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Abstract
In the era of Industry 4.0, digital human modeling (DHM) may be the key to improving
ergonomics related to manual operations in the workplace. Poor workplace ergonomics may
lead to reduced work productivity and an increased risk of health problems among employees,
resulting in actual losses for enterprises, e.g., sickness absence, employee turnover, and training.
DHM technology can help speed up ergonomic analysis and improvement. This paper proposes
a methodological framework based on DHM to improve ergonomics in the workplace. Its
purpose is to provide practitioners with an easy and detailed approach to ergonomics assessment
and improvement procedures. The framework developed two main stages: the workplace
Research Stage and the DHM and Simulation Stage, which cover the eight detailed steps of
an effective DHM-based ergonomic assessment together. A case study was used to verify and
demonstrate the effectiveness of the proposed methodological framework.
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Introduction

Industry constantly strives to be competitive in the
market in the production of goods, taking into account
quality and productivity. At the same time, it is es-
sential to offer employees a sustainable working life
(Zink, 2014). Workplace health and safety are crucial
for all employees in work environments to ensure ef-
ficient work and productivity (Kar & Hedge, 2021).
Ergonomic risk factors can have a negative impact
on workers while performing their tasks (Lasota &
Hankiewicz, 2016; Taibi et al., 2021).
Ergonomics or human factors as a scientific disci-

pline focuses on adapting workplaces and systems to
people and improving their well-being. It makes an
important contribution to the design and assessment
of tasks, jobs, products, work environments, and or-
ganizational systems so that they meet employees’
needs, capabilities, and limitations (IEA, 2023). Er-
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gonomics is also the science of adapting workplaces,
machines, and devices to humans to ensure safety and
optimal efficiency so as not to force employees to adapt
to non-ergonomic workstations and tasks, which may
hurt their health and workplace well-being (Lasota &
Hankiewicz, 2017b). Therefore, machines, tools, work-
places, and work environments must be best adapted
to human capabilities and limitations. It is a process
of continuous improvement of the work environment
(machines, equipment, workload, work pace, etc.) to
adapt to the employees’ physical requirements and
limitations (Tytyk, 2001). Poor ergonomics and er-
gonomic risk factors, including the operator’s posture
during work, range of motions, applied force, repeti-
tion, and duration of work movements, may lead to
work-related musculoskeletal disorders (WRMSDs) in
operators (Bernard & Putz-Anderson, 1997; Haynes &
Williams, 2008; Lasota, 2014). A low level of ergonomic
quality may have a negative impact on employees and
limit the development of the company. Adverse ef-
fects on employees manifest themselves in the form of
WRMSDs, fatigue, pain, illness, and loss of produc-
tivity. However, in the workplace, they include absen-
teeism and higher costs related to higher employee
turnover and the need to train newly employed people.
In 2019, approximately 1.71 billion people globally suf-
fered from musculoskeletal problems in 204 countries
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analyzed by Cieza et al. (Cieza et al., 2020). In 2020,
musculoskeletal system diseases were the second most
common cause of employee sickness absence in Poland.
They accounted for 16.1% of all absences from work
and resulted in 41.3 million days lost due to sick leave
(Sickness absence in 2020), determining a significant
financial burden. In contrast, in the European Union,
the costs of all absences due to WRMSDs have been es-
timated at 2.1% to 3.1% of the EU gross domestic prod-
uct (European Agency for Safety and Health at Work,
2010). Therefore, it is essential to use ergonomics,
which can increase savings and productivity, reduce
employee injuries, increase work engagement and work-
place well-being (Macdonald & Oakman, 2022), and
reduce absenteeism (Quiroz-Flores et al., 2023).

Ergonomic evaluation and analysis are tools for as-
sessing risk and necessary changes as an ergonomic
intervention (Lasota & Hankiewicz, 2017a). They are
commonly carried out by practitioners using tech-
niques based on observation (David, 2005; Takala et al.,
2010). One of the elements of an effective ergonomic as-
sessment is ergonomic diagnostics. Diagnostics aims to
find the primary causes of irregularities that cause er-
gonomic risk higher than minimal (Tytyk, 2001). How-
ever, observation techniques are time-consuming, and
the result may depend on the subjective judgment of
the ergonomist. More advanced ergonomics tools, such
as Digital Human Modeling (DHM) and simulation
have been developed to support proactive ergonomics
research. DHM technology allows for early and eas-
ier identification of ergonomic problems and reduces
or sometimes eliminates the need for physical and
real-world operator testing. The DHM technique was
developed to help and support engineers in ergonomic
design and assessment. It enables the visualization of
a 3D model of an employee engaged in performing
tasks. DHM programs usually include some functions
e.g., human manikin movement, ergonomic analysis,
limb reach analysis, and the ability to scale the 3D
manikin based on available anthropometric data (Gro-
belny and Michalski, 2020). Examples of commercially
available DHM software packages include Jack – Pro-
cess Simulate Human (Human Centered Design and
Simulation |Siemens Software), DELMIA (DELMIA,
2023), SAMMIE (SAMMIE CAD Ltd), and SANTOS
(SantosHuman). Typically, DHMs include virtual en-
vironments for modeling and simulating employee pos-
tures and WRMSD risk assessment tools. Work process
simulation helps end users redesign the workplace to
reduce potential hazards and eliminate harmful and
uncomfortable postures and movements (Grobelny &
Michalski, 2020).
The current industrial revolution, called Industry

4.0, causes many challenges for manufacturing compa-

nies (Hamrol et al., 2019). Nowadays, companies are
adapting to the requirements of Industry 4.0, where
digitalization is a key element. However, work er-
gonomics is an important component. It seems that
in small and medium-sized enterprises, the process
of adapting to Industry 4.0 will be slower compared
to leading and technologically advanced companies
due to the company’s capital, including its technologi-
cal, organizational, and financial capabilities. Hence,
there is a need to develop a methodological framework
enabling the easy use of ergonomic assessments and
improving the ergonomics of individual workplaces.
This will allow for evolutionary adaptation to the
challenges of Industry 4.0. Therefore, this study aims
to develop a flexible and easy-to-use methodological
framework using a digital environment to improve er-
gonomic indicators. It was validated by a case study
covering the steps necessary to improve ergonomics at
the workplace. The framework takes into account not
only ergonomics but also the work process to ensure
worker well-being and optimal system performance.

The methodological framework proposed in this pa-
per is addressed to production engineers, ergonomists,
and teams involved in improving production systems
based on ergonomics.

Literature review

DHM technology is gaining increasing interest
among researchers because it allows for obtaining re-
alistic results both in the design process and in the
assessment of ergonomic indicators in the workplace
(Cao, 2011; Hussain et al., 2019; Maurya et al., 2019).
DHM has been used for recognizing acceptable pos-
tures at computer workstations (Estrada & Vea, 2018),
for improving the design of production cells in car
manufacturing plants (Spada et al., 2017), for assess-
ing assembly tasks in the automotive industry (Feyen
et al., 2000), and for tasks related to manual mate-
rial handling (Wagner et al., 2007). It is also used in
aviation (Bernard et al., 2020; Sanjog et al., 2015), in
surgical wards (Bartnicka, 2015), in an occupational
safety and health process (Schall Jr et al., 2018), in
a brewing company (Ji et al., 2023), in waste sorting
tasks (Emmatty et al., 2021), and to improve the work
environment for the elderly and people with disabilities
(Maurya et al., 2019).

In turn, in the literature, several authors have devel-
oped methodological frameworks linking ergonomics
with enterprise operations. Radin Umar et al. (2023)
developed a framework that integrated ergonomics
with the Lean 3M concept, including Muda (waste),
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Muri (overburden), and Mura (unevenness). Based
on interviews with Lean practitioners, the authors
discovered four elements connecting ergonomics with
3M Lean: (1) wasting energy by humans; (2) uneven
distribution of human workload; (3) overloading em-
ployee capabilities; and (4) the fact that performance
employee affects work performance.

Caterino et al. (2023) presented an evaluation frame-
work for the ergonomic risk assessment of heteroge-
neous workers based on a digital environment. The
framework is designed to perform ergonomic simula-
tions of complex work systems, taking into account
the number of workers.

Sun et al. (2018) proposed a framework for designers
to integrate task-oriented ergonomics from the early de-
sign phase. In turn, Morag and Luria (2013) presented
a framework for risk analysis based on participatory
ergonomics.

Neumann and Village (2012) proposed a framework
for integrating ergonomics into the design of a work
system that can support efforts to incorporate human
factors into the design process to improve the system
and the cost-effective application of ergonomics.
Battini et al. (2011) proposed a framework to im-

prove efficiency and ergonomics in the design of assem-
bly systems. The framework is based on an engineering
approach to the design of assembly systems and con-
siders ergonomic optimization of the workplace.
Lasota and Hankiewicz (2017a) proposed a frame-

work for the ergonomic assessment of multi-task work-
places, paying attention to the variability of tasks
performed.
In some cases, the developed methodological frame-

work refers to design; in others, it refers to assembly
systems that take into account the principles of er-
gonomics. The framework presented in the literature

review focuses on specific areas, and there is a gap that
the framework proposal presented in this work seeks to
fill by providing enterprises with a tool for evolutionary
adaptation to the requirements of Industry 4.0.

Research methodology

The proposed new research approach is a method-
ological framework with sequential steps (Fig. 1). The
developed framework includes two main stages: Stage 1
– research study and Stage 2 – digital human modeling
and simulation. Stage 1 includes a workplace study for
ergonomic improvement and data collection. Stage 2
– digital modeling of the workplace in a virtual en-
vironment, ergonomic assessment, and improvement.
Generally, research based on this framework consists
of eight consecutive steps (three steps – Stage 1; five
steps – Stage 2). Each step requires input from the
previous step and provides its output to subsequent
steps.

The detailed steps of the methodological framework
are presented below.

Stage 1 – Research study

Step 1: General inspection of workplaces

The first key step is to make general observations
and visual inspections of workplaces. General visual
observation, direct interviews, and discussions with
managers and production engineers can help identify
and understand workplaces. The collected information
should help the evaluator understand the work envi-
ronment, tasks, and activities the operator performs
and help select workplaces for ergonomic assessment
and possible improvement.

Fig. 1. Flowchart of the methodological framework
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Step 2: General observations and studies of
the workplace

General observations and analysis of a selected work-
place allow for deepening knowledge about the position,
equipment, and task being performed. Information col-
lected from observations of the employee during his
or her daily work in the actual work environment, as
well as from discussions and face-to-face interviews,
should be used to identify the tasks performed at the
workplace selected for assessment. This can help iden-
tify any problems or difficulties in performing tasks,
including prioritization and sequencing of assessments,
data collection methods, and assessment strategy.

Step 3: Data collection

Data regarding the workplace, equipment, opera-
tions performed, movements, applied forces, etc. are
collected to reproduce the workplace and the task
performed in the virtual environment.

Stage 2 – DHM and simulation

Step 4: Modeling

Workplace modeling in a virtual environment in-
cludes machines, devices, equipment, and their ar-
rangements. A mannequin model is selected in this
step.

Step 5: Simulation

In the DHM environment, the operator’s postures,
movements, and performed tasks are simulated.

Step 6: Ergonomic evaluation

Conducting evaluations of ergonomic indicators
based on an in-depth analysis of all collected data
and test results. Analysis of risk factors, risk level, and
action categories. The action categories and action
levels will provide key information and guidance on
what risk factors (e.g., work posture, forces applied)
are at an unacceptable level, as well as what degree
of urgency for ergonomic intervention is required. If
ergonomic indicators are unacceptable, this informa-
tion is necessary to propose appropriate corrective
solutions based on the investigated and identified root
causes of the irregularities.

Step 7: Improvement

A proposed solution based on the above ergonomic
analysis of the assessed workplace will enable achieving
an acceptable level of ergonomic indicators.

Step 8: Verification and validation

Returning to the previous step of the framework to
re-model and simulate tasks until a satisfactory level
of ergonomic indicators is achieved.

Illustrative case study

Materials and methods

In order to illustrate the framework, a case study was
developed for a typical stamping station equipped with
a hydraulic press. In the presented case, the operator
works in a standing position, stamping metal sheets.
Ergonomic analysis was based on the Ovako Working
posture Analyzing System (OWAS) method. Jack –
Process Simulate Human Tecnomatix Siemens (aca-
demic version) was used for modeling and simulation.

OWAS method

The OWAS method was proposed by Finnish re-
searchers (Karhu et al., 1977) to assess exposure to
the risk of WRMSDs related to the operator’s body
postures. The method comprehensively addresses the
issue based on the technique of observing an employee
performing tasks. OWAS is based on the classification
of 84 basic body postures, taking into account the
position of the back, arms, and legs. Additionally, the
external load in kilograms is considered, which gives a
total of 252 possible combinations. Each of these com-
binations is a unique four-digit body posture code. For
example, 2143 four-digit code: 2 – back bent forward; 1
– both arms below the shoulder joint; 4 – standing with
legs bent; 3 – external load weighing over 20kg. The
OWAS method focuses on identifying problems in the
workplace and corrective actions, which are expressed
in action categories (AC):
• AC1 – no risk, correct posture, no particular harm-

ful effect on the operator’s musculoskeletal system,
no intervention is required.

• AC2 – there is little risk, the working posture has
little harmful effect on the musculoskeletal system,
and immediate intervention is not required, but
ergonomic correction should be taken into account
in the future.

• AC3 – high risk, the working posture has a sig-
nificantly harmful effect on the musculoskeletal
system; ergonomic intervention should be carried
out as soon as possible.

• AC4 – very high risk, the working posture has a
very harmful effect on the musculoskeletal system,
and ergonomic intervention is required immediately.
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Digital human modeling tool

Jack – Process Simulate Human Tecnomatix
Siemens enables modeling of the workplace in a vir-
tual environment, selecting of a 3D mannequin, simu-
lation of postures and tasks performed, and assessing
of ergonomic indicators (Human Centered Design and
Simulation |Siemens Software).

Results and discussion

Steps 1, 2, and 3 allow selecting a workplace for
evaluation. In this case study, a typical stamping sta-
tion was analyzed. Studying the selected stamping
station ensured gaining in-depth knowledge and col-
lecting data about the task performed by the operator,
the work process, workplace equipment, and their ar-
rangement, etc.

Based on the data obtained in Step 4, the workplace
was modeled in the DHM Jack virtual environment
(Fig. 2).

Fig. 2. Workplace before ergonomic intervention

The station is equipped with a hydraulic press, a pal-
let with metal sheets, and a pallet for placing stamped
metal sheets. In the next 5th step, the operator’s tasks,
postures, and movements were simulated.
An ergonomic assessment was performed (Step 6).

Critical indicators were found when the operator
picked up a metal sheet from a pallet (Fig. 3). The
OWAS code 2141 was received and classified as AC3 –
high ergonomic risk; ergonomic intervention is required
soon. The back was tilted forward (back position code
2), and the legs were bent in the knee joint (leg po-
sition code 4). The operator’s incorrect posture was
due to the pallet’s too-low position with metal sheets.

The operation of placing and removing a metal sheet
from the press was classified as AC1, OWAS code 1321

Fig. 3. Picking up a metal sheet from a pallet

(Fig. 4). Ergonomic risk was minimal, and no corrective
action was required. However, it was noted that the
arms were in a harmful position (both arms above the
shoulder line – arm position code 3).

Fig. 4. Placing the metal sheet in the press

Irregularities were found relating to the operation of
placing the stamped metal sheet on the pallet (Fig. 5).

Fig. 5. Placing the stamped metal sheet on the pallet

The operator’s body posture was harmful. The re-
ceived OWAS code 2141 was classified as AC3 – high er-
gonomic risk; ergonomic intervention is required soon.
The back was tilted forward (code 2), and the legs
were bent in the knee joint (code 4). The reason for the
operator’s incorrect posture was the too-low position
of the pallet.
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The DHM Jack OWAS report on the pressing station
confirmed the previous observations (Fig. 6, Fig. 7).
Analysis of the report showed that a single work cycle
lasted 24.3 seconds, and there were two main phases
characterized by an action category value greater than
1. This means that these operations were associated
with a WRMSDS risk greater than minimal. In turn,
the results presented in Fig. 6 indicate that when
performing stamping operations, the employee adopted
postures that were not only uncomfortable (AC2) but
also extremely harmful (AC3), which could lead to
discomfort, fatigue, and a decrease in work efficiency.

The detailed results of the OWAS analysis for the
tested workplace are presented in Fig. 7. The diagram
shows the values of the action categories as a function
of the task duration (in seconds) – a single cycle.

The level of ergonomic risk at the stamping work-
place was not satisfactory enough because the opera-
tions of picking up metal sheets and placing stamped
parts on a pallet created critical ergonomic problems.
Actions have been taken to reduce the risk of WRMSDs.
Consideration was given to increasing the height of

the work plane for these two critical operations. Also
taken into account was the critical posture of the arms
when placing and removing the metal sheet from the
press.

In the next stage, Step 7 Improvement was applied.
A corrective solution was proposed in the form of
placing pallets at the height of the employee’s forearm
and providing a platform for the operator.
To verify the proposed solution, Step 4 Modeling

was used again. The proposed workplace changes in
the virtual environment were modeled (Fig. 8).

In the next 5th step (Simulation), the task, postures,
and movements of the operator were simulated using
DHM Jack. Afterwards, an ergonomic assessment was
performed (Step 6). The evaluation results for previous
critical operations after corrective changes are shown
in Fig. 9, 10, and 11.

In the case of picking up a metal sheet, the OWAS
code 2121 was obtained (Fig. 9), and it was classified
as AC2 – ergonomic intervention may be needed in
the future. The ergonomic risk of WRMSDs has been
reduced from high to medium.

Fig. 6. Workplace simulation results (working times and OWAS ergonomics evaluation) – before ergonomic intervention
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Fig. 7. OWAS action categories and critical operations
before ergonomic intervention

Fig. 8. Workplace after ergonomic intervention

Fig. 9. Picking up a metal sheet after ergonomic interven-
tion

Unlike picking up a metal sheet, placing it in the
press (Fig. 10) involves minimal ergonomic risk – AC1,
no corrective actions are needed. The arm position
code has been lowered from 3 to code 1 – both arms be-
low the shoulders. Minimum risk and correct operator
posture were achieved.
In turn, placing the stamped metal sheet on the

pallet (Fig. 11) did not require the operator to adopt
harmful postures. The OWAS code was correct: 1121;
hence the operation was classified as AC1 – not re-
quiring corrective actions. The action category was
lowered from AC3 to AC1, and the WRMSDs risk
level was lowered from high to minimal.

Following the DHM OWAS report by Jack, the pro-
posed solution was implemented at the stamping sta-

Fig. 10. Placing the metal sheet in the press after ergonomic
intervention

Fig. 11. Placing a metal sheet on a pallet after ergonomic
intervention

tion in the virtual environment and has been verified,
so the results acquired earlier have been validated (re-
fer to Fig. 12 and Fig. 13). The analysis conducted
reveals an absence of any detrimental operator body
postures (AC3 and AC4). The observations only report
harmless categories of actions (AC1 and AC2).
The results of the OWAS analysis conducted for

the stamping process after ergonomic intervention are
shown in Fig. 12. The diagram presents the obtained
action categories as a function of the duration of the
stamping task (in seconds) – a single cycle. Only AC2
has been reported, lasting approximately 1.4 seconds.
For the remaining time, the operator works in AC1
(Fig. 13).

It should be noted that a single work cycle before
the ergonomic intervention lasted 24.3 seconds (Fig. 6),
while the proposed solution allowed to shorten a single
cycle to 23.17 seconds. This means a potential increase
in work performance of 4.6%.
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Fig. 12. Workplace simulation results (working times and OWAS ergonomics evaluation) – after ergonomic intervention

Fig. 13. OWAS action categories and critical operations
after the ergonomic intervention

Conclusions

For companies to maintain high productivity and
competitiveness in the market without endangering
the health and safety of employees, it is necessary
to improve workplaces in terms of ergonomic require-
ments. Verification of compliance with these require-
ments requires carrying out ergonomic assessments of
workplaces. Currently, practitioners and ergonomists
commonly perform WRMSDs exposure assessments
using observational techniques. This requires the nec-
essary knowledge and experience. Most often, such an
assessment is based on observation and the ongoing
recording of observations. These techniques require a
lot of work time, and the final result depends to some
extent on the subjective decisions of the evaluator.
The proposed methodological framework can sup-

port the activities of experts in the field of ergonomic
research aimed at improving workplaces. DHM can pro-
vide satisfactory accuracy, and importantly, repeatabil-
ity of measurements. Numerical models implemented
in DHM allow the implementation of real-life situ-
ations. Moreover, and importantly, they enable er-
gonomic assessments not only of the static postures of
operators but also of dynamic operations performed
by employees, which ensures an objective assessment
independent of the examiner.

The methodological framework presented in this
study is easy to use in improving workplaces in terms
of ergonomic requirements, as illustrated by a case
study. All proposed solutions used to improve the
ergonomic features of workplaces can be checked in
the simulation process and their results will allow
practitioners to choose the best solution to implement
in the real workplace.

This study has limitations, as do most previous
works. Data relating to the workplace must be collected
and modeled in a virtual environment. The quality
of the mapping will determine the size of the error
between the virtual workplace and the real workplace.
A motion capture system would be helpful; its use
would shorten the time needed to simulate the task
being performed. However, it should be pointed out
that the motion capture system and DHM software
are expensive and have their limitations.
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Finally, the proposed methodological framework fits
perfectly into the evolution of industry in the era of
Industry 4.0 regarding the use of digital tools and
software for the assessment of ergonomic indicators
(Gladysz et al., 2023; Mgbemena et al., 2020). They
also fit perfectly into Industry 5.0, where one of its
fundamental pillars is a human-centric approach (Lu
et al., 2022).

Future research could extend the studies of this pa-
per. In an illustrative case study, a human model and
the OWAS method were used. To extend the generaliz-
ability of the study, operators with different anthropo-
metric characteristics (human models: a 5th and 95th
percentiles) and sex, and different tasks performed by
them could be examined. Other ergonomic indicators
and methods could be considered, e.g., NIOSH manual
lifting, energy expenditure, and RULA (David, 2005;
Takala et al., 2010) for a deeper analysis of ergonomic
risk factors and indicators related to the workplace.
Also, the research could extend with further case stud-
ies based on stations involving the operator’s manual
work, e.g., assembly station, packaging station, semi-
automatic spot-welding station with the participation
of several expert ergonomist engineers to fully validate
the proposed framework. A motion capture system
could be included in the development of the method-
ological framework, which would provide more realistic
results. Further research may also focus on extending
the proposed framework to more complex systems,
such as packaging and assembly lines.
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