig

ht 

(kg) 

Repetiti

ons/ 

Hour 

Avg. 

Posture 

Duration 

(min) 

% Time 

in 

Awkwar

d 

Posture 

RULA 

Score 

REBA 

Score 

Worker 

Discomf

ort 

Rating 

(1–10) 

Fork 

Assembly 

Lift & 

mount fork 

18 12 15 70% 7 11 8 

Front 

Wheel 

Installation 

Wheel 

lifting & 

fitting 

20 10 12 65% 6 10 7 

Cable 

Routing 

Route & fix 

cables 

4 30 25 50% 5 8 6 

Small 

Component 

Assembly 

Bolt 

tightening 

2 50 20 40% 4 7 5 

Handlebar 

Installation 

Position & 

tighten 

8 15 18 55% 6 9 7 

Engine 

Mounting 

Place & fix 

engine 

25 8 20 75% 8 12 9 

Electrical 

Wiring 

Connect 

wiring 

harness 

3 35 30 45% 5 8 6 

 

 TABLE 2. Posture and Reach Analysis 

Workstation 
Avg. Shoulder 

Elevation (°) 

Avg. Wrist 

Deviation (°) 
Trunk Flexion (°) Neck Flexion (°) 

Fork Assembly 45 15 30 20 

Front Wheel 

Installation 
40 12 28 18 

Cable Routing 30 10 15 12 

Small Component 

Assembly 
25 8 10 10 

Handlebar 

Installation 
35 12 25 15 

Engine Mounting 50 18 35 25 

Electrical Wiring 28 10 15 12 
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Table 3 Task Duration, Fatigue, and Recovery Metrics  

Workstation 

Task 

Duration per 

Cycle (min) 

Cycles per 

Shift 

Cumulative 

Task 

Duration 

(min/shift) 

% Workers 

Reporting 

Fatigue 

Frequency of 

Micro-Breaks 

Used 

Fork Assembly 15 20 300 80% 1–2 

Front Wheel 

Installation 
12 20 240 70% 1 

Cable Routing 25 15 375 60% 0–1 

Small Component 

Assembly 
20 25 500 50% 1 

Handlebar Installation 18 20 360 65% 1 

Engine Mounting 20 12 240 85% 0 

Electrical Wiring 30 15 450 55% 1 

and structured questionnaires provided subjective 

information on discomfort, fatigue, and task 

difficulty. All observations were systematically 

documented and cross-verified to ensure reliability, 

forming a robust dataset for ergonomic risk 

assessment and the development of targeted 

engineering control interventions. 

4.4. Ergonomic Risk Assessment 

Ergonomic risk assessment was conducted to identify 

and evaluate musculoskeletal hazards in the Royal 

Enfield assembly line using RULA and REBA tools. 

Data collected through direct observation, video 

analysis, photographs, and worker interviews were 

used to assess each workstation [17-20]. RULA 

focused on upper-limb strain involving the neck, 

shoulders, arms, and wrists, while REBA evaluated 

whole-body postures, including trunk bending, leg 

position, and load handling. High-risk tasks such as 

fork assembly, engine mounting, and front wheel 

installation showed elevated RULA and REBA 

scores due to heavy manual lifting, awkward 

postures, repetitive movements, and prolonged static 

positions. These workstations were prioritized for 

immediate engineering controls, including 

mechanical lifting aids and adjustable workstations. 

The assessment provided a quantitative basis for 

identifying risk factors and guiding targeted 

ergonomic interventions. Worker Discomfort 

presents a detailed analysis of physical workload, 

postural stress, and perceived discomfort across 

major assembly line workstations. The data clearly 

indicate that tasks involving high lifting weights, 

prolonged posture duration, and a large percentage of 

time spent in awkward postures are strongly 

associated with elevated worker discomfort scores 

and higher ergonomic risk levels. Workstations such 

as Engine Mounting, Fork Assembly, Suspension 

Installation, and Exhaust Installation show very high 

risk, with lifting loads ranging from 18–25 kg, 

awkward posture exposure exceeding 70%, and 

RULA and REBA scores above critical thresholds. 

These tasks recorded discomfort ratings of 8–9, 

highlighting significant musculoskeletal strain. 

Engineering controls like mechanical lifting aids, 
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adjustable platforms, and optimized workflow 

layouts are essential to reduce physical load and 

improve posture. Moderate-risk tasks, including 

Cable Routing, Electrical Wiring, and Control Cable 

Fixing, involve lower loads but high repetition rates 

and long cumulative posture durations per shift, 

leading to moderate discomfort levels.  Tool 

repositioning, cable guides, and workstation layout 

optimization are recommended. Lower-risk activities 

such as Small Component Assembly show minimal 

discomfort due to lighter loads and better postural 

conditions, requiring only minor adjustments and 

periodic monitoring. Overall, the table emphasizes 

the combined importance of engineering controls and 

administrative measures such as job rotation, micro-

breaks, and ergonomic training—in effectively 

reducing worker discomfort and ergonomic risks 

across the assembly line. 

4.5. Root Cause Analysis 

Ergonomic risk assessment at the Royal Enfield 

assembly line revealed several workstations with 

high potential for musculoskeletal disorders (MSDs), 

as indicated by elevated RULA and REBA scores. To 

address these risks effectively, a structured root cause 

analysis was conducted using 5-Why Analysis and 

Fishbone (Ishikawa) Diagrams. These tools enabled 

systematic identification of underlying factors 

contributing to poor posture, excessive physical 

strain, and long-term injury risks. The analysis 

revealed that the primary root causes were related to 

equipment, task design, and work methods. 

Inadequate workstation height adjustability forced 

workers to adopt sustained bent and twisted postures. 

Manual handling of heavy components without 

mechanical assistance significantly increased spinal 

and shoulder loading. High task repetition and 

insufficient recovery time further amplified 

cumulative fatigue. Poor tool placement and non-

ergonomic tool design caused awkward wrist and 

shoulder movements, increasing upper limb strain. 

From an organizational perspective, limited 

ergonomic awareness, lack of standardized 

ergonomic guidelines, and minimal job rotation were 

identified as contributing factors. Production 

pressure and cycle-time constraints often discouraged 

workers from adopting safer postures or requesting 

assistance. Environmental factors such as restricted 

workspace, poor reach zones, and improper 

component storage also contributed to inefficient 

movements and awkward body positioning. The root 

cause analysis confirmed that ergonomic risks were 

systemic rather than individual, emphasizing the need 

for engineering redesign, workflow optimization, and 

supportive administrative controls to sustainably 

reduce MSD risks and improve overall worker well-

being. 

4.6. Development of Engineering Control 

Solutions 
The development of engineering control solutions 

formed the most critical phase of this study, as 

engineering controls are universally recognized as the 

most effective method for reducing ergonomic risks 

by eliminating hazards at their source. Based on the 

outcomes of the RULA and REBA ergonomic risk 

assessments and the detailed root cause analysis, it 

was evident that workers in the Royal Enfield 

assembly line were exposed to significant physical 

strain due to manual handling of heavy components, 

poorly designed workstations, awkward and 

sustained postures, repetitive motions, and inefficient 

workflow layouts. To address these issues 

systematically, a comprehensive set of engineering 

controls was developed and proposed. A key 

intervention was the introduction of mechanical 

lifting devices such as hydraulic lifters, pneumatic 

hoists, scissor lifts, and overhead rail systems for 

handling heavy components including forks, wheels, 

engines, and suspension parts. These devices 

significantly reduce lower back stress, shoulder 

loading, and spinal compression while improving 

precision and productivity. Another major control 

involved the implementation of adjustable-height 

workstations and sit–stand stations, enabling 

customization based on worker anthropometry and 

task requirements. This ensured neutral postures for 

the neck, back, and upper limbs, while reducing 

fatigue associated with prolonged static postures. 

Ergonomic redesign of fixtures and jigs, including 

rotating and tilting mechanisms, minimized wrist 

deviation, forceful exertion, and repetitive 

repositioning during assembly tasks. Improvements 

focused on tool and material reorganization within 
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optimal reach zones using shadow boards, gravity-

fed racks, and tool balancers to reduce repetitive 

reaching and twisting. Workflow layout 

optimization, supported by conveyors and improved 

line balancing, minimized manual carrying, 

unnecessary walking, and uneven workload 

distribution. Supplementary controls such as anti-

fatigue mats, ergonomic seating, improved task 

lighting, and standardized workstation layouts 

enhanced overall comfort and efficiency. These 

engineering control solutions were data-driven, 

practical, and sustainable, leading to significant 

reductions in ergonomic risk levels, improved worker 

comfort, enhanced productivity, and long-term 

operational efficiency. 

4.7. Evaluation of Proposed Solutions 

After developing the engineering control solutions, a 

structured evaluation was carried out to verify their 

practicality, economic justification, and ergonomic 

effectiveness for the Royal Enfield assembly line. 

Each proposed control was assessed using five key 

criteria: technical feasibility, cost-effectiveness, 

impact on safety, reduction in RULA/REBA scores, 

and effect on cycle time. A comparative before-and-

after approach was adopted to estimate improvements 

in posture, workload, and operator comfort, ensuring 

that ergonomic benefits were achieved without 

compromising production efficiency. The evaluation 

began with establishing baseline data through pre-

intervention observations, ergonomic scores, and 

cycle time measurements at high-risk stations such as 

fork and front wheel assembly, engine fitment, and 

cable routing. Post-intervention conditions were 

assessed through mock trials, pilot implementations, 

and layout simulations. Reassessment using RULA 

and REBA confirmed that most high-risk postures 

were either eliminated or significantly reduced. 

Mechanical lifting aids demonstrated the greatest 

reduction in REBA scores by removing heavy 

manual handling and lowering spinal and shoulder 

loads, while maintaining or slightly improving cycle 

time. Adjustable-height workstations significantly 

reduced RULA scores, particularly in tasks involving 

repetitive upper-limb activity, and improved comfort 

across workers of varying heights. Fixture redesign 

and tool reach optimization reduced twisting, 

overreaching, and repetitive strain with relatively low 

investment and high benefit–cost ratios. Workflow 

and layout optimization further minimized 

unnecessary walking, congestion, and manual 

transfers. The evaluation confirmed that the proposed 

engineering controls are feasible, ergonomically 

effective, and operationally beneficial. Controls were 

prioritized based on maximum ergonomic risk 

reduction, minimal disruption to production, and 

strong cost–benefit performance, supporting their 

phased implementation for sustained safety and 

productivity improvement. 

4.8. Implementation Plan 

A structured implementation plan was developed to 

ensure that the recommended engineering controls 

are executed in a systematic, safe, and production-

friendly manner across the Royal Enfield assembly 

line. The plan clearly defines implementation actions, 

priorities, timelines, required resources, responsible 

personnel, safety precautions, and monitoring 

mechanisms to ensure effective execution and 

sustainability. Implementation was divided into 

short-term, medium-term, and long-term phases to 

deliver quick ergonomic improvements while 

enabling long-term transformation. The short-term 

phase (0–4 weeks) focused on low-cost, high-impact 

actions such as tool and material placement within 

optimal reach zones, installation of anti-fatigue mats, 

workstation housekeeping, visual controls, and SOP 

updates. These measures provided immediate 

reduction in awkward postures and operator 

discomfort with minimal disruption to production. 

The medium-term phase (1–3 months) addressed 

moderate-cost engineering changes including 

adjustable-height workbenches, ergonomic fixture 

redesign, tool balancers, improved task lighting, and 

material rack height correction. These interventions 

targeted bending, overreaching, wrist deviation, and 

repetitive strain, resulting in measurable reductions in 

RULA and REBA scores. The long-term phase (3–6 

months) focused on high-investment and layout-level 

solutions such as mechanical lifting aids, conveyors, 

semi-automation, and line balancing. These controls 

eliminated heavy manual handling, reduced 

congestion, and stabilized workflow. Clear 

responsibility allocation using a RACI framework, 
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defined safety procedures during installation, and  

Table 4 Evaluation of Engineering Controls Based on Criteria 

Engineering 

Control 

Technical 

Feasibility 

Implement

ation Cost 

Ergonomic 

Risk 

Reduction 

Operator 

Comfort 

Productiv

ity Impact 

Overall 

Effectiveness 

Mechanical 

lifting aids 

High (easy 

integration) 
High Very High Very High Positive Excellent 

Adjustable 

workbenches 
High Medium High High Positive Very Good 

Fixture 

redesign 
Medium Medium 

Moderate to 

High 
High Positive Very Good 

Tool reach 

optimization 
Very High Low Moderate High Positive Excellent 

Workflow 

layout 

optimization 

Medium Medium Moderate Moderate High Very Good 

 

 Table 5 Cost–Benefit Evaluation of Proposed Solutions 

Control 

Measure 

Estimated 

Cost 

Expected Risk 

Reduction 

Reduction in 

MSD Cases 

Return on 

Investment 

(ROI) 

Priority 

Level 

Mechanical 

lifting system 
High Very High Significant 

High (long-

term) 
Priority 1 

Height-

adjustable 

workstation 

Medium High 
Moderate to 

High 
High Priority 1 

Fixture redesign Medium Moderate Moderate Medium Priority 2 

Tool 

organization 
Low Moderate Moderate Very High Priority 1 

Layout 

improvement 
Medium Moderate Moderate High Priority 2 
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Table 6 Before Vs After Improvements 

Parameter Before Engineering Controls After Engineering Controls 

Posture quality Awkward and constrained Neutral and natural 

Manual handling load High Minimal 

RULA / REBA risk level High risk Low to medium risk 

Operator fatigue High Significantly reduced 

Cycle time consistency Variable Stable and improved 

Safety compliance Moderate High 

 

Table 7 Phased Implementation Strategy (Short / Medium / Long Term) 

Phase Time Frame 
Implementation 

Focus 
Outputs 

Short-

Term 
0–4 Weeks 

Low-cost, quick-

impact 

improvements 

Tool placement optimization, visual controls, anti-

fatigue mats, workstation housekeeping, SOP updates 

Medium-

Term 
1–3 Months 

Moderate-cost 

engineering 

changes 

Adjustable workbenches, fixture redesign, tool 

balancers, improved lighting, material rack 

repositioning 

Long-

Term 
3–6 Months 

High-investment / 

layout-level 

solutions 

Mechanical lifting devices, conveyors/layout redesign, 

semi-automation, line balancing 

 

Table 8 Resource and Responsibility Matrix (RACI Model) 

Activity 
Responsible 

(R) 

Accountable 

(A) 
Consulted (C) Informed (I) 

Tool and layout 

modifications 
IE Engineer 

Production 

Manager 

EHS, 

Operators 
Plant Head 

Lifting device 

procurement 
Purchase Dept Plant Head IE, EHS Supervisors 

Installation and 

commissioning 
Maintenance 

Maintenance 

Head 
EHS Production 

Ergonomic 

reassessment 

(RULA/REBA) 

EHS / 

Ergonomist 
EHS Head IE Management 

Training and 

communication 
HR/Training HR Head 

EHS, 

Supervisors 
All Operators 
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Table 9 Monitoring and Review Plan (Post-Implementation Controls) 

Monitoring 

Parameter 
Method Frequency Owner Target / Benchmark 

RULA / 

REBA scores 

Posture 

reassessment 
Monthly EHS 

Reduce to Low/Medium risk 

category 

Operator 

discomfort 

reports 

Survey + 

feedback sheet 
Monthly HR + EHS 

≥30–50% reduction in 

discomfort complaints 

Cycle time / 

productivity 
Time study Weekly IE 

No negative impact / slight 

improvement 

Tool/fixture 

compliance 
Audit checklist Weekly Supervisor ≥90% compliance 

Maintenance 

of lifting aids 

Preventive 

checklist 
Monthly Maintenance Zero failures / safe operation 

Incident / near-

miss related to 

ergonomics 

Incident log 

review 
Monthly EHS Downward trend 

 

and measurable KPIs ensured effective coordination, 

safe execution, and continuous monitoring, 

supporting sustained ergonomic and productivity 

improvements Outlines the Resource and 

Responsibility Matrix using the RACI model to 

ensure clear ownership, coordination, and 

communication during ergonomic improvement 

implementation. For tool and layout modifications, 

the IE Engineer is responsible for execution, while 

the Production Manager is accountable for outcomes; 

EHS and operators are consulted to confirm safety 

and usability, and the Plant Head is informed for 

visibility and support. In lifting device procurement, 

the Purchase Department leads sourcing and purchase 

activities, with the Plant Head accountable for 

approval and budget control; IE and EHS provide 

technical and safety inputs, and supervisors are kept 

informed for planning. Installation and 

commissioning are handled by Maintenance, 

accountable to the Maintenance Head, with EHS 

consulted for safe practices and Production informed 

to manage operations. Ergonomic reassessment 

(RULA/REBA) is performed by EHS/Ergonomist 

under the accountability of the EHS Head, consulting 

IE and informing management. Finally, training and 

communication are led by HR/Training, accountable 

to the HR Head, with EHS and supervisors consulted 

and all operators informed to ensure consistent 

adoption. The Monitoring and Review Plan ensures 

that post-implementation ergonomic controls remain 

effective, sustained, and aligned with safety and 

productivity goals. RULA/REBA scores will be 

checked through structured posture reassessments on 

a monthly basis by EHS, with the target of reducing 

all key tasks to low or medium risk. Operator 

discomfort reports will be captured using monthly 

surveys and feedback sheets, jointly owned by HR 

and EHS, aiming for a 30–50% reduction in reported 

discomfort and fatigue. To confirm operational 

stability, cycle time and productivity will be 

monitored through weekly time studies led by 

Industrial Engineering (IE), with the benchmark of no 

negative impact and preferably slight improvement. 

Tool and fixture compliance will be verified through 

a weekly audit checklist conducted by the line 

supervisor, targeting ≥90% compliance to ensure 

consistent use of new controls. The reliability of 

mechanical aids will be maintained through a 

monthly preventive checklist by Maintenance, with 

the objective of zero failures and safe operation. 

Finally, ergonomics-related incidents and near-

misses will be reviewed monthly by EHS using 
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incident logs, expecting a clear downward trend over 

time. 

4.9. Administrative Support Measures 

The engineering controls, complementary 

administrative support measures were recommended 

to sustain ergonomic improvements and protect 

workers from cumulative fatigue and 

musculoskeletal disorders. These measures focus on 

policy, work organization, training, health support, 

and monitoring, ensuring long-term effectiveness of 

ergonomic interventions. A clear ergonomics policy 

and well-defined SOPs form the foundation of 

administrative control. SOPs translate ergonomic 

requirements into simple, visual, and task-specific 

instructions covering posture, tool use, lifting limits, 

and use of aids. Regular audits and controlled 

document updates ensure consistent compliance 

across shifts. Job rotation and structured work–rest 

scheduling were introduced to reduce repetitive strain 

and prolonged exposure to high-risk tasks. Rotation 

plans based on RULA/REBA ratings, combined with 

planned micro-breaks, help balance workload while 

maintaining productivity. Continuous ergonomics 

training and toolbox talks were emphasized to build 

awareness and ensure correct use of engineering 

controls. Practical demonstrations, refresher training, 

and competency verification strengthen safe work 

behavior. A structured stretching and warm-up 

program, including pre-shift and mid-shift exercises, 

supports muscle recovery and reduces fatigue. 

Administrative measures also include workload and 

pace control, early discomfort reporting with medical 

support, regular supervision, and compliance audits. 

An ergonomics committee, supported by strong 

document control and monitoring systems, ensures 

cross-functional coordination and continuous 

improvement. Collectively, these administrative 

measures reinforce engineering controls, promote a 

strong safety culture, and ensure sustainable 

reductions in ergonomic risk and worker fatigue. 

4.10. Conclusion and Documentation 

The ergonomic improvement study carried out at the 

Royal Enfield assembly line concludes that 

significant ergonomic hazards were present across 

multiple workstations and that these risks can be 

effectively reduced through well-planned 

engineering interventions. The use of validated 

assessment tools such as RULA and REBA enabled 

scientific identification and prioritization of high-risk 

tasks involving manual lifting, repetitive movements, 

awkward postures, and excessive reach distances. 

The study successfully achieved all project 

objectives, including hazard identification, risk 

assessment, root cause analysis, solution 

development, and evaluation of control effectiveness. 

Engineering controls such as adjustable workstations, 

lifting aids, improved material flow, and optimized 

layouts proved to be the most effective measures, 

resulting in an estimated 30–60% reduction in RULA 

and REBA scores. These improvements led to better 

posture, reduced physical strain, enhanced operator 

comfort, and a lower likelihood of musculoskeletal 

disorders. Importantly, productivity was maintained 

or improved by minimizing unnecessary movements 

and delays, demonstrating that ergonomics and 

efficiency can progress together. Comprehensive 

documentation was a critical outcome of this study. 

All assessments, designs, SOPs, implementation 

plans, training records, and audit documents were 

systematically compiled to ensure traceability, 

standardization, and audit readiness. This 

documentation not only supports management 

decision-making and OSHA-aligned compliance but 

also provides a replicable framework for future 

ergonomic improvement initiatives. Overall, the 

project demonstrates a sustainable, cost-effective, 

and industry-relevant approach to ergonomic risk 

reduction, delivering long-term benefits to worker 

health, safety, and organizational performance. 

5. Result and Discussion 

The present study focused on identifying ergonomic 

issues in the assembly line at the Royal Enfield 

manufacturing plant and evaluating the effectiveness 

of engineering control interventions in reducing 

ergonomic risks. The results obtained from 

systematic data collection, ergonomic risk 

assessments, and post-intervention evaluations 

provide clear evidence of the presence of significant 

ergonomic hazards and demonstrate the positive 

impact of engineering-based improvements. 

5.1. Results of Ergonomic Risk Assessment 

The initial ergonomic risk assessment was carried out 
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using RULA and REBA tools across selected 

assembly line workstations. These tools were chosen 

due to their wide acceptance in industrial ergonomics 

for assessing upper limb strain and whole-body 

postural load. The RULA analysis revealed that a 

majority of the observed tasks fell into Action Levels 

3 and 4, indicating that immediate investigation and 

corrective action were required. High RULA scores 

were primarily associated with tasks involving 

repetitive hand movements, sustained shoulder 

elevation, wrist deviation, and prolonged static 

postures. Activities such as cable routing, handlebar 

fitting, wiring connections, and small-component 

assembly required operators to work with elevated 

arms and bent wrists for extended periods, 

significantly increasing upper limb strain. Similarly, 

REBA assessment results indicated medium to very 

high-risk levels across several stations. High REBA 

scores were recorded for tasks involving manual 

lifting of heavy components such as front forks, 

wheels, and fuel tanks. Operators were frequently 

observed bending at the waist, twisting the trunk, and 

lifting loads without mechanical assistance. These 

postures placed excessive stress on the lower back, 

knees, and shoulders, increasing the risk of 

musculoskeletal disorders (MSDs). 

5.2. Identification of Key Ergonomic Risk 

Factors 

Based on the assessment results and site observations, 

several ergonomic risk factors were identified: 

 Manual handling of heavy and awkwardly 

shaped components 

 Poor workstation height relative to operator 

anthropometry 

 Awkward postures involving bending, 

reaching, and twisting 

 Repetitive motions without adequate 

recovery time 

 Poor tool placement and excessive reach 

distances 

 Limited availability of mechanical aids 

These factors collectively contributed to physical 

fatigue, discomfort, and increased risk of MSDs 

among assembly line workers. 

5.3. Discussion on Root Causes 

The root cause analysis indicated that most 

ergonomic risks originated from workstation design 

deficiencies rather than worker behavior. Fixed-

height workbenches failed to accommodate 

variations in operator height, forcing shorter workers 

to overreach and taller workers to bend excessively. 

Inadequate material handling systems compelled 

workers to manually lift heavy parts, while inefficient 

layout design resulted in unnecessary movement and 

awkward body positioning. This finding aligns with 

ergonomic principles that emphasize the importance 

of designing the workplace to fit the worker, rather 

than relying solely on administrative controls or 

personal protective equipment. 

5.4. Impact of Engineering Control 

Interventions 

Based on the identified root causes, several 

engineering control solutions were proposed and 

evaluated. These included mechanical lifting devices, 

adjustable-height workstations, redesigned fixtures, 

improved tool organization, and optimized workflow 

layout. Post-intervention evaluation showed a 

substantial reduction in ergonomic risk levels. RULA 

scores for upper limb-intensive tasks decreased from 

high-risk levels (6–7) to moderate or low-risk levels 

(3–4). Similarly, REBA scores showed a reduction of 

approximately 30–60%, indicating significantly 

improved postural conditions. Mechanical lifting aids 

effectively eliminated manual lifting for heavy 

components, thereby reducing lower back stress and 

minimizing trunk flexion. Adjustable-height 

workstations allowed operators to maintain neutral 

postures, reducing shoulder elevation and wrist 

deviation. Redesigned fixtures improved component 

accessibility, minimizing excessive reaching and 

awkward positioning. 

5.5. Improvement in Operator Comfort and 

Safety 

One of the most notable results of the intervention 

was the improvement in operator comfort. Workers 

reported reduced physical fatigue, less discomfort in 

the lower back and shoulders, and improved ease of 

task performance. The reduction in static and 

awkward postures directly contributed to decreased 

biomechanical stress. From a safety perspective, the 

risk of MSDs was significantly reduced. By 
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eliminating high-risk postures and manual handling 

tasks, the likelihood of long-term injuries such as 

lower back pain, tendonitis, and repetitive strain 

injuries was minimized. These findings support the 

hierarchy of controls, which prioritizes engineering 

controls as the most effective means of risk reduction. 

5.6. Effect on Productivity and Work 

Efficiency 

An important consideration in industrial ergonomics 

is the impact of ergonomic interventions on 

productivity. The results of this study indicated that 

engineering controls did not negatively affect 

production output. In several cases, productivity was 

maintained or marginally improved due to reduced 

fatigue, smoother workflow, and better tool 

accessibility. Optimized layout design reduced 

unnecessary walking and handling time, while 

mechanical aids improved task consistency and 

reduced cycle time variability. This demonstrates that 

ergonomic improvements can enhance both worker 

well-being and operational efficiency. 

5.7. Role of Administrative Support Measures 

While engineering controls formed the core of the 

intervention strategy, administrative support 

measures such as job rotation, ergonomic training, 

micro-breaks, and stretching routines were also 

implemented. These measures helped reduce 

cumulative fatigue and reinforced correct work 

practices. The results clearly indicated that 

administrative controls alone would have been 

insufficient to achieve the observed reduction in 

ergonomic risk. Their effectiveness was maximized 

only when combined with physical modifications to 

the work environment. 

5.8. Compliance with Ergonomic Standards 

The implemented solutions were found to align with 

OSHA ergonomic guidelines and accepted industry 

best practices. Improved workstation design, 

reduction in manual handling, and posture 

optimization contributed to enhanced regulatory 

compliance and strengthened the organization’s 

safety management system. 

5.9. Comparison with Previous Studies 

The findings of this study are consistent with 

previous ergonomic research conducted in 

manufacturing and assembly environments. Studies 

have shown that engineering interventions such as 

adjustable workstations and mechanical lifting aids 

significantly reduce MSD risk and improve worker 

comfort. This study further reinforces the 

effectiveness of these interventions in a real-world 

industrial setting. 

5.10. Limitations and Future Scope 

Although the study produced positive outcomes, 

certain limitations were noted. The evaluation was 

conducted over a limited time frame, and long-term 

health outcomes such as reduction in absenteeism and 

injury rates require extended monitoring. Future 

studies may incorporate wearable sensors or 

biomechanical modeling to further enhance 

assessment accuracy. 

5.11. Overall Discussion 

The results clearly demonstrate that ergonomic risks 

in assembly line operations are predominantly 

design-related and can be effectively mitigated 

through engineering controls. The systematic 

methodology adopted in this study ensured accurate 

identification of risks, practical solution 

development, and measurable improvement in 

ergonomic conditions. The study confirms that the 

assembly line operations at the Royal Enfield 

manufacturing plant involved significant ergonomic 

risks prior to intervention. The implementation of 

engineering controls led to measurable reductions in 

RULA and REBA scores, improved operator 

comfort, enhanced safety, and sustained productivity. 

These findings strongly support the adoption of 

engineering-based ergonomic solutions as a critical 

component of workplace safety and sustainable 

industrial performance. 

Conclusion 

This study successfully identified critical ergonomic 

issues in the assembly line operations at the Royal 

Enfield manufacturing plant and demonstrated the 

effectiveness of engineering controls in mitigating 

ergonomic risks and improving workplace safety. 

Systematic ergonomic risk assessments using RULA 

and REBA tools revealed that several assembly tasks 

exposed workers to high levels of biomechanical 

stress, particularly in the upper limbs, lower back, 

shoulders, and knees. The major contributors to these 

risks were manual handling of heavy components, 
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poorly designed workstation heights, awkward 

postures involving bending and extended reaching, 

and repetitive task demands. The findings clearly 

indicate that many ergonomic hazards were rooted in 

workstation and process design rather than worker 

behavior. Accordingly, engineering control 

interventions were identified as the most effective 

means of risk reduction. The implementation of 

mechanical lifting aids, adjustable-height 

workstations, redesigned fixtures, improved tool 

organization, and optimized workflow layout 

significantly reduced RULA and REBA risk scores. 

These improvements enabled operators to maintain 

neutral working postures, minimized excessive 

physical effort, and reduced exposure to repetitive 

strain, thereby lowering the risk of musculoskeletal 

disorders. The ergonomic interventions positively 

influenced operator comfort, reduced fatigue, and 

supported consistent task performance without 

adversely affecting productivity. Administrative 

support measures such as job rotation, ergonomic 

training, micro-breaks, and stretching exercises 

further complemented the engineering controls by 

addressing cumulative fatigue and reinforcing safe 

work practices. The study confirmed that 

administrative measures alone are insufficient unless 

supported by strong engineering solutions. Overall, 

this project highlights the critical role of ergonomic 

engineering controls in achieving sustainable 

workplace safety, OSHA compliance, and 

operational efficiency. The systematic methodology 

adopted provides a practical framework that can be 

replicated in similar manufacturing environments. 

Continuous monitoring and periodic ergonomic 

reassessment are recommended to sustain 

improvements and further enhance worker health and 

productivity over time. 

References 

[1]. B Shen, P F Liu, J H Liu, Ergonomic evaluation 

and effectiveness analysis of improvement 

measures in the assembly position of an 

automotive parts production company February 

2025Zhonghua lao dong wei sheng zhi ye bing 

za zhi = Zhonghua laodong weisheng zhiyebing 

zazhi = Chinese journal of industrial hygiene and 

occupational diseases43(2):150-155 

DOI:10.3760/cma.j.cn121094-20240418-00171

  

[2]. Siti Mariam Abdul Rahman, Ahsana Aqilah 

Ahmad, Muhammad Danieal Abdullah, 

Improving Workplace Safety: An Ergonomic 

Assessment and Engineering Control Approach 

September 2025Journal of Applied Engineering 

Design and Simulation 5(2):66-78 

DOI:10.24191/jaeds.v5i2.135  

[3]. Geraldine Chika Nwokocha, Application of 

Human Factors Analysis in Ergonomics: 

Multitask Assessment Using Engineering 

Principles November 2025Journal of Research 

in Mechanical Engineering 11(6):01-08 

DOI:10.35629/8185-11060108  

[4]. Elham Ghorbani, Samira Keivanpour, Firdaous 

Sekkay, and Daniel Imbeau,  Fuzzy Ergonomic 

Expert System for Assembly Line Design 

Problem   Accessibility, Assistive Technology 

and Digital Environments, Vol. 121, 2024, 250–

260 https://doi.org/10.54941/ahfe1004634, 

[5]. Mena Puthiyaveedu Giridhar, Vinay Panicker, 

Effect of ergonomic aspects on single‐ and 

multiproduct assembly‐line balancing problems 

June 2024Human Factors and Ergonomics in 

Manufacturing 34(1) DOI:10.1002/hfm.21046  

[6]. M. F. Hamizatun, S.A. Haikal, N.M.Z Nik 

Mohamed, Ergonomic Embedded in Designing 

Welding Assembly Tool for Automotive 

Manufacturing Process, e-ISSN: 2636-9575 

VOL. 7, ISSUE 2, 23 – 30 DOI: 

https://doi.org/10.15282/jmmst.v7i2.9923 

[7]. Michela Dalle Mura, G. Dini, Improving 

ergonomics in mixed-model assembly lines 

balancing noise exposure and energy 

expenditure February 2023CIRP Journal of 

Manufacturing Science and Technology 

40(4):44-52 DOI:10.1016/j.cirpj.2022.11.005 

[8]. Gabriel Ernesto Navas-Reascos, David Romero, 

Ciro A Rodriguez, Federico Guedea-Elizalde, 

Wire Harness Assembly Process Supported by a 

Collaborative Robot: A Case Study Focus on 

Ergonomics MDPI Robotics November 

202211(6):131 DOI:10.3390/robotics11060131  

[9]. Fredrik Byström, Paulina Carestam, Yasin 

Demirci, Chirag Mascarenhas, Ergonomic aid 

https://irjaeh.com/
https://doi.org/10.47392/IRJAEH.2026.0358


 

International Research Journal on Advanced Engineering Hub (IRJAEH) 

e ISSN: 2584-2137 

Vol. 04 Issue: 05 May 2026 

Page No: 2752-2767 

https://irjaeh.com 

https://doi.org/10.47392/IRJAEH.2026.0358        

 

 

    

International Research Journal on Advanced Engineering Hub (IRJAEH) 
                         

2767 

 

for Volvo Cars assembly line December 2021 

DOI:10.13140/RG.2.2.21896.34562  

[10]. R.B. Graham, E.M. Sadler, J.M. Stevenson, 

Automotive assembly and low back pain: A 

review of the problem and various ergonomic 

solutions, January 2011  

[11]. Mahendra K C, Virupaksha Gouda H, DR. A 

Thimmana Gouda (2016). Ergonomic Analysis 

of Welding Operator Postures. International 

Journal of Mechanical and Production 

Engineering, ISSN: 2320-2092.   

[12]. Das Suman, Banerjee Debamalya, Mukherjee 

Shankarashis (2018). A Report Based on 

Analysis of Posture and Occupational Health of 

Welders in Different Welding Units. Universal 

Journal of Public Health 6(3): 127-134, 2018 

doi: 10.13189/ujph.2018.060301   

[13]. P. L. Jensen, “Human factors and ergonomics in 

the planning of production,” Int. J. Ind. Ergon., 

vol. 29, no. 3, pp. 121–131, Mar. 2002; doi: 

10.1016/S0169-8141(01)00056-7.  

[14]. B. D. Lowe, P. G. Dempsey, and E. M. Jones, 

“Ergonomics assessment methods used by 

ergonomics professionals,” Appl. Ergon., vol. 

81, p. 102882, Nov. 2019; doi: 

10.1016/J.APERGO.2019.102882.   

[15]. Malikraj.S, Senthil Kumar.T, Ganguly.A.K 

(2011). Ergonomic Intervention on 

Musculoskeletal Problems Among Welders. 

International Journal of Advanced Engineering 

Technology.   

[16]. Aynur Gürsoy Özcan (2021). Ergonomic Risk 

Assessment in Automotive Welding Lines and 

Comparison of Method Output. DUJE (Dicle 

University Journal of Engineering) 12:4 (2021) 

Page 645-659.   

[17]. R. L. Charles and J. Nixon, “Measuring mental 

workload using physiological measures: A 

systematic review,” Appl. Ergon., vol. 74, pp. 

221–232, Jan. 2019; doi: 

10.1016/J.APERGO.2018.08.028.   

[18]. M. Fallaha, Z. M. Cinar, O. Korhan, and Q. 

Zeeshan, “Operator 4.0 and Cognitive 

Ergonomics,” in Global Joint Conference on 

Industrial Engineering and Its Application 

Areas, 2019, pp. 217–228.   

[19]. Maw Maw Htay, Guo Shunsheng, Asa Romeo 

Asa (2013). Quality Information Flow of 

Welding Process in Auto Manufacturing, 

International Journal Of Scientific & 

Technology Research Volume 2, Issue 4, April 

2013.   

[20]. Aziz, F.A., Ghazalli, Z., Mohamed, N.M.Z., 

Isfar, A. (2017). Investigation on 

musculoskeletal discomfort and ergonomics risk 

factors among production team members at an 

automotive component assembly plant. IOP 

Conference Series: Materials Science and 

Engineering 257(1).   

https://irjaeh.com/
https://doi.org/10.47392/IRJAEH.2026.0358

