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Abstract

A product development process establishes requirements not just for the new product’s
quality and performance, but also for its manufacturing process, to guarantee that the item
is manufactured with minimal impact. This is because, if an issue is discovered after the
product has been released, the implications go beyond the expensive cost of the repair; the
physical ergonomics problem can affect the worker’s comfort, productivity, and product
quality. Virtual reality and digital human modeling are often employed in Industry 4.0 to
evaluate ergonomics, but they are rarely used to examine physical ergonomics throughout
the product development phases. Our study presents design guidelines to combine virtual
reality and digital human modeling to anticipate the physical ergonomics evaluations
of the assembly process while the product is still in development. Based on physical
observations of body-posture angles and total effort classification, our proof of concept
performed comparably to conventional methods. We also observed comparable results
when we analyzed attributive factors such as hand clearance and strength. In contrast, our
proof of concept has been shown to be limited for occupations involving extra ergonomic
physical risk factors, such as touch perception, temperature fluctuations, or size changes.

Keywords: virtual reality; digital human modeling; physical ergonomics; product develop-
ment; automotive industry

1. Introduction
Conceptualization, design, fabrication, implementation, and post-launch evaluation

are integral components of the product development process [1]. The effectiveness and
efficiency of newly introduced products are directly influenced by the management of
the development process, which necessitates the establishment of product and process
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design standards, among other factors, to ensure manufacturability with minimal environ-
mental impact.

Detecting issues early in the product development stage (simulation) is important [2].
When problems are identified around or after the product launch, the cost of rectification
escalates dramatically. This can be attributed to the fact that, at this stage of development,
production resources are nearly exhausted, and modifications become increasingly complex
and costly. In contrast, all prior phases, from definition to optimization, are conducted
within a virtual environment that is simple, efficient, and inexpensive to modify [2].

From an ergonomic standpoint, the early identification of issues during virtual man-
ufacturing not only saves time and resources but also minimizes workers’ exposure to
unnecessary injury risks, thereby enhancing workplace well-being [3].

In the context of Industry 4.0, advancements in technology and the automation of
production processes have created a conducive environment for the implementation of
various technologies that support multiple stages of this production process, ranging from
activity monitoring to workplace enhancements [4]. Among these technologies are virtual
simulations such as virtual reality (VR) and digital human modeling (DHM), both of
which operate within a three-dimensional (3D) environment. Virtual reality is “a computer-
generated digital environment that can be experienced and interacted with as if it were
real” [5]. In contrast, DHM simulations are non-immersive, utilizing computer-generated
mannequins to replicate human movements [6,7].

Virtual simulation, in the context of VR and DHM technologies, employs computer
modeling and simulation techniques that have been extensively utilized for over half a
century across various sectors, including education, healthcare, entertainment, culture,
sports, engineering, military forces, and more. However, these technologies have only
recently emerged as valuable tools in the industrial sector [8].

Although scaling human models is one of the fundamental functions of digital human
modeling (DHM), accurately representing the diversity of the human population remains
challenging due to the significant variation in body sizes and shapes [9].

Despite their wide-ranging applications, these technologies have not yet been ex-
tensively explored by industries for physical ergonomics studies throughout the product
development stages. Recent research highlights the growing interest in employing immer-
sive technologies for ergonomics assessment in industrial settings. A systematic review, for
example, mapped 250 patents and 18 scientific articles and revealed an exponential increase
in innovations combining virtual reality and DHM for ergonomic applications in product
development [10]. Their findings emphasize the strong potential of integrating the two
technologies to detect ergonomic risks early in the design process, which could significantly
reduce costs and enhance worker well-being. However, the authors note that despite broad
consensus on these benefits, most existing studies and applications continue to address
pre-designed manufacturing environments, where resources are already deployed, rather
than focusing on proactive ergonomics during early development phases. Moreover, the
integration of VR and DHM in a single analysis remains rare, suggesting a disconnect
between academic advances and industrial adoption. This gap indicates the need for
further applied research and experimental validation of integrated VR-DHM frameworks
within the early stages of industrial product design.

Thus, this study presents design guidelines to combine virtual reality and digital
human modeling to anticipate the physical ergonomics evaluations of the assembly process
while the product is still in development.

This approach contributes to the field by demonstrating how the integration of digital
human modeling and virtual reality can be applied proactively still during the product
development phase, before workstations and tasks are physically implemented. Rather
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than focusing on the analysis of existing production environments, our approach enables
ergonomic evaluations to be conducted based on CAD models, process plans, and digital
prototypes. This perspective supports early identification of ergonomic risks, facilitates
iterative design improvements, and reduces the cost and complexity of late-stage modifica-
tions. Foreseeing workplace ergonomics issues using virtual simulation tools strengthens
the design of safer, more efficient, and human-centered manufacturing systems.

This paper is organized as follows. Section 2 describes the methodology, Section 3
presents the results and discussions, and, finally, Section 4 presents this paper’s conclusion
and the further research needed.

2. Materials and Methods
Given the recent emergence of research on virtual reality technology, this paper takes

an exploratory stance and prioritizes qualitative inquiry [11]. Five senior practitioners
and researchers with expertise in virtual reality, automotive product development, and
ergonomics assessments defined the initial research strategy, which was then assessed by
three other senior researchers, and finally all authors peer debriefed the strategy.

We followed the design science research (DSR) paradigm, which not only contributes
to the advancement of knowledge but also addresses real-world applications related to
the research problem or opportunity [12]. According to the DSR artifact taxonomy, our
study provides an artifact of type guideline; the use type is support, and the structure is the
suggestion regarding behavior in a particular situation. A guideline provides a generalized
suggestion about system development; it does not have a fixed structure, but will usually
make statements like “in situation X one could/should do Y”.

We carried out the following DSR’s six steps: (1) identify the problem; (2) define the
solution objectives; (3) design and development; (4) demonstration; (5) evaluation; and
(6) communication.

In DSR steps 1 and 2, the problem was identified, and the objectives of the research
were set by conducting a systematic review of the literature and patents on this topic [10].
This review followed the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) principles [13] and a method comprising planning, scoping, searching,
assessing, and synthesizing [14].

Step 3 involved the design and development of the artifact. Based on the referred
literature and patents’ review, we focused on the automotive industry because it has a large
manufacturing operation and various ergonomic injury-causing elements. The following
four assembly procedures were selected: the front transmission axle, the rear transmission
axle, the radiator, and parking brake. These selected procedures were not chosen randomly
or for convenience. Instead, the selection was based on ergonomic injury data from the
automotive industry, specifically focusing on the body parts most frequently associated
with injuries over the last five years. For the assessment of posture, hand clearance, and
strength, body postures were selected, which affects the shoulder, lower back, hands (reach
and clearance), wrist, elbow, and knee, which have been reported as the primary causes of
ergonomic-related injuries in the industrial business in the last five years [15].

Then, we simulated the four assembly procedures in VR and DHM, focusing on
the physical ergonomics conditions. To create a realistic simulation, everything in the
workplace (parts, racks, tools, and equipment, as well as the worker him/herself) was
exported from Computer-Aided Develop (CAD) Siemens NX, version 1899, and used to
design the scenario for each assembly procedure. The VR simulations used a VIVE PRO
head-mounted display (HMD) (HTC Corporation, New Taipei City, Taiwan) while the
DHM simulations used a Dell notebook with an Intel CoreTM processor i3-1005G1. Both
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simulations were supported by Siemens Tecnomatix 16 and Jack 9.0 software; these tools
were chosen since they are typical automotive industry resources.

Jack is developed by Siemens Digital Industries and enables the improvement of prod-
uct ergonomics and the refinement of industrial processes through human modeling and
simulation. It is also regarded as one of the premier human simulation tools for conducting
ergonomic evaluations [16]. Jack’s simulation tools allow users to run a variety of ana-
lytic methods, including Rapid Upper Limb Assessment (RULA); Ovako Working Posture
Analysis (OWAS); the National Institute for Occupational Safety and Health (NIOSH) lift
equation; and hand clearance, strength, and zone of view [16]. With RAMSIS and Delmia,
Jack is one of the most often used commercial software for DHM applications [17].

Tecnomatix is also a product from Siemens. This software is designed to empower
industries to execute virtual simulations in manufacturing and the process. Tecnomatix
can be used for various purposes, like programming and planning of production lines
using robots, simulation of discrete events, simulation of flow in production lines, human
modeling, simulation and analysis of ergonomics aspects, robot programming, and VR
applications [18]. VR applications were adopted in this study since they are common
resources in the automotive industry, provided by the same supplier as Jack. Among
the main applications are test design and operational aspects of a wide variety of human
factors, including injury risk, timing, user comfort, reachability, energy expenditure, fatigue
limits, and other important parameters. This helps to ensure compliance with ergonomic
standards during planning and to avoid the discovery of human performance and feasibility
issues during production [18].

The Sue Rodgers checklist, a commonly used tool in the automotive sector, mainly
those of North American origin, was utilized to conduct the ergonomic assessment. The
Sue Rodgers is an assessment of muscle fatigue developed by the American doctor Suzanne
Rodgers in 1992 [19]. The method aims to assess the fatigue that accumulates in the muscle.
It is an ergonomic job-level assessment tool that generates a change priority score ranging
from low to extremely high. Each body region is analyzed separately, such as the head and
neck, shoulder and arm, knee and lower leg, and so on. The Sue Rodgers method considers
three factors: effort, effort duration, and effort frequency. This approach yields a three-digit
number, with each digit representing one of the three examined factors [19].

Figure 1 illustrates the hardware adopted, the immersive and non-immersive simula-
tions, and the validation concept.

 
Figure 1. Hardware, and the immersive and non-immersive simulations.

DSR’s step 4 involves demonstrating the artifact; thus, we demonstrated a proof
of concept to four senior researchers of our research group, and they suggested minor
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improvements. For this, in the automotive industry, ergonomic analyses are already
performed by feeding data into the Sue Rodgers form generated from observation and/or
measurement of the worker executing his/her activities in the physical environment. Then,
this measurement was carried out in an immersive environment, using a proof of concept.
The feasibility was verified by comparing the outcomes of our analysis to those of actual
(physical) analysis, both using Sue Rodgers’ checklist as a reference. The Sue Rodgers
physical assessments were then compared to Sue Rodgers’ proof-of-concept assessments.

Step 5 of DSR consists of gathering evidence that the proposed artifact is useful,
meaning that it works and does what it is intended to do [12]. To evaluate our preliminary
guidelines in terms of validity criteria, we conducted an exploratory focus group with
eight senior researchers of our group, experts in virtual reality and industrial applications,
to examine our perceptions. Qualitative research analyzes textual information, allowing
researchers to interpret themes or patterns that emerge from the data [20], so we analyzed
the data to extract meaning from the text; this entailed segmenting, deconstructing, and
reconstructing the data [20]. We then compiled our observations into design guidelines.

Step 6 of DSR consists in this publication to communicate our findings, which are
described in the following sections.

3. Results and Discussion
Our findings are presented and discussed in the sections that follow.

3.1. Simulating the Physical Ergonomic Conditions of Assembly Procedures in VR and DHM

The next sections present the creation of CAD models/scenarios and the simulation of
physical ergonomics analysis.

3.1.1. Creation of CAD Models and Scenarios

For the virtual analysis to accurately reproduce the physical one, scenarios containing
all the details linked to the assembly procedures must be created before running the
simulation. The key point here is to ensure that all assembly procedure parts, particularly
the worker, are correctly positioned [4].

All workplace tools and facilities, the sequence of assembly procedures, and all tasks
involved in such a study should be mapped, photographed, and recorded [21], and these
data should be examined to determine which elements will be exported to the CAD model.

The simulation captured an image from physical assembly procedures that cover all
relevant workplace information, such as the assembly sequence. Tools are essential in
the execution of assembly procedures, such as those found in the automotive industry.
Some tools used in this simulation include pliers, portable nutrunners, torque wrenches,
spanners, and special tools (Figure 2).

Figure 2. Workplace tools.
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The industrial facilities and resources are equally important for the execution of
working tasks. Tool carts, shelves, roller racks, and skids are examples of those features
shown in Figure 3.

 

Figure 3. Workplace resources and facilities.

Continuing the photographic mapping of the physical assembly procedures, the
sequence conducted by the worker in each of the four procedures was described. Only the
most important steps of each procedure are shown in the pictures. In addition, the process
videos were used to conduct the simulation.

The first procedure assembly is the Front Driveshaft, in which the worker must pick
up the fasteners and parts from the shelves, align the parts with the transfer case flange,
and take a manual pre-torque (using hands), with a torque meter and device to rotate the
set and apply torque in all screws; and, finally, the worker must mark the torqued nuts
with sealing paint (Figure 4).

Figure 4. Front Driveshaft assembles.

The Rear Driveshaft assembly procedure is quite similar to the Front Driveshaft
assembly, with the key difference being that workers must move heavy parts from storage
to the workplace. The Rear Driveshaft must be aligned in differential and connected, with
the pre-torque applied with a spanner (Figure 5).
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Figure 5. Rear Driveshaft assembly.

The radiator hose-clamp procedure begins with picking up the hose bracket and tool.
The upper half of the hose is fastened in the radiator, and the worker must squat to select
the clamp at the radiator’s back (Figure 6).

 
Figure 6. Radiator-hose clamp.

The last procedure assembly is to adjust the parking brake; the worker uses portable
screwdrivers and a support device to fix inside the vehicle, move the lever up and down
ten times, and then align and add the required torque (Figure 7).

After mapping and recording the actual workplaces, CATIA V5 was utilized to ex-
port three-dimensional (3D) models. As seen in the illustrations below, the first virtual
illustration is about the tools needed to finish the assembly. Figure 8 shows the tools’ 3D
CAD models.

Figure 9 shows the industrial facilities and resources that are available, as seen in the
conventional method.

Figure 10 illustrates the four assembly procedures simulated. The goal is to incorporate
manikins and routines into the procedure’s execution.
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Figure 7. Parking-brake adjustment.

Figure 8. CAD models tools.

Figure 9. CAD models facilities and resources.
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Figure 10. CAD models assembly procedures.

Once all the elements in the CAD model were created and reproduced in reality, they
were imported into Jack and Tecnomatix and built four scenarios, positioning everything
that affects worker routine, and then the worker started the simulations. Figure 11 shows
scenarios that contain the entire set of information needed to effectively simulate the
physical assembly procedures.

 

Figure 11. Virtual scenarios in Jack.

With Jack, specific analysis tools were used to obtain quantifiable data on pos-
tures (joint angles), access (hand release), and force/torque (strength). Tecnomatix, fo-
cused on virtual reality application, was used for an immersive and qualitative evaluation,
allowing users to identify issues of visibility, access, and spatial interaction from the
worker’s perspective.

It is important to review the scenarios created with a senior manufacturing engineer
and/or an experienced worker [22]. A careful assessment of the images and videos, as well
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as the participation of a manufacturing specialist who is more familiar with the assembly
procedures, is required to ensure that the scenario’s composition is accurate.

3.1.2. Simulating Physical Ergonomics Analysis

After completing all the scenarios, various simulations were run to analyze the
worker’s postures and other ergonomic conditions while executing the task in the work-
place. These simulations included all the worker’s tasks, such as accessibility, reach-
ing and manipulating things, gripping, and picking up tools and parts during the assem-
bly procedure.

VR provided a good comprehension of tasks from the perspective of the worker,
allowing for an immersive interaction. It was feasible, for example, to walk around the
vehicle in production and imagine different ways to carry out duties, obtaining a clear
understanding of the worker’s difficulty in performing the assembly procedures.

DHM simulations were performed with Jack to provide measurable data for postural
analysis, an available resource that was used to complement VR analyses.

The digital human model in Jack is made up of various elements. The Jack human
library contains a large number of default models. Depending on the percentile popu-
lation, each default human figure has some default segment lengths (e.g., 95th, 50th, or
5th percentile) [9].

The automotive industry set the 50th percentile female as the default for most facto-
ries worldwide. The percentile was calculated using statistical assessments of its plants’
populations over the world (except for Asians). According to the assessment, the manikins’
dimensions (Figure 12) are sufficient to accommodate 90 percent of this industry’s work-
ers [9]. To evaluate specific tasks, like hand clearance and strength, we used percentile
95th male.

Figure 12. Jack manikins [9].

The selection of the 50th percentile female and 95th percentile male models was based
on an extensive internal anthropometric study conducted by a large automotive company
over 10 years; the company concluded that these percentiles adequately represent approxi-
mately 90% of their operational workforce. However, we acknowledge that this approach
does not fully capture the diversity of the workforce, especially regarding populations with
distinct anthropometric profiles, indicating the need for complementary studies or more
inclusive models. This limitation underscores the need for complementary studies or the
development of more inclusive models, as discussed in Section 4.

The first virtual simulation was related to the installation of the Front Transmission
Axle, where Jack began using the DHM for pre-torque analysis, one of the most ergonomi-
cally critical tasks of this assembly procedure. This simulation (Figure 13) shows that the
worker is unable to access the screw head to perform pre-torque, a manual task, indicating
that the assembly procedures do not meet a minimum hand clearance requirement.
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Figure 13. Hand clearance simulation (non-immersive).

All simulations are shown alongside photographs from the physical assembly proce-
dures, to make it easier to compare the methods.

Tecnomatix reproduced the identical assembly procedure in VR. Figure 14 illustrates
that the interface condition between the driveshaft and gearbox does not allow for manual
pre-torque because the back of the hand will touch the gearbox, limiting finger access to
the screws.

 

Figure 14. Hand clearance simulation (immersive).

Every manual task must give sufficient hand access around all parts or tools required
to accomplish the assembly procedure properly [9]. The clearance required for the 95th
percentile male wearing production gloves of 1.5 mm in thickness is shown in Figure 15.

Figure 15. Hand clearance requirements [22].
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The DHM Rear Driveshaft assembly procedure was simulated. Figure 16 shows an
analysis of wrist posture during a torque application task that indicates evidence of an
extreme radial wrist deviation of 38.7 degrees on a scale ranging from −45 to 45 degrees.

Figure 16. Hand/wrist-posture simulation (non-immersive).

Figure 17 illustrates the hand/wrist-posture scale adapted from a general ergonomics
industry guideline [23].

Figure 17. Hand/wrist-posture scale [23].

The optimal postural condition for joints such as the wrist is neutral, because muscle
tension is potentially uncomfortable and can develop carpal tunnel syndrome [24]. While
the wrist is flexed (bent toward the palm) or stretched (bent away from the palm), especially
when applying force, this condition occurs [24]. The application of torque to the Rear
Driveshaft task shows this incorrect posture.

The same assembly procedure also analyzed the shoulder (Figure 18) and lower-back
posture (Figure 23). Only the moderate condition was identified for these.

Figure 18. Shoulder-posture simulation (non-immersive).
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As a reference, Figure 19 shows the shoulder-posture scale adapted from a general
ergonomics industry guideline [23].

Figure 19. Shoulder-posture scale [23].

The lower-back analysis helps evaluate the spinal forces acting on a virtual human’s
lower back under any posture and loading condition (Figure 20). Thus, it is possible to
determine whether newly defined or existing workplace tasks exceed NIOSH threshold
limit values or expose workers to an increased risk of lower-back injury [25]. This analysis
could be used to evaluate the risks of lower-back injuries in existing tasks.

 
Figure 20. Lower-back-posture simulation (non-immersive).

Figure 21 shows the lower-back-posture scale adapted from a general ergonomics
industry guideline [23].

 
Figure 21. Lower-back-posture scale [23].

The next simulation was of a radiator assembly procedure, and the DHM shows that
the knee flexion is nearly at its extreme limits, with a deviation of 130.4 degrees on a scale
ranging from −5 to 160.2 degrees (Figure 22).
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Figure 22. Leg/knee-posture simulation (non-immersive).

In virtual simulation, the radiator hose-clamp assembly presented a potential critical
ergonomics risk. Because the worker must squat to connect the clamp to the radiator hose,
it is related to lower-limb posture. It is a high-risk posture for musculoskeletal problems
involving joints, most particularly the knee.

Analysis of leg stresses allows identifying issues related to the leg. Studies identified
three critical areas regarding the leg postures. The position follows the same criteria
regarding flexion (neutral, moderate deviation, and extreme deviation) [23].

In this assembly procedure, VR analysis was performed to better understand the
worker’s postural condition in an immersive assessment (Figure 23). We observed that
after the hose is attached to the back of the radiator and no other access is available, this is
a blind operation.

 
Figure 23. Radiator hose-clamp simulation (immersive).

Finally, a simulated parking-brake assembly was performed. This simulation, like the
previous ones, began with DHM. In this assembly procedure, the worker must pick up the
portable nutrunners and device to support adjust, access the vehicle, and sit on the vehicle
seat while applying torque to the brake lever. The worker’s trunk-twist movement was
observed in order to see the screw and complete the torque for this task.

When the worker rotates the trunk to complete the task, the trunk musculature must
work to overcome the body tissues’ passive resistance. The passive resistance is low in
the neutral position, and the trunk can be twisted in either direction [23]. Even if the
worker’s lateral rotation deviation is in the middle, flexion of 60 degrees on a scale of
−52 to 84 degrees is required to apply the torque in the brake lever (Figure 24).
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Figure 24. Parking brake adjustment-posture simulation (non-immersive).

Figure 25 shows the trunk twist-posture scale adapted from a general ergonomics
industry guideline [23].

 

Figure 25. Trunk twist-posture scale [23].

Much like the previous assembly procedures, VR was used to analyze how items like
the seat and center console could affect the worker’s vision during the task (Figure 26).

Figure 26. Trunk twist-posture scale (immersive).

We observed that even with the seat fully adjusted to the rear, it is impossible to view
the screw and position the portable nutrunners without lumbar flexion. As a general rule,
workers should have a limited exposure to all near-extreme or extreme posture conditions.
In these conditions, a worker cannot do this for more than 50% of the operation cycle [23].
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3.2. Validation of the Developed Method

The method was validated by comparing the current physical ergonomic analysis
method (real) to our virtual proof of concept, which was generated with the Sue Rodgers
Muscle Fatigue evaluation checklist as a guide. The virtual simulation considered VR and
DHM analysis.

Sue Rodgers’ checklist serves as the foundation for this comparison. As an outcome,
the specifics pertaining to the form’s concepts, as well as how the results are presented, are
provided below.

Operations were split into tasks and determined for what percent of the shift each task
is completed. Next, we analyzed the primary tasks performed and rated, from 1 to 4, each
task (low, moderate, high, and very high) and body region according to three risk factors
(effort level, continuous effort duration, and effort frequency).

Typically, a worksheet is used to carry out the assessment ratings for each category, as
shown in Table 1, adapted from [26].

Table 1. Body part effort level Categories.

Body Part
Effort Level Categories

Low (1) Moderate (2) High (3) Very High (4)

Neck
Head turned partly

to side; back or
forward slightly

Head turned to side;
head full back;
forward about

20 degrees

Same as moderate
but with force or

weight; head
stretched forward

Effort cannot be
exerted by

most people

Shoulders

Arms lightly away
from sides; arms
extended with
some support

Arms away from
body; no support;
working overhead

Exerting forces or
holding weight with

arms away from
body or overhead

Effort cannot be
exerted by

most people

Back
Leaning to side or

bending;
arching back

Bending forward, no
load lifting

moderately heavy
loads near body;

working overhead

Lifting or exerting
force while twisting;

high force or load
while bending

Effort cannot be
exerted by

most people

Arms, Elbows

Arms away from
body, no load; light

forces lifting
near body

Rotating arms while
exerting

moderate force

High forces exerted
with rotation; lifting
with arms extended

Effort cannot be
exerted by

most people

Hands,
Fingers, Wrist

Light forces or
weights handed close

to body; straight
wrists; comfortable

power grips

Grips wide or
narrow span;

moderate wrist
angles, especially

flexion; use of gloves
with moderate forces

Pinch grips; strong
wrist angles,

slippery surfaces

Effort cannot be
exerted by

most people

Legs, Knees

Standing, walking
without bending or
leaning; weight on

both feet

Bending forward,
leaning on table;

weight on one side;
pivoting while
exerting force

Exerting high forces
while pulling or
lifting; crouching

while exerting force

Effort cannot be
exerted by

most people

Ankles, Feet, Toes

Standing, walking
without bending or
leaning; weight on

both feet

Bending forward,
leaning on table;

weight on one side;
pivoting while
exerting force

Exerting high forces
while pulling or
lifting; crouching

while exerting force

Effort cannot be
exerted by

most people
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The continuous effort duration (Table 2) is spent in constant muscle activity without
a break at the second step rate. It is measured for each body part/effort level identi-
fied in Step 1. There are 4 rating levels for a duration based on the time in seconds,
adapted from [26].

Table 2. Muscular Contraction in seconds.

Muscular Contraction Time Categories

1 2 3 4

Time (seconds) <6 6–20 >20–30 >30

The next step rates the frequency or number of efforts per minute. Frequency is
evaluated (counted) for each body part/effort level identified in Step 1. There are 4 rating
levels for frequency, as shown in Table 3, adapted from [26].

Table 3. Effort Frequency per minute.

Frequency Categories

1 2 3 4

Frequency (#/min) <1 1–5 >5–15 >15

Last, once the ratings from 1 to 4 for effort level, duration, and frequency for each
body part are determined, the body part is classified as a level of priority for change: low,
moderate, high, and very high, adapted from [26]. This classification reflects the potential
for muscle fatigue and is derived from Table 4.

Table 4. Effort Level.

Level

Low Moderate High Very High

111 112 113 121 123 132 213 223 313 323 4xx

122 131 211 212 222 231 232 321 322 331 x4x

221 311 312 332 xx4

Tasks are scored in the following order:

 Tasks with any rating of 4 are classified as very high priority for change regardless of
the other two rating values.

 Tasks with a priority for change score of moderate and above are considered to be at
an elevated risk for injury.

Since the duration and frequency are no different from physical or virtual simulation
assembly procedures, the worker effort (impacted by posture) was a critical point to define
the level of priority for change and compare the methods (physical vs. virtual).

The Sue Rodgers assessment was performed for four assembly procedures; however,
one assembly procedure was chosen as an example to demonstrate a comparison completed
using the two different methods (Figure A1).

According to the Sue Rodgers concept, the different ergonomic conditions for each
body part (neck, shoulder, back, etc.) were assessed in all tasks of the Rear Driveshaft
assembly procedures in Figure A1. The tasks were then classified, and the results of the
physical and virtual assessments were tabulated so they could be compared.
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As noted previously, an original checklist designed by Sue Rodgers shows the numeri-
cal result of the risk priority of each of the assessed tasks in the last columns. To facilitate
comparison, the last columns were duplicated and named physical and virtual (highlighted
in orange in Figure A1). The results of the two analyses were identical, with the same risk
priority score calculated by Sue Rodgers for all assembly procedures.

Similar results were found from the analysis of attributive characteristics, such as hand
clearance and strength, not covered by the Sue Rodgers checklist by comparing physical
observation and virtual reality analysis.

3.3. Proposed Design Guidelines

We compiled our observations into guidelines, which are phrased as generalized sug-
gestions regarding behavior in specific situations, and formatted as statements, following
the design science research principles regarding guidelines artifacts [27]. Table 5 lists the
proposed design guidelines.

Table 5. Design guidelines for intuitive VR authoring tools.

# Design Guideline Instantiation

1

In the case of modeling tasks for ergonomic
simulation, one should ensure that all

components, tools, and worker interactions
are accurately represented based on

real-world data.

For example, in simulating driveshaft
assembly, photos and videos of the actual

procedure were used to recreate the
sequence and tool use in CAD before

importing into Jack.

2

In the case of constructing virtual
environments, one should validate the
scenario with experienced personnel to

ensure it reflects real workplace conditions.

For example, a senior manufacturing
engineer was consulted to review the

virtual assembly sequence and placement
of tools to match the actual workflow.

3

In the case of evaluating manual access in
constrained spaces, one should verify hand

clearance using representative
anthropometric models and consider the

use of protective equipment.

For instance, simulation with a 95th
percentile male wearing gloves showed

that the worker’s hand could not access a
screw behind the gearbox, indicating

insufficient clearance.

4

In the case of identifying non-neutral joint
postures during task simulation, one

should redesign the task setup to minimize
joint strain.

For example, extreme wrist deviation of
nearly 39◦ was detected during torque
application, highlighting the need to

reposition the component or tool to enable
a neutral wrist posture.

5
In the case of assessing postural risks in

lower limbs, one should avoid prolonged
or repetitive extreme flexion positions.

In the radiator hose-clamp task, workers
had to squat deeply, resulting in knee

flexion of over 130◦, suggesting the need
for task redesign or ergonomic aids.

6

In the case of tasks involving trunk
twisting or lumbar flexion, one should

evaluate visual access and body
positioning to reduce spinal strain.

While adjusting the parking brake, workers
had to rotate and bend their torso

significantly to reach the screw, indicating a
need for improved tool or

component layout.

7

In the case of blind or visually restricted
operations, one should provide alternative

access points or tool alignments that
improve visual control.

The hose clamp assembly required workers
to perform the task behind the radiator

without direct visibility, increasing
cognitive and physical load.

8

In the case of selecting human models for
simulation, one should match

anthropometric profiles to the target
worker population and include

worst-case scenarios.

The simulation used a 50th percentile
female model for general layout validation
and a 95th percentile male for testing space

constraints and strength requirements.
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Table 5. Cont.

# Design Guideline Instantiation

9

In the case of comparing virtual
assessments with physical evaluations, one

should use standardized ergonomic
assessment tools to ensure consistency

and reliability.

The Sue Rodgers Muscle Fatigue checklist
was used to compare risk levels from

virtual and real observations, showing
equivalent priority levels for task redesign.

10

In the case of immersive ergonomic
evaluation, one should leverage VR to

understand user experience and identify
usability issues not visible in

static simulations.

VR allowed the evaluator to walk around
the virtual vehicle and experience the

spatial limitations of tool use, which would
be harder to assess using DHM alone.

4. Conclusions
Anthropometry (i.e., body measures) can significantly influence how workers interact

with parts and tools during task execution. The percentile 50th adopted in these simulations
that are representative of this industry population is based on the analyses performed. For
other applications it needs to be considered a specific percentile required.

We found that our proof of concept of physical ergonomics analysis in the manufac-
turing process, based on virtual simulations, presents a similar performance to physical
methods, where the analyses are performed by observing the reality of the process. The
worker effort, impacted by posture and final risk priority score, was the same for both
methods, as well as analysis of attributive of hand clearance and strength.

The Sue Rodgers checklist (Figure A1) presented individual scores (1 to 4) for the three
risk factors (effort level, continuous effort duration, and effort frequency) for each task
and body part in both the “real” and “virtual” assessments. Given the high similarity in
results between the methods, the virtual approach demonstrates potential as an excellent
alternative for reducing correction time and costs, while also decreasing worker exposure
to ergonomic risks.

Therefore, our ergonomic analysis based on virtual reality and digital human modeling
can be an important ergonomic analysis method applied to product development phases
for early discovery of failure or issues, and it can significantly reduce the costs spent
to change products post-launch. It also avoids exposing the employee to injuries and
improves workplace well-being. Thus, it can be an important ergonomic analysis method
that could be applied to product development phases to detect failure or issues early on
and significantly reduce the costs spent to change products post-launch.

Our proof of concept used percentiles that represented 90% of the population under
study. In addition, activities involving ergonomic risk factors associated with tactile per-
ception, temperature changes, or dimensions are not covered in our experiment. Activities
involving ergonomic risk factors such as tactile perception, temperature changes, or dimen-
sions cannot be addressed with this method and must include additional elements, such as
wearable devices, which can serve as a starting point for future research.
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