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Abstract
Using a real workplace as an example, this paper describes how digital human modelling software facilitates planning and
simulating work processes. This is closely connected to the ongoing activities and results from the SOPHIA project in
which the inferred parameters are used for ergonomic assessments. Moreover, multiple options for digital human modelling,
developed in the SOPHIA project, will be presented. In this context, the development process of personalized human models
within the project to optimize the worker’s ergonomics when performing tasks with a robotic system or exoskeleton will
be described. The paper closes with a short description of what still needs to be addressed to ensure personalized, reliable
and robust digital human modelling for an industrial setting.
Practical Relevance: This paper shows the scientific process within the SOPHIA project on the subject of digital human
models. This provides an overview of the current state of research, as well as available and innovative approaches for
modelling people at the workplace. It is shown to what extent the goal of creating personalized human models to optimize
the ergonomics of employees that work with robotic systems or exoskeletons has already been achieved. Therewith, it is
displayed which developments can already be used and which components are still missing in order to better simulate and
thus enrich the interaction between humans and robots/exoskeletons.
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Menschzentrierte Gestaltung von robotischen Systemeund Exoskelette unter Verwendung digitaler
Menschmodelle im Forschungsprojekt SOPHIA

Zusammenfassung
In diesem Beitrag wird aufgezeigt, wie die digitale Menschmodellierung zur Planung und Simulation kompletter Arbeitsab-
läufe eingesetzt werden kann und auf welche Parameter durch die Anwendung dieses Modellierungsansatzes geschlossen
werden kann. Dies wird eng mit den laufenden Aktivitäten und Ergebnissen des SOPHIA-Projekts verknüpft. Darüber
hinaus wird gezeigt, wie im SOPHIA-Projekt personalisierte Menschmodelle entwickelt werden, um die Ergonomie bei
der Durchführung von Aufgaben in Zusammenarbeit mit einem robotischen System oder Exoskelett adaptiv zu optimieren.
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Praktische Relevanz: Dieser Artikel zeigt den wissenschaftlichen Ansatz zum Einsatz digitaler Menschmodelle innerhalb
des Projektes SOPHIA. Dazu wird ein Überblick über den derzeitigen Forschungsstand, sowie verfügbare und innovative
Ansätze zur Menschmodellierung im Arbeitskontext. Es werden die Möglichkeiten zur Umsetzung und zum Einsatz
personalisierter Menschmodelle zur Optimierung der Ergonomie bei der Arbeit mit robotischen Systemen oder Exoskeletten
vorgestellt. Dadurch wir aufgezeigt, welche Entwicklungen schon heute einsetzbar sind und welche Komponenten noch
fehlen, um die Interaktion zwischen Mensch und Roboter/Exoskelett besser zu simulieren und dadurch zu optimieren.

Schlüsselwörter Digitale Menschmodelle · Mensch-Roboter-Interaktion · Ergonomie

1 Introduction

Human factors and ergonomics have long been applied to
the development process of robotic systems (Parsons and
Kearsley 1982; Sanders and McCormick 1998) but became
more and more important for several industrial fields when
the need for a flexible and adaptable production was met
by a closer cooperation between humans and robots (Char-
alambous et al. 2015; Gualtieri et al. 2021). A recent liter-
ature review by Gualtieri et al. (2021) shows that, although
safety aspects in the field of collaborative robotics in the in-
dustry have been studied more extensively until now, there
is a steep increase of literature focussing on physical and
cognitive ergonomics in the last years. Inherent to this line
of research is a human-centred approach when designing
human-robot interaction (HRI) systems. As part of the ISO
9241-210 (ISO 2019), there are clear recommendations and
requirements to ensure a human-centred design when de-
veloping software and hardware parts of these interactive
systems. With this, researchers, designers and manufactur-
ers aim at ensuring the worker’s physical and psychological
wellbeing when working with technological systems such
as robots and exoskeletons (Lindblom et al. 2020). An-
other crucial factor for the success of HRI in collaborative
workspaces is the acceptance of the technologies (Davis
1993).

Prior to the implementation of new technologies, the us-
age of digital human modelling software is a valuable ad-
dition to the user-centred and ergonomic analysis of work-
places. It enables the graphical modelling of human work
activities as well as its time and ergonomic evaluation. Sim-
ulation results are based on methods in the field of Indus-
trial Engineering, such as EAWS (Ergonomics Assessment
Worksheet) and MTM (Methods-Time-Measurement) for
estimating ergonomic risks and production time. Various
key performance indicators (KPIs) for performance assess-
ment of the work system can be derived and automatically
calculated by the software. With this, it is possible to plan,
simulate and visualize manual production tasks. Various
valuable parameters for production, such as cycle time, de-
sired task distribution, synchronization/waiting times and
walk/drive paths can be compared before and after the im-
plementation of a new technology.

When looking at the monitoring of physical aspects of
work processes within a, for example, manufacturing set-
ting, ergonomic and subjective data can, to some extent,
be measured via questionnaires, Likert scales and interview
protocols which are then analysed by statistics. Moreover,
there are solutions for ergonomic monitoring that rely on
the observation of whole-body postures or simple measure-
ments like kinematics. However, these methods are often
time-consuming and provide results only weeks after the
initial subject’s assessment. In addition, they mostly rely
on subjective data that was obtained after a complete shift,
which impairs exact understanding of the relationship be-
tween certain technological changes and the human state.
Looking at more extensive biomechanical analyses, simi-
lar problems occur which are aggravated by the fact that
these kinds of analyses are bound to laboratory settings and
cannot be transferred to real industrial workplaces due to
lengthy data acquisition and complex measurement tech-
niques (Seth et al. 2011). This implies that with current
methods it is hardly possible to infer the user’s current
physiological state or to adapt the robotic system or ex-
oskeleton in real time. More precisely, the main limiting
factor in monitoring ergonomics is the inability of measur-
ing individual muscle forces that occur during a task and
predicting the likelihood of the onset of future discomfort
or injury over time (Winter 2009). Therefore, research aims
at developing accurate assessment tools of worker’s muscle
function that require short preparation time and can pro-
vide instant feedback so they can be viably transferred to
factory settings (Ranavolo et al. 2018). In order to assist
a worker optimally throughout a prolonged working task,
muscular strength and stiffness need to be known variables
so that the system can infer which muscle groups will be
or have been affected by fatigue. Moreover, it is important
to understand how a specific external intervention (e.g., the
assistance of an exoskeleton or collaborative robot) might
change the kinematics of the worker and could therefore
contribute to muscle fatigue in other parts of the body than
implied by simple kinematic measurements.

The EU funded SOPHIA (Socio-Physical Interaction
Skills for Cooperative Human-Robot Systems in Agile
Production) project tries to bridge this gap and proposes
the development of a new data-driven method that is com-
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bined with numerical modelling in order to enable dynamic
monitoring of human body movement with minimal set-
up time and real-time assessment of muscle function and
injury likelihood (SOPHIA 2022). The project’s goal is to
use advanced non-invasive, low-cost sensing technologies
for measuring the human body kinematics as well as bio-
signals such as EMG (and/or external interaction forces)
to create a personalized digital human model. First, this
would have the advantage of a more accurate identification
of internal body states in real-time since the musculoskele-
tal models would be fed by actual movement data, rather
than by pre-defined mathematical rules. Secondly, this kind
of personalized models would prevent the gender bias of
commonly used masculine models, as it would be possible
to adapt the model to the operator physical characteristics.
Lastly, the proposed human models could play a significant
role in decreasing the number of heavy manual lifting oper-
ations, and therewith absenteeism through musculoskeletal
disorders, significantly. That is, the close feedback loop of
actual muscle fatigue or sub-optimal ergonomic postures
would make it possible to prompt the workers to optimize
their resting periods throughout their shifts and assist them
optimally despite individual differences or agile production
lines.

This paper provides an example on how digital human
modelling can be used for planning and simulating com-
plete work processes and what parameters can be inferred

Fig. 1 EMA graphical user interface on the example of automotive assembly lines
Abb. 1 Grafische Benutzeroberfläche von EMA mit dem Beispiel einer Automobil-Montagelinie

by using this modelling approach. The described method is
used for evaluating physical ergonomics and productivity
of work processes at an early design stage that includes hu-
man-robot-collaboration. This will be closely linked to the
ongoing activities and results from the SOPHIA project.
Moreover, it will be shown how personalized human mod-
els are developed in the SOPHIA project to optimise the
worker’s ergonomics when performing tasks with a robotic
system or exoskeleton. For the former, the shown approach
proposes how to develop highly adaptable robots that are
able to reduce stress on joints and muscles by including
real-time ergonomic parameters of the human into their
movement strategy. The latter method will include steps
to develop easy to use, cable-less and model-driven wear-
able technologies that are able to communicate ergonomic
states to the human as well as adapting to them for assis-
tance in manual handling tasks. Lastly, there will be a short
description of what still needs to be done to ensure reliable,
robust and personalized modelling in an industrial setting.

2 Digital humanmodelling for analysing
industrial workplaces

The term “Digital human modelling” (DHM) is not re-
stricted to a specific type of model, software or outcome
variables. There are multiple tools for simulating human
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interaction with the product or workplace and for designing
ergonomic work environments. Some of them, for example
Siemens Jack, DELMIA Human or EMMA are commer-
cially available. So is the standalone software used in the
SOPHIA project: ema Work Designer (EMA). In the fol-
lowing, this tool will be explained in more detail as an ex-
ample of the current possibilities of such systems. EMA can
be used to create a digital model of the complete workspace
that can help to ensure safety in process and workplace de-
sign (cp Fig. 1): the workplace is virtually simulated and
the software allows the evaluation of ergonomic and eco-
nomic criteria (Bulliger-Hoffmann and Mühlstedt 2016). It
was provided by a project consortium member and was used
for the evaluation of physical ergonomics and productivity
within an industrial use-case as it allows to simulate man-
ual and semiautomatic work processes based on a digital
human model in a 3D factory environment.

To this end, EMA includes a library of predefined tasks
that is used to create a parameterized job description. The
term “task” represents a human activity as a course of move-
ment with specific start and end conditions satisfying cer-
tain constraints, for example: Pick the screw out of the
{“box X”}, grab the {“screwdriver Y”} and screw {“screw-
ing point Z”}. The software considers the required safety
technology, such as sensors and safety zones, by analysing
the movement areas and dimensions of the robot (Bauer
et al. 2019). The most important result of an EMA sim-
ulation is the statement about the general feasibility and
plausibility of the planned work process. In addition, the
human model’ movements are analysed with established
ergonomic methods. Ergonomic parameters are calculated
based on the simulated motion data and the work envi-
ronment and then assessed using standardized ergonomics
assessment methods such as EAWS (Schaub et al. 2012),
NIOSH (Waters et al. 1993) and OCRA (Occhipinti 1998).
A second option is to fill the digital planning environ-
ment with data using motion-capturing methods. Motion

Fig. 2 Real factory worksta-
tion (a) and simulation with
EMA (b)
Abb. 2 Realer Arbeitsplatz (a)
und Simulation mit EMA (b)

data from a lab or field study, captured by various motion
capturing systems, can be imported into the software and
evaluated (Ivaldi et al. 2017). This means that real move-
ment data can be used in virtual work planning.

In the field of human-robot collaboration (HRC) digital
planning can help to ensure safety in process and work-
place design. The workstation can be designed considering
the required safety technology, such as sensors and safety
zones, by analysing the movement areas and dimensions of
the robot. For such applications, an extended robot library
was included in EMA. It contains specific technical pa-
rameters (speed, degrees of freedom, etc.) for many robots
available. One of the main branches using this software
system is the German automotive industry (Fritzsche et al.
2019). In addition to them, several other industry branches
like aerospace, machinery and supplier have found EMA
to be a useful digital planning tool for their manufacturing
processes.

The involved industrial partner for the presented use case
of the SOPHIA project was a company that produces high-
quality gears and mechanical precision parts and acts as
a supplier for industrial branches (http://www.hankamp.nl/).
Iterative analyses of the work instructions and videos of
the current work process as well as CAD-data of machines,
parts and logistics were used for a first virtual evaluation
in EMA. The solution for a specific manual handling task,
provided by the partners of the SOPHIA project, was a co-
operative robot that would allow workers to operate mul-
tiple machines more quickly and with a lighter physical
load. Within this simulation a digital model was therefore
not only created for the worker but also for the robot in
a 3D factory environment. At this point, task distribution
between human worker and robot needs to be discussed
and assigned within the software. With this, it is possible
to better understand and communicate the requirements of
this industrial use case to workers and other stakeholders
in the company as well as to experts from the technology

K

http://www.hankamp.nl/


454 Z. Arb. Wiss. (2022) 76:450–458

Table 1 Key performance indicators for the Hankamp use case
Tab. 1 Schlüsselkennzahlen für den Anwendungsfall Hankamp

Simulation KPIs Before—manual task After—semiautomatic task Improvement (in %)

Cycle time 180s 180s –

Active worker time MTM 65s 44s –32

Ergonomic score EAWS 53.0Pts 21.5Pts –59

Walk path per cycle 23m 4m –83

Walk path per shift (8h) 3.373m 588m –83

Available time for other tasks 115s 136s +21

supplier before the robotic system is actually implemented
(cp. Fig. 2).

The performance assessment, including ergonomic pa-
rameters, (cp. Table 1) were created semi-automatically
through the digital simulation based on the input of load
weights and occurring forces. Using various human model
percentiles and the simulation of male and female workers
based on the anthropometric data of DIN 33402-2, EMA
can account for individual differences.

Another possibility to make the ergonomic assessment
even more precise, is importing kinematic measurements
into the software. The respective data has to be analysed
and stored as personalized ability profiles of employees
by including characteristics from EAWS (postures, action
forces, loads) (Spitzhirn and Kaiser 2020). With this, the
software provides the possibility for accurate digital human
modelling within industrial workplaces that entails indi-
vidual ergonomic information about a specific worker. Al-
though importing existing measurements is a valuable addi-
tion to virtual ergonomic evaluations, the SOPHIA project
has a bigger goal in mind: real-time and automatic mea-
surement and evaluation of ergonomic data. With this, the
projects’ aim is to influences the human-robot interaction
positively by adapting the robotic system or exoskeleton to
the current state of the human.

3 Real-timemodel-based control of robots
to ensure ergonomic working postures

Measuring the human body, and more specifically human
kinematics, is not an easy task and many issues need to
be faced since the human body is characterized by an ex-
tremely complex architecture. Existing DHM software, as
described above, is a valuable tool for ergonomic risk as-
sessment. This holds for desk jobs just as much as for the
industrial sector where workers might need to lift heavy
objects and might be assisted by robots, exoskeletons or
other technologies more often in the near future. However,
a highly versatile tool for biomechanical risk assessment be-
comes important when manufacturing processes change due
to an agile production line. Moreover, the development of

cooperative human-robot systems that aim to be adaptable
to the human inputs would profit from real-time modelling
of the human state. One goal of the SOPHIA project was
therefore to develop a digital human model that can be used
to classify the biomechanical risk from individual muscle
groups during working tasks. Not only would this model
contribute to an effective and easy way to ergonomic risk
assessment, it would also allow to facilitate the import of
personalized and precise data into modelling software such
as EMA.

Current approaches in DHM systems provide a valuable
starting point for the computational analysis of motor func-
tion and kinematics but synergies between muscles, or even
between motor units, are highly variable across tasks, train-
ing, and fatigue levels (Buchanan and Lloyd 1995; De Ser-
res and Milner 1991; Tax et al. 1990). Static optimization
on the other hand relies on the so called “inverse-dynam-
ics” approach, which requires joint moments to serve as
the reference target for optimizing muscle forces. To esti-
mate joint moments, force plates are needed to measure the
ground reaction forces, which is not suitable for a factory
setting or outdoor applications. Another huge disadvantage
of these methods is their dissociation from real-time mus-
cle activation and therefore their limited ability to describe
the actual state of a worker. Common methods resolve this
problem by modelling muscle reflex rules and by optimiz-
ing parameters like muscle-tendon, metabolic cost of trans-
port (Markowitz and Herr 2016; Song and Geyer 2015) or
the squared muscle activation sum a priori (Pandy and An-
driacchi 2010). However, this a priori approach limits the
design of effective technologies personalized to an individ-
ual worker since different objective functions will lead to
different muscle force estimations and it is still unknown
what the correct objective function for each movement is.
In this context, the a priori optimization criteria chosen to
evaluate the human ergonomic factors have a substantial
impact on determining the final assessment.

One alternative solution for this problem was brought
forward by partners of the SOPHIA project who contributed
to the development of a whole-body dynamic online model
to monitor and classify the joint overloading in real-time
to reduce stressful body postures (cp. Fig. 3). For this, the
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Fig. 3 Based on a model of human whole-body dynamics, the behav-
ior of the robot changes during a cooperative working task and thus
induces an improvement in posture through a changed carrying strat-
egy
Abb. 3 Basierend auf einem Modell der menschlichen Ganzkörperdy-
namik ändert sich das Verhalten des Roboters bei einer gemeinsamen
Arbeitsaufgabe und induziert somit eine Verbesserung der Haltung
durch eine veränderte Tragestrategie

common method on joint moment estimation was extended
by allowing the subject to be in a dynamic state rather than
static one and including the presence of external objects/
tools that are manipulated. That is, the model enabled the
tracking of task dynamics effects on human joints (Peternel
et al. 2017). Therewith, it facilitates the online adaptation of
the model parameters to the workers’ physical capabilities.
This model was then able to estimate the joint moments
online without the need of measuring it with a force plate.
Such an approach can be applied in cases when either a col-
laborative robot can estimate the parameters of the unknown
object/tool (e.g., measurement by its own force/torque sen-
sor) or when objects/tools are known and the corresponding
information are stored in a dedicated database (e.g., the tool
can be detected by a vision system). As a result, the over-
loading joint moments can be obtained for subjects moving
freely in the workspace. One valuable progress with this
approach is that it renders the usually time-consuming and
off-line procedure like the identification of human inertial
parameter obsolete.

With these models, a robot is able to use a whole-body
dynamic model of the human to optimise its position within
a co-manipulation working task (Kim et al. 2021). The ef-
fects of an external load on the joints of the human body,
overloading joint moments, were hereby minimized through
detecting the mass properties of the human tool with cam-

eras. The main advantage of this approach is that the robot
can help to reduce the work-related strain and increase the
productivity of the human co-worker.

4 Model-based optimization of ergonomics
in human-exoskeleton interaction

Besides the accuracy of person-specific models for risk as-
sessment, another important aspect for DHM systems is
its real-time operation. For this, accurate digital copies of
a person’s musculoskeletal systems are needed to under-
stand biomechanical variables like muscle force, tendon
strain, joint compressive load, and joint stiffness that are
not applied in current kinematic models (Durandau et al.
2017). Knowledge about these parameters is crucial to fore-
see and prevent the onset and progression of musculoskele-
tal injuries in occupational settings. Moreover, real-time
modelling makes it possible that an assistive technology,
for example an exoskeleton, help when needed. This dy-
namic modelling approach, with an emphasis on the mus-
culoskeletal system, is a core objective technology within
the SOPHIA project and goes beyond the state-of-the-art
measurements of joint angles, foot-ground pressure, and
electromyograms, which only provide indirectly related in-
formation to injury likelihood (Lloyd 2021).

One solution is the combination of numerical modelling
with data-driven methods. For this, physiologically correct
computational models of the human musculoskeletal system
were developed that are driven by EMG-activation patterns
(Durandau et al. 2017), as well as by low-dimensional sets
of activation primitives (Sartori et al. 2013), rather than pre-
defined mathematical rules. This enables the accurate esti-
mation of internal body states that are important indicators
of human ergonomics and tightly depend on multi-muscle
co-activation including joint compressive loads (Fernandez
et al. 2014; Gerus et al. 2013) and joint stiffness (Sartori
et al. 2015). These EMG-driven modelling methods are em-
ployed for understanding human-machine physical interac-
tion in individuals wearing assistive technologies such as
exoskeletons (Sartori et al. 2016). Recently these methods
were translated to operate in real-time to establish novel
model-based human-machine interfacing (HMIs) schemes
(Durandau et al. 2016). The use of a motion capture sys-
tem to compute joint position by a fully wearables system
was compensated by inertial measurement units (IMU) suit
that compute in real-time joint position. Here, the actual
muscle EMGs are measured experimentally and use these
to drive forward dynamic simulation of muscles. This re-
sulted in real-time EMG driven model-based estimation of
musculoskeletal forces. Only requiring EMG and kinematic
recordings to explore the internal musculoskeletal variables
significantly decreases the set-up time for industrial appli-
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cation (Durandau et al. 2020). However, in a factory set-
ting, a fully wearable system is indispensable as cables
could create unsafe environments. Therefore, muscle syn-
ergies and spinal reflexes could replace the EMG sensors
in newer biomechanical models, so that it can better fit the
factory and outdoor scenarios. In one experiment, the real-
time implementation of muscle synergies was tested for the
prediction of joint moment. Input of the synergies model,
gait segmentation, was computed using the ground reaction
forces of the treadmill in real-time. Therewith, the need
for measuring EMGs was removed (cp. Fig. 4), resulting
in real-time EMG-less model-based estimation of muscu-
loskeletal forces with results for joint moment close to that
of inverse dynamics that is considered the current golden
standard. Besides, considering machine learning (ML), es-
pecially reinforcement learning, has shown strong potential
to solve complex problems, ML neural controllers were ex-
plored with a new established fast simulation framework
(MyoSuite, see also Durandau et al. 2022).

Another important aspect that enables the monitoring of
physical endurance and therewith preventing injury risk in
HRC is the development of a tool to assess online muscle
fatigue (Wang et al. 2022) and human impedance models
(Ajoudani et al. 2017; Fang et al. 2018; Dugan and Fron-
tera 2000). Fatigue progression influences the maximum
forces a muscle can generate and also the maximum veloc-
ity of contraction (Devrome and MacIntosh 2018). There-
fore, the human musculoskeletal models must be updated
with a fatigue progression model that also includes a re-

Fig. 4 Proposed algorithm for EMG-less neuromusculoskeletal model-based joint moment estimation. Muscle activation computation from syn-
ergies (B) requires the gait phase (percentage of the gait cycl). Gait phase (A) is estimated from ground reaction force using a gait segmentation
algorithm using past time from heel strikes to heel strikes. Ground reaction forces can be obtained from pressure insoles inside the shoe of the user.
From joint angles, muscle-tendon length and moment arm are estimated (C) using a surrogate model (B-spline or polynomial). A musculotendon
dynamics stage using hill type muscle models (D) computes muscle force from muscle activation and muscle-tendon length. Finally, joint moments
are estimated using a moment computation stage (E) based on a skeletal model
Abb. 4 Vorgeschlagener Algorithmus für die EMG-lose neuromuskuloskelettale modellbasierte Schätzung des Gelenkmoments. Die Berechnung
der Muskelaktivierung aus Synergien (B) erfordert die Gangphase (Prozentsatz des Gangzyklus). Die Gangphase (A) wird anhand der Boden-
reaktionskraft unter Verwendung einer Gangsegmentierung geschätzt Algorithmus, der die vergangene Zeit von Fersenauftritt zu Fersenauftritt
verwendet Bodenreaktionskräfte können von Druckeinlagen im Schuh des Benutzers erhalten werden Aus Gelenkwinkeln werden Muskel-Seh-
nen-Länge und Momentarm geschätzt (C) unter Verwendung eines Ersatzmodells (B-Spline oder Polynom)

covery model. Such models give us an idea of how to vary
the assistance provided to the user especially when they
are performing an intensive task over an extended period of
time.

It has to be considered that not every kinematically cor-
rect posture is also free from mechanical tensions and loads
on musculoskeletal tissues, in particular if the worker uses
compensatory strategies. Furthermore, new findings suggest
that a model combining control- and error-based learning
is the best choice to describe human control actions.

5 Conclusion

Many known approaches for an ergonomic risk assessment
are valuable but far from being computationally fast and at
the same time accurate enough for assessing the worker’s
bodily state in real time at industrial workplaces. DHM
software such as EMA enables user-centred ergonomic risk
assessment in a simulated 3D environment and is most
valuable for incorporating human factor principles at an
early stage of work system design. However, these soft-
ware applications are not made to assess the bodily state
of a specific human being. It is used as a planning tool
that can be easily adapted to several redesigns and cus-
tomization. Therefore, importing personalized human data
can be helpful for further insight into the requirements of
specific workstations but is not necessary for a first design
phase. Nevertheless, this information is crucial for an ac-
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curate analysis of the workers’ state and to prevent bias
or miscalculation due to commonly used masculine model.
Therefore, the development of computationally fast (i.e.,
real-time) models becomes very important after a design is
chosen, because a detailed digital human model can be used
to verify the results and further tune the design components.
Some of this data could also be displayed (as an addition to
the traditional ergonomic risk assessment by standards like
EAWS and NIOSH) in the EMA results section for a deeper
evaluation of the work situation and possible measures for
improvement. Not only could they help to increase the value
of modelling software like EMA but their estimated muscu-
loskeletal forces (e.g. muscle and joint forces) could also be
used on-the-fly for model-based robotic control paradigms.
Within the SOPHIA project, a step to create these detailed
digital human models is taken. At this time, the accurate
estimation of muscle and joint forces in the intact moving
human is not completely possible. One limitation lies in the
use of EMG sensors which is not feasible for most of the
industrial workplaces. However, the developed technologies
provide new opportunities to predict injury risk in recon-
structed working task within a lab environment and thereby
develop bio-protective technologies. The EMG-less digital
human models are not yet ready to predict correct muscle
forces in a larger repertoire of movements but the devel-
oped technologies within the SOPHIA project can serve
as a starting point for a more generalized model that can
be applied in a variety of industrial settings. This would
enable researchers and manufacturer to include a human-
centred approach more easily into the design of human-
robot-interaction system and provide new possibilities for
biomechanical risk assessments and optimal assistance of
humans during their working tasks.

Funding This article was created as part of the SOPHIA project
(which is covered by funding agreement no. 871237). This project
is funded by the European Union research and innovation program
“Horizon 2020” (H2020-ICT-2019-2/2019–2023).

Funding Open Access funding enabled and organized by Projekt
DEAL.

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/by/4.
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