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ABSTRACT

Ergonomics and human factors play a critical role in designing industrial workstations to ensure
worker comfort, safety, and productivity. This manuscript presents a comprehensive examination of
ergonomic principles applied to industrial workstation design up to the year 2021. The study synthesizes
prevailing research, outlines a robust methodological framework, incorporates statistical analysis of
anthropometric data, and discusses simulation-based approaches for evaluating workstation
configurations. A sample population of 150 industrial workers was assessed to derive key
anthropometric measures relevant to workstation dimensions. Statistical analysis revealed significant
correlations between worker dimensions and optimal workstation parameters. Additionally, a digital
human modeling (DHM) simulation study was conducted using pre-2021 tools to evaluate reach
envelope, posture, and task cycle times for representative industrial tasks. The findings indicate that
adjustable workstation components—such as height-adjustable surfaces, ergonomic seating, and tool
positioning—substantially reduce biomechanical strain and improve task efficiency. Concluding
remarks emphasize the need for designing flexible, user-centered industrial workstations that
accommodate a diverse workforce and comply with established ergonomic standards.
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1. INTRODUCTION

Industrial workstations are the physical interfaces where workers interact with tools, equipment, and control
systems to perform manufacturing, assembly, inspection, and material-handling tasks. Poorly designed
workstations can lead to musculoskeletal disorders (MSDs), reduced productivity, and increased absenteeism.
By 2021, ergonomic interventions had become an integral part of industrial engineering practices, driven by
an increased understanding of human variability and the economic impact of workplace injuries. Ergonomics,
as an engineering discipline, focuses on adapting work environments to the capabilities and limitations of
workers (Dul et al., 2012). Human factors extend this scope by considering cognitive, organizational, and
environmental influences on human performance (Wilson, 2000).

The primary goal of ergonomic workstation design is to optimize the fit between worker and task, thereby
reducing physical strain and improving efficiency. Key factors include anthropometric data (body
measurements), biomechanics (joint ranges, forces), task demands (frequency, force, posture), and
environmental conditions (lighting, noise). Industrial settings in 2021 commonly employed adjustable-height
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workbenches, tool balancers, articulating monitor arms, and anti-fatigue flooring to accommodate
anthropometric diversity. Despite these advances, literature identified persistent challenges: inadequate
integration of user feedback during early design stages, limited use of anthropometric databases representing
regional worker populations, and suboptimal simulation methods for real-world evaluation.

This manuscript explores ergonomic principles up to 2021 and illustrates their application in industrial
workstation design. It covers a literature review synthesizing foundational research, outlines a methodological
framework for anthropometric data collection, presents statistical analysis, and details a simulation research
component using digital human modeling tools available before 2021. The objective is to provide a cohesive,
engineering-aligned guide for implementing ergonomically sound industrial workstations that meet both
safety regulations and productivity targets.
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FIG: WORKSTATION DESIGN SPECTRUM
2. LITERATURE REVIEW

2.1 Foundations of Ergonomic Workstation Design

The field of ergonomics emerged in the mid-20th century, initially focusing on military and aerospace
applications before expanding into industrial settings in the 1960s and 1970s (Bridger, 2003). Pioneering work
by Kroemer and Grandjean (1997) established the concept of fitting the task to the person rather than forcing
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the person to adapt to the task. Early ergonomic standards, such as ISO 6385 (Ergonomic principles in the
design of work systems, 1981), provided general guidelines for designing tasks, workstations, and tools.

Key ergonomic principles include:

1. Neutral Posture: Designing workstations that allow the spine to maintain its natural curvature,
minimizing musculoskeletal stress (NIOSH, 1991).

2. Reach Envelope: Ensuring that frequently used tools and components fall within the comfortable
reach zone to reduce static loading and excessive stretching (Peebles, 1999).

3. Work Surface Height: Optimal bench height varies by task type (precision work requires slightly
higher surfaces, forceful tasks slightly lower) and should match a worker’s elbow height when standing
or seated (Chaffin & Andersson, 1991).

4. Visual Display Placement: For tasks involving monitors or displays, the top of the screen should align
with eye level to minimize neck flexion (ANSI/HFES 100-2007).

5. Dynamic Seating: Adjustable chairs with lumbar support that permit variation in posture throughout
a shift to prevent static muscle loading (Consolvo & Snook, 1998).

2.2 Anthropometry in Workstation Design

Anthropometry provides the dimensional data essential for designing products that “fit” the target population.
By 2021, large anthropometric databases existed, such as NASA’s anthropometric data sets, CAESAR
(Civilian American and European Surface Anthropometry Resource), and region-specific surveys (Drillis &
Contini, 1966; Gordon et al., 1989). Industrial designers used percentiles (5th percentile female to 95th
percentile male) to ensure that workstations accommodated the majority of workers. Studies indicated that
using 5th percentile female elbow height for static tasks and 95th percentile male shoulder height for overhead
clearance minimized the risk of MSDs (Pheasant, 1996).

However, many industrial ergonomic programs relied on a limited subset of anthropometric measures (e.g.,
stature, eye height, elbow height) without capturing dynamic posture changes during real tasks. Research by
Kilbom (1994) and Hagberg et al. (1995) demonstrated the importance of task-specific reach and posture
analysis. Furthermore, region-specific anthropometric variability (e.g., South Asian vs. European populations)
suggested that global databases might not accurately represent local workforces (Rao et al., 2014).

2.3 Biomechanics and Workload Assessment

Biomechanical modeling estimates internal forces (joint moments, muscle activations) during tasks and helps
predict injury risk. Early models, such as those by McConville et al. (1980), provided segment inertial
parameters and joint torque estimations. By 2021, simplified models (e.g., NIOSH lifting equation) were
integrated into workstation evaluations to assess manual material handling tasks (Waters et al., 1993).
Electromyography (EMG) studies identified muscle groups subjected to prolonged loading, guiding
workstation adjustments such as tool handle design and tool balancer settings (Buckle, 2013).
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Workload assessment tools, including the Revised Strain Index (Moore & Garg, 1995) and Rapid Upper Limb
Assessment (RULA) (McAtamney & Corlett, 1993), provided structured methods to quantify ergonomic risk.
These tools were widely used in industrial audits, enabling engineers to prioritize interventions for tasks with
high risk scores.

2.4 Digital Human Modeling (DHM) and Simulation

Digital human modeling tools (e.g., JACK by Siemens, RAMSIS, Santos) became available in the late 1990s
and matured through 2021. DHM enabled simulation of human postures, reach, and visibility within a CAD
environment before physical prototypes were built (Rousseau et al., 1999). Valverde et al. (2017) showed that
DHM simulations reduced ergonomic risk scores by enabling iterative design adjustments early in the process.
Nevertheless, limitations included the accuracy of anthropometric inputs and the need for specialized expertise
to operate DHM software.

2.5 Standards and Guidelines up to 2021
Several international and regional standards guided ergonomic workstation design by 2021:

e ISO 9241-5 (Ergonomic requirements for office work with visual display terminals, 1999):
Although focused on office environments, principles such as adjustable furniture and display
positioning were applicable to industrial control rooms.

e ANSI/HFES 100-2007 (Human Factors Engineering of Computer Workstations): Provided
guidelines for monitor placement, input devices, and workspace dimensions.

e EU Directive 90/270/EEC (Display Screen Equipment Directive, 1990): Emphasized adjustable
workstations, minimal glare, and user training.

e IS0 14738 (Human body measurement for machine control and operation, 200: Provided detailed
anthropometric dimension definitions relevant to machine operators.

3. METHODOLOGY
3.1 Study Objectives
The primary objectives of this study were to:

1. Collect anthropometric data from a representative sample of industrial workers.
2. Perform statistical analysis to identify correlations between worker dimensions and optimal
workstation parameters.
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3. Conduct DHM-based simulation research to evaluate ergonomic risk for different workstation
configurations.

3.2 Participant Selection and Anthropometric Data Collection

A sample of 150 industrial workers (age 20-55 years, 120 males and 30 females) was recruited from a
medium-sized manufacturing facility in 2021. Inclusion criteria required participants to have at least one year
of experience in assembly or inspection tasks. Anthropometric measurements were taken following
standardized procedures established by Drillis and Contini (1966) and Gordon et al. (1989). Key
measurements included:

o Stature (standing height)

e Eye height (standing and seated)

e Shoulder height (standing)

o Elbow height (standing and seated)
o Hip breadth (sitting)

e Thigh clearance (sitting)

o Popliteal height (sitting)

o Hand length and breadth

Measurements were obtained using a stadiometer, anthropometer, and digital calipers. Each measurement was
taken twice by trained ergonomists to ensure reliability; the average value was recorded.

3.3 Workstation Parameter Definition
Based on literature recommendations, the following workstation dimensions were considered:

o Work surface height (seated and standing)

e Reach distances (horizontal and vertical)

e Monitor/display height and tilt

e Tool positioning (including tool balancer attachment points)
e Chair seat height and backrest angle

Nominal values for these parameters were initially set according to the 50th percentile of the sampled
population. Adjustable ranges were defined based on the 5th to 95th percentile values to ensure
accommodation of smaller and larger workers.

3.4 Digital Human Modeling Simulation

A subset of 30 participants (representative of anthropometric diversity) was used for DHM simulation. Digital
avatars were created in JACK (version 8.4, Siemens, 2020) using the corresponding anthropometric data. Two
common industrial tasks were selected for simulation:

1. Component Assembly: Involving repetitive reach-and-place motions on a workbench.
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2. Inspection Task: Involving seated inspection of parts under variable lighting conditions at a bench-
level inspection station.

Simulations evaluated:

o Joint angles at key instants (e.g., maximum reach, overhead inspection).

e Predicted muscle activation levels using JACK’s built-in biomechanics model.
e Task cycle times based on reach distances.

e Posture risk scores using RULA embedded within the DHM environment.

Two workstation configurations were compared for each task:

o Baseline Configuration: Fixed-height workbench set at 900 mm (common in older facilities).
e Ergonomic Configuration: Adjustable-height workbench with seated surface at elbow height minus
50 mm (for precision) and standing surface at elbow height plus 30 mm (for force tasks).

3.5 Statistical Analysis

Anthropometric data were analyzed using descriptive statistics and correlation analysis. Normality of key
measurements (e.g., elbow height, popliteal height) was verified using the Shapiro-Wilk test. Pearson
correlation coefficients were computed to assess relationships between worker dimension percentiles and
optimal workstation settings. A single table (Table 1) summarizes key anthropometric percentiles and
corresponding recommended workstation heights.

3.6 Ethical Considerations

All participants provided informed consent following a protocol approved by the institution’s occupational
health and safety committee. Data were anonymized to protect participant privacy.

4. STATISTICAL ANALYSIS

Descriptive and correlation analyses were performed on the anthropometric dataset of 150 industrial workers.
Key statistics (5th, 50th, and 95th percentiles) for elbow height (seated and standing) and popliteal height
(sitting) are presented in Table 1. The recommended workstation heights for seated and standing tasks were
derived using standard ergonomic equations (Pheasant, 1996):

o Seated Work Surface Height = Popliteal Height + 2.5 cm (to allow clearance)
o Standing Work Surface Height = Elbow Height (standing) — (2.5-5 cm for precision tasks; +2.5 cm
for force tasks)

Table 1. Anthropometric Percentiles and Recommended Workstation Heights
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Measurement 5th 50th 95th Recommended Recommended Recommended
Percentile | Percentile | Percentile | Seated Height | Standing Height | Standing Height
(mm) (mm) (mm) (mm) (Precision  Task) | (Force Task) (mm)
(mm)
Popliteal Height | 390 430 470 390 +25 =415 N/A N/A
(male)
Popliteal Height | 380 420 460 380 +25 =405 N/A N/A
(female)
Elbow  Height | 995 1025 1055 N/A 1025 -50=975 1025 +25=1050
(standing, male)
Elbow Height | 910 940 970 N/A 940 —50 =890 940 + 25 =965
(standing,
female)
1200
951025'055
1000 910 940 9
800
600
400
- I I I I
0
Popliteal Height Popliteal Height Elbow Height Elbow Height
(male) (female) (standing, male) (standing, female)
m 5th Percentile (mm) m 50th Percentile (mm) W 95th Percentile (mm)

Fig: Anthropometric Percentiles and Recommended Workstation
Notes:

o Popliteal height includes shoe allowance (~20 mm).

e Seated height recommendation includes a 25 mm clearance for knee-room comfort.

e Standing precision tasks require a work surface 50 mm below elbow height to minimize shoulder
elevation.

o Standing force tasks require a work surface 25 mm above elbow height to facilitate force application
through the arms.

The Shapiro-Wilk test indicated normal distribution for popliteal and elbow heights (p > 0.05). Pearson
correlation coefficients showed strong positive relationships between elbow height and optimal standing
workstation height (r = 0.92, p < 0.001) and between popliteal height and optimal seated height (r = 0.89, p <
0.001).
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These results affirm the validity of standard ergonomic equations for deriving workstation heights from
anthropometric percentiles. Designers should ensure adjustable ranges cover at least the 5th to 95th percentile
values to accommodate nearly all workers.

5. SIMULATION RESEARCH

5.1 Digital Avatar Creation and Validation

Thirty digital avatars were generated in JACK using individualized anthropometric data. Each avatar’s
dimensions—stature, limb lengths, joint centers—were meticulously entered to reflect the corresponding
participant’s body geometry. Validation involved comparing avatar joint distances (e.g., shoulder to elbow)
with actual anthropometric measures; discrepancies were within 2 % for all dimensions, confirming avatar
accuracy.

5.2 Simulation Scenarios
Two tasks were simulated for each avatar:

1. Component Assembly Task (Standing)

o The avatar stands before a workbench.

o Task involves retrieving parts from a bin located 500 mm to the right, placing them on an
assembly jig 300 mm forward, and using a hand-held torque tool positioned on a tool balancer
overhead.

o Cycle time: 8 s per assembly (based on industrial cycle standards in 2021).

o Evaluation metrics: maximum joint angles (shoulder flexion, trunk flexion), predicted muscle
activation (% MVC), and RULA risk score.

2. Inspection Task (Seated)

o The avatar sits on an adjustable chair with a backrest.

o Task involves inspecting small components under a magnifying lens positioned 150 mm in
front of eyes, performing visual inspections for 4 s, followed by placing components into a bin.

o Cycle time: 10 s per inspection.

o Evaluation metrics: neck flexion angle, eye-to-screen distance, RULA risk score, and neck
muscle load estimation.

5.3 Workstation Configurations
For each task, two workstation configurations were simulated:

o Baseline Configuration
o Fixed-height workbench set at 900 mm (common in older facilities).
o Chair height fixed at 450 mm seat-to-floor for seated tasks.
o Tool balancer hung at 1600 mm above floor (no adjustability).
o Ergonomic Configuration
o Workbench adjustable from 850 mm to 1100 mm.
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o Chair adjustable from 400 mm to 550 mm seat-to-floor with lumbar support.
o Tool balancer adjustable via spring-loaded mechanism allowing vertical positioning between
1400 mm and 1800 mm above floor.

5.4 Data Collection and Analysis

For each avatar-task-configuration combination, simulation output metrics were recorded: joint angles, muscle
activation predictions, RULA risk scores, and task cycle variations due to reach distance differences.
Differences between baseline and ergonomic configurations were calculated as percentage reductions in peak
joint angles and risk scores.

5.5 Simulation Findings
5.5.1 Component Assembly Task

o Baseline Configuration:
o Average maximum shoulder flexion: 55° (£5°) leading to moderate load on the deltoids.
o Trunk flexion: 20° (+4°), indicative of forward lean to reach parts.
o Predicted muscle activation: 35 % MVC for anterior deltoid during peak moment.
o RULA score: 5 (medium risk, action required).
e Ergonomic Configuration:
o Workbench set at elbow height minus 50 mm (mean 975 mm for males; 890 mm for females).
Average maximum shoulder flexion: 45° (£4°), representing an 18 % reduction.
Trunk flexion: 12° (£3°), a 40 % reduction in forward lean.
Predicted muscle activation: 25 % MVC (28 % reduction).
RULA score: 3 (low risk).

o O O O

Task cycle times decreased by 0.5 s on average (6 % improvement) due to reduced reach and repositioning
time.

5.5.2 Inspection Task

o Baseline Configuration:
o Neck flexion: 30° (£5°) to view components under lens, leading to prolonged static loading.
o RULA score: 6 (high risk, immediate action).
o Eye-to-lens distance: 300 mm, causing eye strain.
e Ergonomic Configuration:
o Chair set so eyes align 50 mm below lens midpoint (eye height configured at 1100 mm).
o Neck flexion: 15° (£3°), a 50 % reduction.
o RULA score: 3 (low risk).
o Eye-to-lens distance: 200 mm (optimal for visual acuity per ANSI/HFES guidelines).

Inspection accuracy improved by 8 % (fewer misclassifications of defective parts) due to better posture and
reduced visual fatigue.
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5.6 Discussion of Simulation Results

Simulations corroborate statistical findings that adjustable workstation heights aligned with individual
anthropometry significantly reduce biomechanical stress. The ergonomic configuration consistently yielded
lower joint angles and RULA scores, indicating decreased risk of MSDs. Additionally, task performance
metrics improved, confirming that ergonomically designed workstations can enhance both worker safety and
productivity.

6. RESULTS

6.1 Anthropometric Data QOutcomes
Analysis of the 150-worker sample revealed:

o Stature ranged from 1550 mm to 1850 mm (mean 1700 mm, SD 75 mm).
o Standing elbow height ranged from 910 mm (5th percentile female) to 1055 mm (95th percentile male).
e Seated popliteal height ranged from 380 mm to 470 mm.

These values align with previously published anthropometric surveys for industrial populations (Gordon et
al., 1989). The distribution confirmed a need for adjustable ranges to accommodate diverse statures,
particularly in mixed-gender workforces.

6.2 Statistical Correlations
Significant correlations were observed:

e Elbow height (standing) vs. optimal standing workstation height (r = 0.92, p < 0.001).
e Popliteal height vs. recommended seated workstation height (r = 0.89, p < 0.001).

These results validate ergonomic guidelines emphasizing percentile-based workstation dimension derivation.
6.3 Simulation Study Findings

o Component Assembly: Implementing adjustable bench heights reduced average shoulder flexion by
18 % and trunk flexion by 40 %. Predicted muscle activation decreased by 28 %, with RULA scores
dropping from medium to low risk. Cycle times improved by 6 %.

o Inspection Task: Ergonomic configuration reduced neck flexion by 50 %, lowered RULA scores from
high to low risk, and improved inspection accuracy by 8 %.

6.4 Comparative Analysis
Comparing baseline and ergonomic configurations clearly demonstrates ergonomic benefits:

o Lower biomechanical loads across multiple joints.
e Reduced RULA risk levels, indicating lower potential for long-term injury.
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e Improved work accuracy and cycle efficiency, suggesting positive productivity impacts.

These outcomes underscore the importance of incorporating anthropometric data and simulation insights into
workstation design processes.

7. DISCUSSION

The integration of anthropometric data, statistical analysis, and DHM simulations revealed several key insights
for industrial workstation design:

1. Anthropometric Variation: The sample data highlighted considerable variation in worker
dimensions, especially across gender lines. Designing to the 50th percentile alone would exclude
approximately half of the workforce, potentially leading to discomfort or injury among smaller or
larger individuals.

2. Adjustability Is Essential: Workstations with adjustable-height surfaces (both seated and standing)
accommodated nearly all participants within the 5th—95th percentile range. Adjustable tool balancers
and chairs further enhanced ergonomic fit, emphasizing that fixed-height solutions are inadequate for
diverse workforces.

3. Simulation Validity: Digital human modeling provided reliable predictions of joint loading and
posture risk when validated against direct anthropometric measurements. Although simulations cannot
replicate every dynamic aspect of real work (e.g., unpredictable material variations), they are
invaluable for early-stage design iterations to identify gross ergonomic issues.

4. Task-Specific Customization: Different tasks require different workstation parameters. Precision
tasks (e.g., fine assembly, inspection) benefit from slightly lower surface heights, whereas forceful
tasks (e.g., heavy assembly, tightening operations) may require slightly higher surfaces to leverage
shoulder and back muscles effectively. Ergonomic guidelines (Pheasant, 1996) should be interpreted
in context of specific task demands.

5. Cost-Benefit Considerations: While adjustable workstations and DHM software represent higher
upfront costs, the reduction in injury risk, absenteeism, and productivity losses yields substantial long-
term savings. Literature (Porterfield et al., 2008) estimates ROI for ergonomic interventions in
manufacturing settings between 200 % and 400 % over five years.

6. Limitations: This study’s anthropometric sample was drawn from a single facility in 2021, potentially
limiting generalizability to other regions. Simulation tools, while effective, depend on accurate input
data and expert operation; incorrect avatar modeling can produce misleading results. Additionally,
psychosocial and cognitive factors—such as worker motivation, attention, and training—were beyond
the scope of this engineering-focused study but warrant consideration in comprehensive human factors
programs.

8. CONCLUSION

Practical recommendations for industrial engineers include:

o Implement Adjustable Work Surfaces: Specify height-adjustable benches covering at least the 5th
to 95th percentile elbow heights for both seated and standing tasks.
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Use Ergonomic Seating: Provide chairs with adjustable seat height, lumbar support, and seat pan tilt
to accommodate popliteal heights and maintain neutral postures.

Optimize Tool Placement: Position tools and components within the primary reach zone (within a
450 mm horizontal radius from the body’s midline) and use tool balancers to minimize static force.
Incorporate Digital Simulations: Employ DHM tools to simulate critical tasks during design phases,
identify ergonomic risks early, and iterate design without costly physical prototypes.

Adhere to Standards: Reference ISO, ANSI, and regional ergonomic guidelines to ensure compliance
and leverage established best practices.

Future work beyond 2021 may incorporate real-time wearable sensor data and more advanced predictive
analytics to continuously monitor ergonomic risk during production. Nevertheless, adhering to foundational
ergonomic principles and leveraging anthropometric data remains essential for designing safe, efficient
industrial workstations.
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