
Advanced Engineering Informatics 62 (2024) 102726

Available online 24 July 2024
1474-0346/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Development and initial usability evaluation of a digital tool for
simulation-based multi-objective optimization of productivity and worker
well-being
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A B S T R A C T

Engineers use modelling and simulation techniques to efficiently create, evaluate, and optimize design solutions.
In an industrial production context, engineers often need to consider requirements related to both productivity
and worker well-being in order to find successful design solutions. However, simulations related to productivity
and worker well-being respectively, are typically carried out by different engineering roles, using different digital
tools. This lack of integrated work procedure could lead to inefficient development processes and suboptimal
design solutions. Additionally, since performing multi-objective optimizations is likely to be seen as a compli-
cated task by engineers in areas such as design engineering, production engineering, and ergonomics, requiring
specific knowledge and skills, such tasks are typically performed by engineers specialized on optimization. This
paper presents the development and usability evaluation of a digital tool that supports engineers not specialized
in optimization to define and perform simulation-based multi-objective optimizations of requirements related to
both productivity and worker well-being in an automated and simultaneous manner. The digital tool is the result
of research carried out over a period of four years, following an iterative development and assessment process by
the means of use cases, done in close collaboration with potential users of the digital tool, i.e. engineers at several
companies. The usability evaluation of the digital tool shows that potential users in the industry view the tool as
a promising support for performing their engineering tasks in a more efficient and integrated manner.

1. Introduction

Modelling and simulation are used widely in industries such as the
automotive industry because it enables efficient creation, testing, and
optimization of the design of products and production systems in virtual
worlds, rather than having to create, test, and optimize prototypes in the
physical world [1,2,3,4]. Software that simulate humans working in
production, commonly called digital human modelling (DHM) tools,
enables assessment and optimization of worker well-being in regard to
different workstation design alternatives, making it an essential tool to
proactively ensure worker well-being when designing new production
systems [5]. To optimize both productivity and worker well-being in the
production development processes, e.g. when a workstation is not
available in the real world, simulations of both human activities and
production performance are required. However, simulations to optimize
productivity and simulations to assess worker well-being are typically
carried out by engineers with different roles. Production engineers

typically address mainly productivity aspects, while ergonomists typi-
cally consider mainly worker well-being aspects. Hence, production
engineers and ergonomists typically have different focuses and objec-
tives, and use different tools [6]. Also, even though engineers of
different professions are commonly experienced in the modelling and
simulation tools they use every day, they cannot be assumed to be ex-
perts in the use of optimization for solving design tasks that cover as-
pects beyond their own field of specialisation. Therefore, performing
simulation-based multi-objective optimizations of requirements
related to both productivity and worker well-being is currently not
common for engineers in areas such as design engineering, production
engineering, and ergonomics. This lack of support tools for performing
optimizations, in addition to using separate digital tools for simulation
of productivity and worker well-being, could lead to inefficient devel-
opment processes and suboptimal design solutions.

In recent studies, there are proposed methods for multi-objective
optimization of productivity and worker well-being [7,8,9,10,11].
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There are examples of line balancing using energy expenditure models
(i.e. models of human physical activity) that propose analytical and
numerical approaches for line balancing [8]. There are also studies
based on ergonomics risk indexes that aim to reduce the risk of work
related injuries without decreasing production measures [12,13].
However, these studies consider a single approach simultaneously,
either balancing or changing the design of a workstation, but they do not
offer a solution that considers all the approaches at the same time. Also,
these studies are punctual experiments, which do not offer a digital tool
that implements these methodologies, integrating the solutions with
DHM tools or production simulation tools.

Considering an overall production system optimization perspective,
it is hypothesised that it should be possible to treat aspects related to
both productivity and worker well-being within one method and, in
turn, enable engineers to use one single digital tool. Due to this, a need
and opportunity in this field of research is to explore and develop a
method that concurrently considers requirements related to both pro-
ductivity and worker well-being, and to implement the method in a
digital tool so that both productivity and worker well-being can be
optimized in an automated and simultaneous process. A previous study
in this research project describes a framework to concurrently optimize
productivity and worker well-being [14], applicable for both manual
and automated simulation-based optimizations. In principle, all steps in
that framework can be done manually, using appropriate software, e.g.
DHM tools and/or production process simulation tools. Still, such a
manual approach would be very time consuming and hence expensive. It
is unlikely that engineers would perform hundreds or thousands of
simulations in order to systematically identify the most successful so-
lutions. In this paper, a digital tool to automate several steps of the
framework is presented, with the aim to support engineers define and
perform simulation-based multi-objective optimizations of productivity
and worker well-being. In order to evaluate the usability of the digital
tool, a usability study with potential users, i.e. engineers at several
companies in the automotive industry, was carried out.

2. Method

The development of the digital tool was based on a framework of
multi-objective optimization of productivity and worker well-being
[14]. By analysing the framework, the first task was to identify the steps
in the framework that were considered suitable for being automated in a
digital tool. After identifying these steps, an iterative process of devel-
opment of the digital tool was carried out in collaboration with potential
users and stakeholders in industry. Finally, an industry-based usability
evaluation of the current version of the digital tool was carried out.

2.1. Identification of steps of the framework to implement in a digital tool

A fieldwork study [15] was performed in order to understand which
steps of the framework given in [14] could be implemented into a digital
tool. The fieldwork included studies at more than ten partner companies
in Sweden, involving professional engineers considered potential users
of the digital tool. The fieldwork was done through a multitude of
meetings, discussions, and presentations during a time span of four
years. The main goal of the fieldwork study was to understand the way
the engineers carry out their tasks today, the processes within where
these tasks are performed, and the challenges they face in their day-to-
day work. Also, wishes and demands of a potential digital tool were
identified by the means of the fieldwork.

2.2. Digital tool development

The development of the digital tool was done in an iterative process
of development and evaluation through several use cases. The use cases
were mainly based on real industrial design problems. An initial study
was done to find suitable ways to perform optimizations of objectives

related to worker well-being [16]. The subsequent use cases included
multi-objective optimization of the design of a welding workstation to
improve productivity and worker well-being [14], simulation-based
multi-objective optimization of welding tasks to improve worker well-
being using time-based ergonomics evaluation methods [17],
simulation-based multi-objective optimization of workstation layout to
improve productivity and worker well-being [18], and knowledge dis-
covery of multi-objective optimization results to find rules for future
designs of workstations, reducing the need to perform new optimiza-
tions [19]. After each use and evaluation of prototype versions of the
digital tool, by the means of the use cases, the results were presented to
and discussed with the potential users at the industrial partners. Based
on the experiences and feedback from each use case, the digital tool was
further developed in an iterative manner in regard to functionality and
usability.

2.3. Initial usability study of the current version of the digital tool

To evaluate the usability of the current version of the digital tool,
study sessions based on semi-structured interviews [20] and the System
Usability Scale (SUS) method [21] were arranged. Each session, taking
approximately two hours, were divided into three stages: 1) demon-
stration of the digital tool where participants interacted with, and dis-
cussed, the digital tool through the person demonstrating it
(approximately 30 min), 2) semi-structured interviews (approximately
one hour and 20 min), and 3) the SUS questionnaire (approximately 10
min). The sessions were conducted with a total of 14 participants from
five automotive companies in Sweden. Due to the limited availability of
the participants, some sessions included individual interviews and some
sessions included group interviews. In total, two group interviews with
four participants each, one group interview with two participants, and
four individual interviews were carried out. The 14 participants were
engineers in the areas of design engineering, production engineering,
and ergonomics. The participants were familiar with DHM tools, how-
ever, not all participants were direct users of DHM tools. Several of the
participants represented more than one of these areas in their working
role; therefore, the decision was made to make no specific classification
of the participants in the study, and both the interviews and the SUS
questionnaire study were conducted without any distinction of the
participants. However, in this paper, the term “ergonomists” is used to
refer to engineers who, to a large degree, are responsible for making
worker well-being perspectives being considered, e.g. when workstation
designs are evaluated.

The goal of the demonstrations and subsequent interviews was to
present the digital tool and to obtain feedback on the digital tool’s
functionality, user interface, and perceived overall effectiveness in
optimizing productivity and worker well-being. During the demonstra-
tions, participants were given a description of the digital tool and were
encouraged to interrupt with questions or comments at any time, in
addition to interacting with the digital tool through the person
demonstrating it. This allowed for an interactive and collaborative
approach to the evaluation process. After each demonstration, a semi-
structured interview was held. The conversation was governed by pre-
pared questions, and the interviewee engaged the participants to be
involved in discussing each issue covered. In the group interviews, dis-
cussions between the participants were also engaged by the interviewee.
When the discussion ended in a natural way or changed topic, the next
question was presented to the participant or participants. The questions
were shaped to encourage participants to provide constructive feedback
and suggestions for improvement. The questions in the semi-structured
interviews were divided into initial reflections on the digital tool, then
assessing the actual situation in their companies, and finally, opinions
about the digital tool.

Questions about the initial reflections of the digital tool:

• What are your initial thoughts on the digital tool?
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• How user-friendly do you find the digital tool?
• How useful do you find the digital tool versus the manual approach?
• What features do you find more useful?
• Are there any additional features you would like to see added to the
digital tool?

Questions to assess the actual situation in their companies:

• Do you perform manual optimizations?
• Do you consider several design variables?
• Do you consider worker well-being objectives and productivity ob-
jectives simultaneously?

• Do you use optimization algorithms?
• Do you save the different design alternatives you create to reuse
them?

• Do you present to other people several design alternatives by using
other tools (Excel, Matlab, several DHM tool files, etc.)?

• Do you visualize the solution before making a decision?

Questions about the participants’ opinions about the digital tool:

• Do you think the digital tool could save you work time when you
design production systems/products?

• Do you think the digital tool could provide better results than your
actual approach?

• Do you think the digital tool could help the collaboration between
engineers and ergonomists to obtain better designs that consider
worker well-being and productivity?

• Do you think the digital tool needs more functionalities?
• Do you think the digital tool is difficult to use and needs to be more
user-friendly?

In addition to the prepared interview questions, follow-up questions
were stated by the interviewee at each area covered, formulated by the
interviewee depending on the comments of the participants, hence
following the semi-structured interview method [20]. Both group in-
terviews and individual interviews were audio recorded, and notes were
taken during the process. All participants gave consent to the study. At
the end of the interview, the interviewee provided the SUS questionnaire
to the participants and left the room. The SUS method provides ten
questions to evaluate the usability of a system [21], in this case, the
digital tool:

1. I think that I would like to use the digital tool frequently
2. I found the digital tool unnecessarily complex
3. I thought the digital tool was easy to use
4. I think that I would need the support of a technical person to be

able to use the digital tool
5. I found the various functions in the digital tool were well

integrated
6. I thought there was too much inconsistency in the digital tool
7. I would imagine that most people would learn to use the digital

tool very quickly
8. I found the digital tool very cumbersome to use
9. I felt very confident using the digital tool

10. I needed to learn a lot of things before I could get going with the
digital tool

All SUS questionnaire responses were registered anonymously. At
the end of the questionnaire, an additional field for anonymous com-
ments was available for participants to optionally leave additional
comments.

3. Development of the digital tool

The following sections present the selected steps of the framework to

include in the digital tool, as well as the developed digital tool itself.

3.1. Steps of the framework to include in a digital tool

Based on the understanding of potential users’ current work methods
and their expectations of functionality and usability of a digital tool,
Fig. 1 shows how several steps of the complete optimization framework
given in [14] were selected to be included in a digital tool, hence marked
“Digital tool” in Fig. 1. The steps of the framework to be contained in the
digital tool are: Optimization definition, Simulation method, Simula-
tion, Extraction of simulation data, Assessment of targets, Optimization
method, Modification of variables, and Presentation of results in deci-
sion support tool. Thus, the digital tool instantiates these steps of the
framework and guides the user through the process to set up and run
optimizations. The steps of the framework of Problem definition, Re-
quirements specification, Data collection, Selection of solution, and
Reappraisal of findings were considered not possible or suitable to be
implemented into a digital tool (Fig. 1). The reasoning for that conclu-
sion is that the fieldwork studies gave that these steps typically are
handled differently at different companies, as well as the conviction that
these steps are better suited for a manual approach since they are often
based on knowledge from engineers, and since associated decisions
typically are based on discussions within and between teams. The steps
of the framework of Model creation in DHM tool (Fig. 1), i.e. CAD
environment, Human models, and Action sequence were also not
included in the digital tool since these steps are rather carried out in the
DHM tool being used.

3.2. Developed digital tool – Ergonomics in Production Platform (EPP)

To ease communication with potential end users and other stake-
holders along the research and development process, the digital tool was
given the name Ergonomics in Production Platform (EPP), which is the
term used for the developed digital tool from hereafter. The architecture
of EPP, the analysis in EPP, and optimizations in EPP are explained in
the following sections.

3.2.1. EPP architecture
In order to instantiate the selected steps of the framework in EPP, an

analysis of the necessary tools to perform each step was done. The tools
were then divided into different modules that communicate between
them (Fig. 2):

• Core: controls all processes and memory management. Also, controls
the multi-threading processes and creates new ones when necessary.
The core is based on pure C++ (standard libraries) and QT graphical
framework functionalities.

• Interface: interactive interfaces based on the QT graphical frame-
work in C++ that allow user interaction. The interfaces run in
separate threads to avoid freezing and unresponsive interfaces.

• Ergonomics evaluation module: allows to evaluate worker well-
being by using different ergonomics evaluation methods such as
RULA [22], REBA [23], OWAS [24], RAMP [25], and NIOSH lifting
equation [26]. The evaluation of worker well-being is done by pro-
cessing the postures of manikins in the DHM tool, using the exposure
criteria in the selected ergonomics evaluation method. To facilitate
the implementation of ergonomics evaluation methods, the ergo-
nomics evaluation module includes automatic creation of criteria by
predefined templates that support users to define their own ergo-
nomics evaluation methods. If an ergonomics evaluation method has
quantifiable postural conditionals, that is, evaluation by thresholds
of joint angles or distance values, the ergonomics evaluation method
can be implemented by using the criteria created by the ergonomics
evaluation module. Subjective measurements can be added but they
require additional user input data, which limit the automation of the
optimizations.
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• Optimization module: converts the selected data into optimization
data in a structure formed by variables, objectives, additional out-
puts and constraints. The module contains the NSGA-II [27], NSGA-
III [28], and DEMO [29] optimization algorithms to perform opti-
mizations. This module runs in a separate thread. The module is
further explained in Section 3.2.3.

• Input/output (IO) module: converts the input and output data to
the desired format.

• Utils module: includes mathematical libraries, functions of the
operative system and import/export tools to enable file
management.

• Storage: stores and manages all information for fast access for the
core.

• Export module: allows exporting data in different formats depend-
ing on user needs.

• Communication module: includes several communication pro-
tocols such as named pipes (shared local memory), TCP and UDP.
Makes direct communication with the external modelling, simula-
tion and optimization software.

• Report website: automatic generation of JSON (JavaScript Object
Notation) files that can easily be interpreted by websites. The
developed HTML, CSS and JavaScript files serve as a template that

automatically generates and opens a website in the default browser
of the user.

The interaction between the user and EPP is done in the Interface and
the Report website (both marked in green in Fig. 2). The rest of the
modules process the information obtained from the user input, the DHM
tool and the external optimization tools. However, the user does not
need to interact with the rest of the modules. When performing an
analysis or an optimization, the user only interacts with the interface
and does not need to manually run any of the modules. The Core
(marked in pink in Fig. 2) calls the modules that are necessary to process
the operations requested by the user (marked in orange in Fig. 2). The
Storage is both automatically controlled by the Core and can be accessed
by the user through files. The external elements, the simulation tool
(DHM tool) and other possible optimization and decision support tools
(marked in grey in Fig. 2) are optional; that is, EPP can run without those
elements.

In addition to communication with the modules, the Core can be
accessed directly by using a scripting interface. All data available in EPP
is kept in a JSON format that can be accessed by scripting in JavaScript
while also allowing modification of the data and new calculations. The
scripting interface, called Master script interface, can access all elements

Fig. 1. Condensed version of the framework from [14], where the steps of the framework of Optimization definition, Simulation method, Simulation, Extraction of
simulation data, Assessment of targets, Optimization method, Modification of variables, and Presentation of results in decision support tool all are being contained in
a new step named Digital tool.
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and automatically generate scripts related to the elements by clicking on
the element that the user wants to access (Fig. 3). All scripts created can
be tested and debugged in the Master script interface by using the real-
time JavaScript injection engine in EPP. The scripts can be stored in the
user’s computer and reloaded in EPP to allow reusability of the code.

3.2.2. Analysis in EPP
While EPP does not include the steps of the framework of Problem

definition, Requirements specification, and Data collection (Fig. 1), an

analysis tool has been built into EPP in order to facilitate analyses of
productivity and worker well-being. When the user triggers EPP from
the DHM tool or when the user requests EPP to import data from the
DHM tool, the Core asks the I/O module to provide the data in a
structured format. The I/O module asks the Communication module to
communicate with the DHM tool and extract the data. Once the data
processing is done, the Core loads an interface with all the elements
available in the DHM tool (Fig. 4). The elements are structured from top
to bottom as production line, workstation, task, manikin family and

Fig. 2. EPP architecture.

Fig. 3. Master script interface.
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manikin (Fig. 4). If the DHM tool does not include one of the elements,
an empty element is created to maintain the structure.

When the user clicks on any of the elements, EPP opens a tab with the
possibility of analysing the element. For example, if the user clicks on a
manikin, the information shown is related to the task the manikin is
performing. The information shows direct measurements of the
manikin, e.g. joint angles, as well as results from selected ergonomics
evaluation methods, e.g. RULA [22] and REBA [23]. The information
shown is synchronised with a time slider and a 3D view of a simplified
manikin model for visual feedback (Fig. 5).

In addition to the available data, the user can use the Master script
interface (Fig. 3) to further analyse the data available in EPP and create
bespoke company-specific evaluations.

3.2.3. Optimizations in EPP
When the user requests to start an optimization, the Core loads the

Optimization module (Fig. 2). First, the Optimization module asks if a

new optimization should be defined or if an existing optimization should
be loaded. In the case of loading an existing optimization, the user can
jump directly to the results section or modify an existing optimization to
run it again. This allows the user to create templates of optimizations or
to fine-tune an existing optimization to find better results. Once the user
starts defining an optimization, the Interface loads the visualization of
the Optimization module (Fig. 6).

The Optimization module acts as a wizard that supports the user in
the tasks to set up: (1) Optimization variables, (2) Optimization objec-
tives, (3) Constraints, (4) Additional output, (5) Relations, (6) Optimi-
zation algorithm and (7) Settings. After that, it lets the user (8) Run the
optimization and, once it is finished, view and load (9) Results (Fig. 6).
The Optimization module indicates the actual status of the optimization
set-up and the remaining tasks needed to run an optimization. These
tasks are defined as done (green icon with check mark), ongoing (green
arrow icon) and not done (red icon with cross) via the icons on the left
side of the interface, as a guide for the user (Fig. 6).

Task (1) Optimization variables represent the design parameters that
can be modified and that the user wants to find the best configuration
for. These design parameters can include, but are not limited to, the
height of objects, layout configurations, order of tasks and tool/part
variations. Task (2) Optimization objectives represent the evaluation of
the design, in this case, productivity and worker well-being measures.
Ergonomics evaluation methods such as RULA [22], REBA [23], OWAS
[24] and RAMP [25] and OWAS Lundqvist index [30] have been
implemented in EPP to consider worker well-being objectives. Also,
walking distances (spaghetti diagrams) and task times have been
implemented to consider productivity objectives. Task (3) Constraints
represent the conditions that must or must not occur. These conditions
can be both in variable definitions (limits in the variables or forbidden

Fig. 4. Elements of the DHM tool loaded in EPP.

Fig. 5. Manikin and automatic well-being analysis in EPP – Example of RULA analysis made in EPP with postural data from the DHM tool.
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values), objective values (unacceptable values of productivity and
worker well-being), or other values not related to variables or objectives
(e.g. collisions between objects or forbidden locations of parts). Task (4)
Additional outputs are set up as measurements to track different pa-
rameters in each iteration; however, they are not considered by the
optimization algorithm as an objective. Task (5) Relations allow
scripting conditions between elements in the DHM tool, such as relative
positions between objects (e.g. objects on top of shelves) or updating
other elements relative to the design (e.g. updating actions of manikins
depending on the position of an object). Task (6) Optimization algorithm
allows selecting between different optimization algorithms and their
configurations, offering an initial default configuration based on the
number of variables and objectives. Tasks (7) Settings and (8) Run allow
performing the optimization automatically by using optimization algo-
rithms and saving the data of the optimization automatically. The final
task (9) Results allow reloading any solution that has been run during
the optimization, as well as using the report website as a decision sup-
port tool.

In each task, the Optimization module provides an interface to sup-
port the users set up the optimization. All tasks, from the exception of
naming the elements and optional advanced functionalities (e.g.
scripting), can be performed with just clicks and no keyboard input.
Also, if the user does not define at least one variable and one objective,
EPP alerts the user that those are required. In the first task (1) Optimi-
zation variables, the interface shows all the elements in the scene of the
DHM tool that can be added as optimization variables (Fig. 6). Custom
variables (variables not related to the DHM tool scene) can also be added
to represent mathematical variables of the type integer, real and cate-
gorical numbers. Once an element has been selected, the Optimization

module shows an interface that allows selecting translation and rotation
coordinates, which, once defined, each coordinate becomes an optimi-
zation variable. Also, the functionalities “Get” and “Test” are available.
“Get” allows retrieval of the actual position of the object in the DHM tool
in real-time so that the user does not need to type numerical values of the
position. The functionality “Test” is used to test the value that the user
has defined in real-time in the DHM tool (Fig. 7).

The Optimization module follows the same process in the tasks of (2)
Optimization objectives, (3) Constraints and (4) Additional outputs. The
Interface with all available elements is shown, including all geometries,
workstations, tasks, manikin families and manikins in the DHM tool and
allows selecting elements and methods to create optimization objec-
tives. In the case of worker well-being objectives, the manikins can be
selected to use ergonomics evaluation methods as optimization objec-
tives (Fig. 8). In the case of productivity, the time to perform the task
and the walking distances of the manikins can be selected.

The Master script interface (Fig. 3) can also be used to define
company-specific methods as objectives, constraints and additional
outputs. For task (5) Relations, the Optimization module also allows
scripting relations between objects. Scripting can be used to define
distances between objects as well as rotations or orbital positionings.
Also, the scripting can include logic to only trigger geometrical relations
when certain conditions are fulfilled.

Task (6) Optimization algorithm is done in an interface that allows
selecting and configuring optimization algorithms (Fig. 9) such as
NSGA-II [27] and NSGA-III [28] evolutionary algorithms. Depending on
the optimization algorithm selected, different options for configuration
are offered to the user. EPP, based on the definition of the optimization
in previous tasks, offers a balanced configuration as well as an

Fig. 6. EPP Optimization module.
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appropriate optimization algorithm based on the number of objectives
and variables in the optimization; therefore, the user can skip the
configuration of the algorithm if he/she is not experienced in

optimization algorithms. Also, the interface allows selecting the number
of iterations to run and checking how long it would take to run that
number of iterations. In addition to that, users can run the optimization

Fig. 7. Optimization variable definition – Example of setting up a variable for the height (translation in Z axis) of an object.

Fig. 8. Example of optimization objectives for a manikin.
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for an infinite number of iterations and stop it when they consider that
the results are appropriate.

The tasks of (7) Settings and (8) Run are automatic by default. The
default settings of optimization save all configuration and results of the
optimization while the optimization is running; therefore, if the opti-
mization gets stopped, all results are saved in a JSON format file and can
be retrieved. Also, during the optimization, the results can be analysed
in real-time to assess if the optimization should be finished in case the
user needs to finish the optimization earlier than expected and decide a
solution.

During the run, a report website is generated, and it can be updated
at any time so the user can look at the results of the iterations in the
optimization that have already been performed. The report website
serves as a presentation of results and a decision support tool (marked in
green in Fig. 2) and allows the user to analyse the results from the
optimization. In order to support the user to select a solution, the report
website has five sections: General information (Fig. 10), Results over-
view (Fig. 11), Charts (Fig. 12), Solution analyser (Fig. 13 and Fig. 14)
and Discussion (Fig. 15).

The General information section (Fig. 10) shows general information
about the optimization objectives, variables, additional outputs, re-
lations and the number of iterations performed from the defined ones in
the previous tasks (1–6).

In the Results overview section (Fig. 11), the user can see the lowest
values for minimisation objectives and the maximum values for max-
imisation objectives that have been reached in the solutions. Also, the
solutions in the Pareto front are offered to the user.

In the Chart section (Fig. 12), the user can create 2D scatter plots of

all the solutions by selecting variables or objectives. The solutions in the
Pareto front are marked in green to support the user select optimal so-
lutions from the solution space. Hovering a solution also shows exact
values for the selected variables or objectives and the number of itera-
tions. In addition to that, the user can select a solution to mark it in
yellow and change the selected variables or objectives to see the solution
in different dimensions of the design or objective space. The user can
also create several charts, and the selected solution is synchronised for
all the charts.

Once a solution has been chosen, to further analyse it, the user can
use the Solution analyser (Fig. 13 and Fig. 14). The chosen solution is
automatically analysed against other available solutions from the opti-
mization, and the values for all objectives are shown as percentile values
in a bar chart (Fig. 13). This allows the user to balance the results from
different objectives, supporting consideration of both productivity and
worker well-being for all manikins that have been included in the
optimization.

In addition to the bar chart, the user can analyse the exact value for
all objectives, variables and additional outputs for the selected solution
(Fig. 14).

The process done in the previous tasks is iterative, where users can
discuss and select different solutions to reach a better balance between
objectives. Also, they can automatically load the selected solution in the
DHM tool to further analyse the design solution. The balance between
objectives and selection of a solution is left to the decision makers. Once
a final decision has been chosen, the report website section Discussion
(Fig. 15) allows to input comments regarding the discussions taken to
ensure that the solution is balanced and both productivity and worker
well-being have been considered.

When the discussion section is finished, the user can automatically
print the report website in PDF to store all the solution decision process.

4. Results from usability evaluation of EPP

The SUS method provides answer alternatives on a Likert scale: 1 –
Strongly disagree, 2 – Disagree, 3 – Neither agree or disagree, 4 – Agree,
5 – Strongly agree. The questions in SUS are stated as positive questions
for odd numbers (e.g. Question 1. I think I would like to use EPP
frequently) and stated as negative questions for even numbers (e.g.
Question 2. I found EPP unnecessarily complex). The questions were
presented to the participants in their original form (Section 2.3). How-
ever, in Fig. 16, the results of the SUS questionnaire are reverse coded for
the even questions for easier interpretation, i.e. for the odd numbered
questions, dark green represents 5 – Strongly agree, whereas in even
numbered questions, dark green represents 1 – Strongly disagree. Fig. 16
presents the answers of each participant to each question.

Following the calculation procedure described in [21] gave the
average SUS score 66.25 for EPP. According to [31], a SUS score of 66.25

Fig. 9. Optimization algorithm interfaceFigure 10. Report website − General
information of the optimization previously defined and performed.

Fig. 10. Report website − General information of the optimization previously
defined and performed.

Fig. 11. Report website − Results overview – Example showing eight objec-
tives: four walking distance calculations and four OWAS Lundqvist index cal-
culations, each corresponding to a different manikin performing a
different task.

A. Iriondo Pascual et al.



Advanced Engineering Informatics 62 (2024) 102726

10

is considered to be in the D rating of the grade scale, rather close to the C
rating, and the adjective to describe it would be “OK” (or “acceptable”)
and close to “good” (Fig. 17).

The following section presents findings from analysing the outcomes
of the interviews. The findings from the interviews are structured ac-
cording to the ten questions in the SUS questionnaire. This is to facilitate
easier comparison with the SUS results and also to present a richer view
of the issues covered by each question in SUS.

• Question 1 − I think that I would like to use the digital tool
(EPP) frequently: the use of optimization was mentioned on several
occasions in the interviews. Participants mentioned that while the
use of optimization could help in projects where a new production
line or workstation is being designed, and it has clear issues from a
productivity and worker well-being point of view, many everyday
tasks are straightforward and do not require optimizations. Also, in

the interviews with ergonomists, they mentioned they would not use
EPP directly but rather discuss the results with engineers who
perform the optimizations. Overall, most of the participants noted
that with enough resources, using optimization could benefit the
results in the factories.

• Question 2 ¡ I found the digital tool (EPP) unnecessarily com-
plex: most of the participants commented that while performing
optimizations is a complex task by itself, EPP made performing op-
timizations an easier task. Some participants also mentioned that
they had never performed optimizations with algorithms earlier, but
they could see themselves performing them by using EPP. A few
participants were not experienced in the use of DHM tools and
simulation and perceived optimizations as a very complex task that
they would struggle with, even with the use of EPP.

• Question 3 ¡ I thought the digital tool (EPP) was easy to use:
comments from Question 2 also apply. The participants mentioned

Fig. 12. Report website – Charts.

Fig. 13. Report website – Solution analyser balancing charts.
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that they could see themselves using EPP for optimization tasks and
that they did not find the tasks of setting up an optimization, running
an optimization and visualising the results particularly difficult. The
same participants who found optimizations overall a very complex
task mentioned that EPP was difficult to use since they were not used
to optimizations in general.

• Question 4¡ I think that I would need the support of a technical
person to be able to use the digital tool (EPP): most of the par-
ticipants mentioned that they understood the question as “I need the
support of a technical person to use EPP at the beginning”. They also
mentioned that after a short learning process, they would not need
more support. A few participants mentioned that an optimization
engineer should lead the process while other engineers and ergon-
omists would input their requirements in the optimization.

• Question 5 ¡ I found the various functions in the digital tool
(EPP) were well integrated: overall, all participants felt that EPP
was well integrated and synchronised with the DHM tool, as well as
providing enough functions to perform optimizations. However,
some of the participants mentioned that EPP was lacking some
“smart functions” that would help setting up optimizations, such as

creating multiple optimization variables and objectives with fewer
clicks.

• Question 6¡ I thought there was too much inconsistency in the
digital tool (EPP): no participant mentioned inconsistencies in EPP,
and there were no specific comments on the topic.

• Question 7 ¡ I would imagine that most people would learn to
use the digital tool (EPP) very quickly: most of the participants felt
that it would be easy to learn to use EPP, which related the answers
to Question 3 and Question 2. While some of the participants did
not have a technical background, they mentioned that they felt that
EPP was easy to learn, and since the question mentioned “most
people” rather than “myself”, and they felt they would not be direct
users of EPP, they based their answer by relating it to colleagues that
would have the technical background to learn fast how to use EPP.

• Question 8 ¡ I found the digital tool (EPP) very cumbersome to
use: most of the participants commented that EPP was straightfor-
ward and simple to use. However, in a similar way to Question 5,
some participants mentioned that some operations were repetitive
and that EPP would be easier to use if some “smart functions” were
implemented to avoid repetitive tasks.

• Question 9 ¡ I felt very confident using the digital tool (EPP):
many participants felt that EPP would be straightforward to use;
however, during the interviews, the interaction was done by dis-
cussing with the interviewee and not by directly using EPP. There-
fore, participants had a mostly neutral response to this question and
mentioned that they would like to obtain and test EPP by themselves.

• Question 10 ¡ I need to learn a lot of things before I could get
going with the digital tool (EPP): all participants mentioned that
they would need a stronger background to use EPP with confidence.
While they mentioned that they could use EPP and perform optimi-
zations without having a deep knowledge of optimizations, they also
mentioned that they would initially use default settings for optimi-
zation algorithms and avoid advanced functionalities.

In general, all participants made similar comments about EPP, even
if they had different backgrounds and worked at different companies.
They all mentioned that optimization is used at their company, but there
are a few experts that lead the projects of optimization, and other en-
gineers and ergonomists are usually not involved in the process. Par-
ticipants also mentioned that EPP could be beneficial by supporting the
collaboration between ergonomists and engineers. Some participants
described the design process as an iterative process between engineers
only, and ergonomists were invited at two or three occasions to ensure
that the design fulfilled requirements related to worker well-being to an
appropriate degree. However, the outcome of such meetings is some-
times that design changes are required to successfully fulfil worker well-
being requirements. All participants meant that such design changes

Fig. 14. Report website – Solution analyser solution description.

Fig. 15. Report website – Discussion – Example of how the report website suggests content of text input, to eventually be filled in by the decision makers.
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often cause iteration loops that are time-consuming, and that deadlines
makes it very complicated to implement all needed changes while
considering productivity and worker well-being. The follow-up question
(or similar variation of it) “Does this process lead to suboptimal solu-
tions in both productivity and worker well-being?” was then asked to the
participants. All participants answered “yes”, which, in some cases, was
followed with an explanation of their own ideas for how to improve the
collaboration and the process to achieve better designs.

Ergonomists mentioned they would like to be more included in the
design process, but that it was difficult to follow the complete process
and understand all the requirements of engineers. Engineers mentioned
that including ergonomists in the processes would reduce the number of
iterations as well as their workload on making continuous adjustments
to the design; however, among other difficulties, it was difficult for
engineers to include ergonomists in the design process due to the lack of
tools that cover both productivity and worker well-being aspects in the
same tool. The question (or similar variation of it) “Could EPP help
improve the collaboration between engineers and ergonomists?” was
then asked to the participants. In this case, participants with a stronger
technical background answered “Yes”, while participants with a lower
technical background did not find themselves involved in the optimi-
zation definition tasks, but found the analysis in EPP and the report
website to be the tools they would use the most to increase the

collaboration. Also, some participants mentioned that EPP had the
necessary functionality to improve their design processes but that EPP
would benefit from having a better user interface (referring to the user
experience of EPP).

5. Discussion

EPP has been created in an iterative collaboration process with the
industry and by combining ergonomics evaluation methods and evolu-
tionary algorithms in order to perform multi-objective optimizations of
productivity and worker well-being. However, during this research
project, several challenges have arisen. The first challenge relates to the
idea of comparing and balancing productivity and worker well-being.
This task is complicated, since choosing a solution that benefits pro-
ductivity could affect the workers’ well-being. However, improving
workers’ well-being can also lead to better worker productivity, and
therefore increase the productivity of the overall system. While the in-
crease in productivity in the long-term due to a more sustainable work
life is proven [32], it is not possible to quantify the increase in pro-
ductivity in the long-term related to the improvement of worker well-
being in an objective manner so that it can be an input for DHM tools.
At the same time, poor fulfilment of ergonomics requirements can lead
to lowered productivity and quality risks [33]. Due to the complexity of

Fig. 16. Answers of each participant to the SUS questionnaire with even questions reverse coded (odd numbered questions: 5 = dark green, 4 = light green, 3 =

yellow, 2 = orange, 1 = red; even numbered questions: 1 = dark green, 2 = light green, 3 = yellow, 4 = orange, 5 = red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 17. Average SUS score 66.25 for EPP, marked with red dotted line, and compared to adjective ratings and grade scale according to [31]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the interaction between productivity and worker well-being, consid-
ering productivity and worker well-being, and obtaining balanced so-
lutions, has been a challenge in this research project. For the
development of EPP, the worst scenario has been considered, where no
increase in productivity is expected due to improvement of worker well-
being; however, in real-world applications, the improvement of worker
well-being has, in many cases, lead to increased productivity [34].

The second challenge, as mentioned in Section 3.2 is that worker
well-being cannot be treated in the same way as productivity. While
productivity evaluations are easily quantifiable, ergonomics evaluation
methods, in many cases, offer qualitative information, and are often
evaluated with subjective criteria. In addition to this, ergonomics eval-
uation methods are most often applicable to certain cases, being dedi-
cated to a specific type of work task, or to specific parts of the body. This
leads to difficulties when using ergonomics evaluation methods in ap-
plications that require numerical data. Techniques for optimizations of
productivity are well known; however, the techniques cannot be applied
in the same way for worker well-being. There are ergonomics optimi-
zation studies [9]; however, it is not so straightforward to know what
methods are applicable in a certain case, how they can be used in an
appropriate manner (e.g. subjective measurements in ergonomics eval-
uation methods), and how can they be used in an optimization context
(e.g. results might not be quantitative). In addition to that, many ergo-
nomics evaluation methods offer a short range of resulting scores (e.g.
RULA provides a final score between 1 and 7). Studies done in this
research project has shown that using ergonomics evaluation methods
that provide outcomes with a short range perform poorly in optimiza-
tions compared to using ergonomics evaluation methods that provide
outcomes with a longer range (e.g. OWAS with Lundqvist index has a
range of 300 possible results). Some studies have tried to find suitable
ways to use ergonomics evaluation methods in optimizations by ana-
lysing different ergonomics evaluation methods, but they have also
found the process complex due to the number of ergonomics evaluation
methods and their suitability depending on the task performed by the
operator [35,36]. In addition to that, simulations can be discrete
(facilitating analysis of workload at certain instants in time) or contin-
uous (facilitating analysis of workload over time); therefore, there is a
need to use ergonomics evaluation methods for optimization that can
consider both discrete and continuous evaluations. Thus, the complexity
of finding and/or adapting an ergonomics evaluation method suitable
for automated optimization is considered a challenge in this research
field. To meet this challenge, a variety of ergonomics evaluation
methods and productivity measures have been implemented in EPP. By
implementing the static ergonomics evaluation methods RULA and
REBA, and the productivity measures of time and walking distance, it is
possible to perform discrete evaluations of productivity and worker
well-being. The implementation of ergonomics evaluation methods
RAMP and OWASwith the Lundqvist index statistical approach allows to
perform time-based ergonomics evaluations and continuous evalua-
tions. Having a variety of ergonomics evaluation methods, in combi-
nation with the functionalities that EPP provides, it is possible to
combine several ergonomics evaluation methods as optimization ob-
jectives or constraints, as well as using statistical approaches such as the
Lundqvist index to convert static ergonomics evaluation methods into
time-based ergonomics evaluation methods. Hence, a way forward
could be to extend and generalize the approach of how Lundqvist index
handles OWAS assessments to other observational based methods (e.g.
RULA and REBA) to also include time index values.

The third challenge of the research has been to include the func-
tionality to automatically perform the optimizations with evolutionary
algorithms, but without creating confusion and overloading the users,
who are not always experts in multi-objective optimizations. Therefore,
implementing the optimization steps of the framework in a digital tool is
not a straightforward process, but a process of adapting, combining, and
implementing optimization algorithms and ergonomics evaluation
methods while considering the natural workflow of users and guiding

them through the tasks of performing multi-objective optimizations of
productivity and worker well-being. This challenge has been evaluated
in this research project. Although the results from the usability study
show that both novice and expert DHM tool and optimization users
considered EPP fairly easy to use and navigate, and were able to un-
derstand the process of performing multi-objective optimizations of
productivity and worker well-being in EPP, there are still room for
development of functionality and usability of EPP.

Finally, it is possible to add worker well-being to the optimizations
both as objectives and as constraints. These approaches present different
benefits and downsides depending on the optimization problem. Adding
worker well-being to the optimizations as objectives allows to further
explore how to minimize the risk scores of ergonomics evaluations and
allows a balanced trade-off between productivity and worker well-
being. However, adding worker well-being to the optimizations as ob-
jectives can result in an increased complexity in the optimization. If, for
example, anthropometric diversity is considered in the optimization, the
number of optimization objectives can rapidly increase and it would be
necessary to perform more evaluations. Adding worker well-being as a
constraint to the optimizations allows ensuring acceptable risk scores of
ergonomics evaluations and reduces the number of objectives, reducing
the complexity of the optimizations. However, adding worker well-
being as a constraint may limit the improvement of worker well-being
to the definition of the constraint. Also, adding worker well-being as a
constraint could result in an over constrained optimization and conse-
quently limit the productivity improvements. Both approaches offer
advantages and disadvantages, and their use should be determined
based on the specific optimization problem and the preferences of the
decision-makers.

6. Limitations and clarifications

The digital tool Ergonomics in Production Platform (EPP) obtains
manikin characteristics, task times, manikin postures and motions,
scores from ergonomics evaluation methods (as an option to doing the
ergonomics assessments within EPP), from the digital human modelling
(DHM) tool it is connected to, i.e. those aspects are dependent on the
functionality of the DHM tool being used, and not of EPP per se. Hence,
the optimizations performed with EPP will vary depending on the DHM
tool used. In addition to that, different DHM tools offer different ap-
proaches for connecting and extracting data, which can limit the capa-
bilities of EPP. The use cases performed in the development of EPP have
been done with the DHM tool IPS IMMA [37]. IPS IMMA utilizes a quasi-
static approach to model and predict human postures during different
tasks, utilizing a task definition editor, inverse kinematics and an
optimization-based comfort function that takes into account joint an-
gles, joint torques and external forces, while preserving static equilib-
rium and non-collision. The capabilities in predicting human posture
can vary with different DHM tools.

Moreover, EPP evaluates physical ergonomics, and more specifically,
postural and force-related biomechanical loads with the ergonomics
evaluation methods implemented. Other evaluations such as cognitive
loads are not considered in the actual status of EPP.

Also, EPP uses existing optimization algorithms and allows con-
necting to other optimization tools to use additional algorithms. During
this study, no specific optimization algorithm has been created for
simulation-based multi-objective optimizations of productivity and
worker well-being.

Finally, the challenges presented in the discussion have limited the
development of EPP. Regarding the first challenge, while the long-term
increase in productivity due to a more sustainable work life is well-
documented [32], the current version of EPP cannot predict this long-
term increase and instead uses metrics that reflect short-term produc-
tivity. Additionally, some ergonomic evaluation methods may not be
implementable due to the limitations highlighted in the second chal-
lenge. Furthermore, as EPP achieves higher software maturity, the initial
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usability evaluation conducted in this study should be expanded. Future
evaluations should involve direct interaction between users and the tool
to better capture their experiences and provide a more comprehensive
SUS evaluation.

7. Future work

This study presents a usability evaluation with 14 participants that
are engineers in the areas of design engineering, production engineer-
ing, and ergonomics. In the future, it would be interesting to perform a
deeper study with participants of different expertise areas to identify the
possibilities to extend Ergonomics in Production Platform according to
their specific needs.

Additional ergonomics evaluation methods could be implemented in
EPP, such as the Arm Force Field method [38], LM-MMH equation [39],
and the oxygen consumption prediction models [40], so that optimiza-
tions that further consider forces and energy expenditure can be per-
formed with EPP.

8. Conclusions

The development of EPP has been carried out during four years of
collaboration with the industry. By an iterative development of EPP, and
feedback from industrial partners, it has been possible to improve the
functionality and usability of EPP. In this paper, the development and
evaluation of EPP is presented. The overall results from the SUS evalu-
ation, and the discussion in the interviews, are positive. Both novice and
expert DHM tool and optimization users considered EPP fairly easy to
use and navigate, and were able to understand the process of performing
multi-objective optimizations of productivity and worker well-being.
The participants with more experience in DHM tools said that EPP
could support in the design stage of production systems, and that EPP
could benefit in the collaboration between engineers and ergonomists in
the production development process. Also, engineers discovered that the
automatic generation of design solutions, and the reusability of solutions
that EPP offers, could greatly support and reduce their design efforts.
The participants with less experience with DHM tools mentioned that
they would not be direct users of EPP, but noticed the potential and the
applicability of EPP for the more DHM tools experienced engineers in
their company. The participants with less experience also said that EPP
could benefit the collaboration between engineers and ergonomists.

The usability evaluation of EPP shows positive results, but also no-
tices needs for improvements. While EPP supports to define optimiza-
tions, the participants provided useful feedback for possible
functionalities that could further automate several tasks of the optimi-
zation definition. Hence, it is expected that EPP will be further devel-
oped in future research projects.
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