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ABSTRACT

Digital human models (DHM) allow for a proactive ergonomic assessment of products by apply-
ing different models describing the user-product interaction. In engineering design, DHM tools
are currently not established as computer-aided ergonomics tools, since (among other reasons)
the interaction models are either cumbersome to use, unstandardised, time-demanding or not
trustworthy. To understand the challenges in interaction modelling, we conducted a systematic
literature review with the aim of identification, classification and examination of existing inter-
action models. A schematic user-product interaction model for DHM is proposed, abstracting
existing models and unifying the corresponding terminology. Additionally, nine general
approaches to proactive interaction modelling were identified by classifying the reviewed inter-
action models. The approaches are discussed regarding their scope, limitations, strength and
weaknesses. Ultimately, the literature review revealed that prevalent interaction models cannot
be considered unconditionally suitable for engineering design since none of them offer a satis-
factory combination of genuine proactivity and universal validity.

Practitioner summary: This contribution presents a systematic literature review conducted to
identify, classify and examine existing proactive interaction modelling approaches for digital
human models in engineering design. Ultimately, the literature review revealed that prevalent
interaction models cannot be considered unconditionally suitable for engineering design since
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none of them offer a satisfactory combination of genuine proactivity and universal validity.

Abbreviations: human model; CAE:

research question

DHM: digital

1. Introduction

In engineering and industrial design, computer-aided
ergonomics, in terms of a digital mock-up utilising
digital human models (DHM), have become an import-
ant addition to classical user tests in terms of a physical
or a mixed mock-up (Ahmed et al. 2019). A virtual
mock-up for ergonomic assessments usually consists of
a digital human model interacting with a digital prod-
uct model in a given environment (Hogberg et al.
2019). The idea behind this approach is to assess prod-
uct ergonomics already in early (usually digital) design
phases. Through the simulation of the interaction
between the DHM as a representation of the prospect-
ive user and the product representing the design to
evaluate, a specific use case can be examined. This
approach is often referred to as proactive ergonomic

computer-aided

engineering; RQ:

assessment (Ahmed et al. 2019), which enables the
product designer to run what-if scenarios in the early
design phases (Bernard et al. 2019). Consequently and
according to Chaffin (2005), the use of DHM may lead
to improved physical product ergonomics while reduc-
ing the need for prototype building and ergonomics
evaluation costs. Additionally, DHM enables an object-
ive assessment of usually subjective measures, such as
discomfort (Chevalot and Wang 2004).

In this paper, we want to focus on the application
of physical multi-body human models, representing
the human locomotor apparatus and aiming at the
assessment of physical/physiological ergonomics in
this regard. These DHM contain anthropometric meas-
ures, anatomical data or musculoskeletal capabilities
to predict human response, body stress and so forth
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(Kanki et al. 2018). Anthropometric human models
offer a realistic geometric representation of the human
locomotor apparatus, to assess ergonomics in terms of
space requirement analyses, reach analyses, visual
analyses or manual handling tasks using ergonomic
assessment methods like RULA (McAtamney and Nigel
Corlett 1993) or EAWS (Schaub et al. 2013). Examples
of industrially used anthropometric human models are
Siemens Jack (Raschke and Cort 2019), RAMSIS
(Wirsching 2019), Virtual Ergonomics by Dassault
Systemes (Charland 2019), IPS IMMA (Hanson et al.
2019)or EMA (Bauer et al. 2019). Biomechanical human
models provide a detailed representation of the human
musculoskeletal locomotor apparatus and allow
dynamic analyses of human movement in order to com-
pute biomechanical quantities (like a muscle- and joint-
reaction forces). These biomechanical quantities can be
used as a measure for ergonomic evaluation
(Rasmussen 2005; Wagner, Reed, and Rasmussen 2007).
Examples of prevalent biomechanical simulation frame-
works are OpenSim (Seth et al. 2018), the AnyBody
Modelling System (Damsgaard et al. 2006; Rasmussen
2019) and SANTOS (Abdel-Malek et al. 2019).
Conventionally, movement measurements (e.g. via
motion capturing) are utilised to simulate the inter-
action of DHM with products. Those measurements,
however, require subject studies using a physical or
digital mock-up. Movement measurements using a
physical mock-up resemble more of a reactive approach,
assessing an already physically available product state
(Ahmed et al. 2019). Alternatively, movement measure-
ments can be performed by interacting with a digital
mock-up, using virtual or augmented reality technology.
Nevertheless, this approach still requires human subjects
(Ahmed et al. 2019). In order to become a completely
digital proactive computer-aided ergonomics tool, DHM
consequently has to provide methods to predict the
user-product interaction (Wolf, Binder, et al. 2019).
These methods are referred to as proactive interaction
modelling (Wartzack et al. 2019), task modelling
(Hogberg et al. 2019) or human behaviour modelling
(Barone and Curcio 2004). In this paper, the term
‘interaction’ shall henceforth refer to physical user-prod-
uct interaction using multibody DHM. As for the DHM,
the interaction models as well have different depths of
modelling detail and consequently different scopes.
According to various studies on DHM tools in
engineering design, existing tools are either cumber-
some to use (Ranger, Vezeau, and Lortie 2018),
unstandardised (Paul and Wischniewski 2012), time-
demanding or not trustworthy (Perez and Neumann
2015). All these points lead to a reduced acceptance,

excluding especially the ‘classical designer’, without
special ergonomic/human behaviour training, as
potential tool user (Hogberg 2009). Narrowing down
the mentioned studies to interaction modelling, the
following requirements can be derived for an inter-
action model to be suitable for engineering design:

1. A genuinely proactive/predictive approach, requir-
ing little or no need for interaction specific prior
knowledge or ergonomic expertise

2. A universally valid approach, which is generally
applicable to a vast majority of products/
use cases

3. A standardised, time-efficient and intuitive model-
ling procedure

4. A  comprehensible
ling approach

5. The opportunity of data consistent embedment of
the interaction modelling tools (DHM tools) in the
computer-aided engineering (CAE) process

straightforward ~ model-

As it is our vision to establish computer-aided ergo-
nomics in the design process (Wartzack et al. 2019;
Wolf, Kruger, et al. 2019), we conducted a systematic
literature review to identify, classify and examine exist-
ing proactive interaction models and to understand
their scope, limitations, strength and weaknesses.
Ultimately, we want to answer the following research
questions (RQ):

RQ1: Which schematic models describing the user-
product interaction exist and do they use a
standardised terminology?

RQ2:  Which
approaches exist?

proactive  interaction  modelling

RQ3: Which scope, limitations, strength and
weaknesses do the proactive interaction modelling
approaches have and are there an approach suitable
for engineering design?

2. Methodology
2.1. Literature identification

In order to find significant literature, providing
answers to the afore listed research questions we fol-
lowed a systematic protocol (Figure 1), including an
electronic searching and manual screening and clus-
tering process. A literature search was performed
using the Scopus database and search engine. The
search was conducted on the titles and abstracts of
papers in English language using the following search
string: ((musculoske*) OR (anthropo*) OR (digital*) OR



Papers collected:
Papers published in English language and listed in | [N¢ =802
Scopus identified by applying the search string
Title + Abstract:
Excluding: Papers not dedicated to 448
interaction modelling or papers
describing haptic approaches
p Introduction + Conclusion:
é — Excluding: Papers describing reactive -233
; approaches
9
122
[ Fullpaper:
% — Excluding: Papers describing reactive -25
A approaches
Papers added:
— Additional papers to understand certain +7
interaction models
Papers included:
Clustering in description of an interaction model N; =103
or meta-studies or empirical studies
[ L I 1
“Interaction papers” “Meta papers” “Study papers”
(N =64) (N=27) N=12)
Figure 1. Systematic protocol for paper collection

and screening.

(virtual®*) OR (biomech*)) AND ((‘digital human*’) OR
(‘digital man*’) OR (‘human model*’) OR (‘musculoske*
model*) OR (‘musculoske* simulat*’) OR (manikin™*)
OR (mannequin*) OR (‘man model*)) AND ((ergo-
nom*) OR (‘human factor*’) OR (usabili*) OR
(comfor*)). This relatively generic search string was
applied since it was our strategy to find computer-
aided ergonomics approaches using digital human
models and to select the papers dealing with inter-
action models subsequently. This strategy was chosen
to increase the probability of finding papers on inter-
action modelling, since ‘interaction modelling’ as such
is not explicitly mentioned in many publications.
According to this procedure, the total number of
802 papers were collected. Afterwards, the papers
were screened and filtered by hand using predefined
exclusion criteria. In the first step, all titles and
abstracts were reviewed. Form the 802 papers, 448
papers were excluded as they are either not dedicated
to interaction modelling using multibody DHM (e.g.
excluding finite element or garment human models)
or describe haptics modelling (e.g. grasping simula-
tions), which is out of scope for this research. The
remaining papers were screened in a second step by
reviewing the introduction and conclusion. In this
step, 233 papers were excluded as either they meet
the exclusion criteria from step 1 or they describe a
reactive approach (e.g. motion capturing or manual
positioning). The remaining 121 papers were reviewed,
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by reading the full paper. In this last screening step,
25 papers were excluded based on the exclusion crite-
ria of step 1 and 2. Seven papers, which were not
included in the 802 collected papers, were added as
they contain important additional information about
interaction models, described in the identified litera-
ture. Finally, 103 papers were identified as significant
literature to answer the RQ. Those papers were further
clustered into three categories, which shall help to
answer the RQ systematically. The cluster ‘interaction
model papers’ contains 64 papers, which present or
introduce a proactive interaction model. The cluster
‘meta papers’ contains 27 papers, which present Meta-
Studies about the application of interaction models.
The cluster ‘interaction study papers’ contains 12
papers, which present studies about interaction mod-
els. Table A1 in the Appendix A lists the identified sig-
nificant literature in the respective clusters and
highlights the papers that were manually added.

2.2, Literature analysis

The significant literature was separately analysed for
each of the RQ. The objective of RQ 1 is to identify
schematic user-product interaction models in the con-
text of DHM and to review the accompanying termin-
ology. Therefore, the papers of all three clusters were
investigated. Based on the identified schematic models,
we propose an abstracted model to unify the existing
terminology and to provide a comprehensive schematic
model for this research. RQ 2 is dedicated to identifying
general interaction modelling approaches. Accordingly,
the specific implementations of interaction models,
grouped in the ‘interaction model papers'-cluster, were
listed and (superficially) described. Subsequently, the
papers of all three clusters were reviewed regarding
classification  schemas for interaction modelling
approaches. The identified classification schemas were
used to classify the specific interaction models based on
their approach. Hereby, each paper was assigned to
exactly one approach, although hybrid approaches exist.
In case of ambiguity, the respective interaction model
was assigned to the approach it most closely corre-
sponds to. To provide answers to RQ3, the identified
approaches were examined regarding their scope, limi-
tations, strength and weaknesses. Hereby the papers of
the ‘study-paper'-cluster, offered additional critical views
on certain approaches. Eventually, the approaches were
reviewed regarding their suitability for engineering
design, taking the requirements listed in the introduc-
tion as a basis. Thereto, the underlying methodology of
the approaches was evaluated, while the level of
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Figure 2. Schematic user-product interaction model for DHM.

implementation of the corresponding interaction mod-
els had no influence.

3. Results
3.1. Schematic user-product interaction models

The reviewed literature provides different schematic
user-product  interaction/man-machine interaction
models for DHM. Based on the works of Pheasant and
Haslegrave (2005) and Shackel (2009), Hogberg et al.
(2019) state, that the human-machine system is com-
posed of four components: ‘the users’, ‘the product’,
‘the tasks’ and ‘the environment’. They propose a
DHM based framework to simulate these four compo-
nents in mutual dependency to assess an ‘evaluation
scenario’, which resembles a specific interaction. Bubb
(2002) states that basic to all ergonomic layouts is a
closed human-machine feedback loop consisting of ‘a
human operator’, a ‘machine’ and an ‘environment'.
The loop starts with the definition of a ‘task’, which is
the input to a simulation of the man-machine inter-
action causing a certain ‘result’. By comparing the
achieved ‘result’ with the initial ‘task’, the interaction
model consists of a feedback control loop between
man and machine. Seeger (2005) describes the inter-
action between a human and a product as a relation-
ship of responsive perception and responsive
behaviour in a given environment. Wartzack et al.
(2019) extend this model by distinguishing the phys-
ical and psychical level of interaction. In addition to
these generic models, Barone and Curcio (2004) and
Chaffin (2002) propose to model observed ‘human
behaviour' or ‘motor behavioural strategies’. All of
these models use different perspectives and termin-
ology. Nevertheless, they have the following entities in
common: a (model of the) product/machine/work-
place; a (model of the) human/worker/user; a (model
of the) interaction and a (model of the) environment.
In addition, all reviewed interaction models aim to
predict/analyse interaction in the form of human
movement or posture, partly with or without the

corresponding forces. Figure 2 shows an abstraction of
the different schematic models, unifying the partially
heterogeneous prevalent terminologies.

The virtual product, user and environment are
mutually independent models and serve as a carrier of
information (e.g. dynamic characteristics) for the inter-
action model. The product behaviour contains a gen-
eric model describing a product’'s dynamics (or a
lower level variation thereof, like kinematic states). The
human behaviour contains a generic model describing
the dynamics of a user (or a lower level variation
thereof, like postures). Theoretically, three types of
interaction models exist:

1. Predicting human behaviour as a function of a
predefined product behaviour and the characteris-
tics of the user, product and environment

2. Predicting product behaviour as a function of a
predefined human behaviour and the characteris-
tics of the user, product and environment

3. Predicting human behaviour and product behav-
jour in a mutually depended feedback loop, as a
function of the characteristics of the user, product
and environment

It is important to understand that there is a differ-
ence between this generic interaction model and a
‘specific interaction’. A specific interaction is described
via a task, containing the information (input variables)
for the specific user-product interaction to be ana-
lysed. A task could contain product parameters defin-
ing a specific product, anthropometrical data defining
a specific user, influential factors defining a specific
environment and a set of position-time curves describ-
ing a specific product behaviour. The interaction
model must transfer this information into a specific
interaction, in this case, the human behaviour, which
is the (ergonomically) assessable result. An interesting
finding is that almost every interaction model
described in the reviewed literature utilises the first
interaction model type.

3.2. Interaction modelling approaches

The reviewed literature contains different approaches
in order to predict human behaviour in terms of pos-
tures or movement either with or without the corre-
sponding body-internal and external forces. Farahani
et al. (2015) in line with Chaffin (2005) distinguishes
two basic approaches of posture and movement pre-
diction: The phenomenological approaches, predicting
movement based on previously examined observa-
tions and the optimisation-based approaches,



predicting movement using advanced optimisation
algorithms (intended to work without the need of
observations). In Carruth and Duffy (2008) the phe-
nomenological approach is further divided into two
strategies followed by the HUMOSIM group (Reed
et al. 2006): Predicting movement by mimicking previ-
ously examined movement behaviour using mathem-
atical and statistical modelling and predicting
movement by modifying previously examined move-
ments to a novel specific interaction. Farahani et al.
(2015) further distribute the optimisation-based
approaches in kinematics-based problems and dynam-
ics and physiology-based problems. In general, the
approaches can be distributed in posture prediction
approaches and movement prediction approaches.
Table 1 provides a classification of the interaction
models described in the reviewed literature, based on
their modelling approach and using the afore-
described classification schemas. We assigned another
level on top of the identified classes, further dividing
approaches dedicated to predicting the human behav-
iour for a given product behaviour and approaches
dedicated to finding the best possible product design
for given human behaviour. Using these classification
schemas, nine groups of interaction modelling
approaches were identified (see Table 1).

The interaction models in Group 1 and 2 utilise an
approach, which directly adapts/variates given joint-
angle or end-effector trajectories, with the premise of
finding the best possible fit between reference pos-
tures or movements from a database and kinematical
constraints describing a specific interaction. The pos-
ture prediction models in Group 1 predominantly use
regression algorithms (Lee et al. 2019; Li et al. 2019;
Reed et al. 2002) or correlation methods (Barone and
Curcio 2004) based on a posture database, to predict
postures for novel specific interactions, via forward or
inverse kinematic algorithms. Group 2 contains move-
ment prediction algorithms based on the modification
of measured movement trajectories. Park, Chaffin, and
Martin  (2004), Park, Singh, and Martin (2006),
Alexopoulos et al. (2007), Ait El Menceur et al. (2015)
and Monnier et al. (2006) propose motion modifica-
tion algorithms in this regard. The interaction models
in Group 3 utilise a mathematical parameterisation of
specific postures based on kinematical constraints/
measures (positions, orientations). Postures are pre-
dicted via a statistical description of the relationship
between these kinematical measures and certain pre-
dictors, such as external forces (Hoffman, Reed, and
Chaffin 2007; Hoffman, Reed, and Chaffin 2008), a spe-
cific task description (Hariri, Arora, and Abdel-Malek
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2012) or discomfort effects (Chang and Tsai 2011). Lee
et al. (2008) propose a posture prediction procedure,
guiding the tool’s users with statistical data. Group 4
contains interaction models, which statistically model
movement data (usually based on motion capture
data), in terms of computing hitherto unknown joint-
angle or end-effector trajectories for given input varia-
bles. Several papers deal with the prediction of reach
movement by utilising kinematic chains and inverse
kinematic algorithms (Faraway and Reed 2007), Petri
nets (Sun, Chung, and Lee 2010), neuronal networks
(Lind et al. 2008), statistical modelling (Mavrikios et al.
2006), a modified minimum jerk criterion (Magistris
et al. 2013) or an optimal control framework
(Obentheuer et al. 2017). Lim, Martin, and Chung
(2004) further examine the dynamic component of
reach movements, especially with regard to the syn-
chronicity of joint angles. Wagner, Kirschweng, and
Reed (2009) and Wagner, Reed, and Chaffin (2010)
observe and mathematically describe human behav-
iour in terms of foot motion/foot placement during
manual material handling tasks. Kim et al. (2019) pre-
sent movement prediction for ingress and egress
movement using artificial neural networks. Wolf,
Binder, et al. (2019) present movement prediction for
lifting tasks using a regression model in combination
with inverse kinematics. While those papers deal with
very specific use cases, other papers introduce univer-
sal full-body movement prediction. Some of these
papers (Tsimhoni and Reed 2007; Jeong, Wegner, and
Noh 2010; Fuller, Reed, and Liu 2010) are devoted to
the HUMOSIM Framework, which is composed of
interconnected, hierarchical posture and movement
prediction modules, containing statistical and math-
ematical models describing observed human behav-
iour (Reed et al. 2006). The HUMOSIM Framework is
generally implementable in any DHM tool and was
realised using a predecessor of Siemens Jack. Similar
universal full-body movement predictions are pre-
sented by Fritzsche et al. (2011), Fritzsche et al. (2012)
and lllmann et al. (2013) within the DHM tool EMA, by
Kuo and Wang (2009), Kuo and Wang (2012) using a
predecessor of Virtual Ergonomics by Dassault
Systemes and by Winter, Kronfeld, and Brunnett
(2018) within the smart virtual worker DHM tool.
These models, however, do not incorporate a module-
based architecture. The interaction models classified
in group 5-8 contain optimisation based approaches.
These utilise a kinematic or dynamic objective func-
tion dedicated to optimise DHM kinematics (usually
joint angle-time curves as variables), by minimising
human  performance  measures (e.g. energy



6 dnoip g dnoip £ dnoip 9 dnoip G dnoip ¥ dnoup ¢ dnoip Z dnoip | dnoip
(610Z 'e 1@
‘1apuig ‘Jjom)
(8107 nauunig
pue ‘p|ajuosy “ISIUIM)
(0L0z uiyeyd
pue ‘pasy ‘1aubepy)
(600C paay pue
‘Buamypdsiry “4subepy)
(£00T pa9y
pue juoyuwis])
(oLoz 997
pue ‘buny) ‘ung)
(900 [e 19 pasy)
(£10T "2 19
SENETIELeo))
(9007 ‘e 1®
(€107 '[e 19 swsibepy)
(8007 "|e 12 pur)
(810 YeZMIRM (v00z Bunyd
pue jjom) pue ‘uney ‘wi)
(€102 Ined pue
“20200g ‘UasSNWISeY) (zL0z Buep pue ony)
(5007 usssnwsey) (6007 Buep pue ony)
(910 "[e 13 edI||3d) (6L0T "[e 19 wiy)
(£L0T "l 1 (0L0T YoN
(S10Z *Je 3@ Bunyai) ulAeS)  pue ‘1aubapy ‘buoar)
(600C 937 °p pue (LLOZ e 1@ (9007 unep
(10T "|e 10 biaqgpiel)  ‘wjoyis] ‘udssnwsey) (5007 “|e 10 Buey) ep) (€10T "[e 19 uuew (800 “[e 13 997) pue ‘ybuis “ied)
(qoLoz
(600C ' 13 ‘e 39 (oLoz nn (800Z ugeyd (#00T uew
(6102 "2 32 b1agboH) (6002 "|e 32 bun) YoIeN-[2pqy) ‘Bueyz ‘e) pue ‘pasy “I9|ng)  pue ‘pady ‘UBWYIOH) pue ‘uigey) “ied) (200T |e 1 pady)
(S00T 1ho1 (s00T '[e 1
pue ‘wnega0|g (¢10T wioyiapos ‘||p11e4 ‘Bue (0L0z e 1 (£00T ueyd
‘ueypiemieq) pue ‘613q6oH ‘UosueH)  (0L0Z ‘[e 39 YsdaleH) YaeN-I9PaY ‘wiy)  “1ejgqeyd ‘e)  (ZL0Z °|e 19 dYISZAI{)  pue ‘pady ‘UBWYOH) (900 ‘|e 1D JIUUO) (6L0Z e @ 1)
(S00T 1993N
(LL0T Buoq pue ‘Guep (600C ' 19 (¢L0T eIen-Iopqy (00T "le 13
(9007 " 13 |BIBIN) (ZL0T "|e 13 s§RQ) pue ‘buey, ‘Bbein) “2leW-[9pqy ‘WiIN) elN)  (LLOT ‘e 33 |ydszid) pue ‘eloly ‘lleH) sojnodoxay) (610T "|e 19 997)
(0L0Z Buoq (#00C '|e 1 (£00T pa3y (LL0T tesL (SL0z e 1w (#00z 01IND
(S00T nyD pue ony) (Z10T e 19 uiyog) pue ‘Guey ‘66ein)  (5L0T ‘|e 19 Iueyeiey) wiy) pue Aemesed) pue buey)) INDUBN 3 1Y) pue suoleg)
uoipIpald JUSWIAOW uoipipald ainysod uoipIpald JUSWIAOW uoipipasd uonIpald Juswanop uoipipaid ainysod uoipIpaid JUSWIAOW uonpIpaid ainisod
2IN1s04

uoneNWIS dI3eWaUIY uonenwis djweukq Buljlspow dnsnels UOIIRILIPOW JUSWAAON

saydeoisdde paseq-uonesiwndo saydeoidde |edibojouswouayd

‘paud unoineyaq
1PNpo.d

uompdIpaid Jnoiaeyag uewny

_
<C
=
w
=
o
=
<

sayoeosdde Huljspow uO[IdLISIUI 3Y] JO UOIRIIISSE|D

© "2INJRJISM| PIMIIADI DY} Ul PGIIISIP S[POW UOIIDRISIUI BY} JO UOIBIYISSe]) | d|qel



consumption, muscle fatigue, discomfort etc.) subject
to kinematic or dynamic constraints (e.g. dynamic
equilibrium, predefined joint limits, end-effector paths
and torque limits). Group 5 contains (exceptional)
interaction models, which not primarily aim at the
prediction of postures as such, but rather predict the
variability of postures (Savin et al., 2017) or the effect
of fatigue on certain postures. Kim et al. (2004) on the
contrary, describe a (classical) dynamic reaching pos-
ture prediction. The further developed state of this
interaction model (Kim, Abdel-Malek, Yang, and Nebel
2005; Kim, Abdel-Malek, Yang, Farrell, et al. 2005) ena-
bles reach movement prediction, utilising an inverse
dynamic based optimisation problem. Hence, this
model is part of group 6. Yang et al. (2005) and
Abdel-Malek et al. (2009) present an advanced state
of this model as the posture prediction and predictive
dynamics tool included in the DHM-Framework
SANTOS. Farahani et al. (2015) describe an inverse
dynamic based optimisation called ‘inverse-inverse
dynamics’ within the AnyBody Modelling System. The
models listed in group 7 use kinematic optimisation
formulations, such as multiple objective optimisation
(Gragg, Yang, and Long 2010, 2011) and inverse kine-
matics (Jung et al. 2009; Rasmussen, Terholm, and de
Zee 2009; Hareesh et al. 2010) in order to predict pos-
tures from kinematic constrains. Group 8 contains
papers presenting parts of the interaction model
included in the IPS IMMA DHM-Framework (Hogberg
et al. 2016). This interaction model consists of a quasi-
static optimisation, taking a comfort function, kine-
matic constraints (e.g. end-effector paths), contact
forces and collision avoidance into account (Bohlin
et al. 2012; Delfs et al. 2012; Hanson, Hogberg, and
Soderholm 2012; Mardberg et al. 2014; Hogberg et al,,
2019). Miehling et al. (2015), Wolf and Wartzack
(2018), Rasmussen and Christensen (2005), Rasmussen,
Boocock, and Paul (2012) and Pelliccia et al. (2016)
parameterise specific movements via kinematic con-
straints. By applying specific values (e.g. end-effector
paths) to the kinematic constraints, the corresponding
movement is predicted by applying (inverse) kine-
matic algorithms. Finally, the interaction models of
group 9 contain a distinctly different approach, as
they intend to compute the best possible product
design for a fixed human behaviour. These specific
publications, deal with the adjustment of car interiors
to predefined postures considered as comfortable
(Mergl et al. 2006; Kuo and Chu 2005; Patwardhan,
Bloebaum, and Krovi 2005).

Besides the pure functionality, an interesting find-
ing is that all interaction models describe an
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incremental procedure, hence simulating isolated spe-
cific interactions. Many interaction models utilise a
high-level language to describe predefined tasks
(increments), which can subsequently be interlinked to
form a coherent interaction process (Fritzsche et al.,
2011; Fritzsche et al. 2012; lllmann et al., 2013;
Magistris et al. 2013; Hogberg et al, 2019; Mardberg
et al. 2014; Winter, Kronfeld, and Brunnett 2018; Kuo
and Wang 2009; Kuo and Wang 2012; Reed et al.
2006; Jeong, Wegner, and Noh 2010). Some interaction
models provide a high-level language as a semantic
interface to define a specific task (Kuo and Wang
2012; Jung et al. 2009). Few interaction models pro-
pose an integration of cognitive models (Fuller, Reed,
and Liu 2010; Tsimhoni and Reed 2007) to substitute
the need for manual task definition.

3.3. Analyses of interaction modelling approaches

The approach of finding the best possible product
design for a predefined human behaviour strictly fol-
lows a user-centred strategy, designing a product
‘around’ the users instead of adapting an existing
design to the users. This approach is limited by the
need for having knowledge of the most ergonomic
movement or posture in advance for a given use
case. Since these are seldom known, most of the
approaches focus on finding human behaviour for a
given design, comparing different design alternatives.

Within these, the phenomenological approaches in
general target the accurate prediction of specific use
cases (e.g. reach movement or ingress/egress move-
ment). Consequently, they do not necessarily require
the user to have prior knowledge to model a specific
interaction, as the observed information about human
behaviour is provided by the underlying mathematical
model. Thus, movement or postures can be predicted
very accurately, as long as they stay inside the param-
eter space of the observations. Extrapolating from the
parameter space is afflicted with the risk of predicting
dynamically inconsistent or unbalanced movements,
characterised by discontinuous position-time curves
and non-sustainable postures. With other words, these
models can solely predict validly what has been meas-
ured/observed before. Hereby, movement modification
algorithms tend to be more precise but also more
bound to the experimental data, while the statistical
modelling tends to be more flexible with the risk to
be less precise. Both approaches nevertheless are not
universally applicable, unless a huge amount of data
has been collected, like for the Humosim framework
(Reed et al. 2006). However, even those interaction
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models are restricted to their parameter space and
have limitations when it comes to the prediction of
postures or movement dependent of external forces
or individualities between specific users (e.g. regarding
anthropometry, strength or agility). Hoffman, Reed,
and Chaffin (2007, 2008) examine the influence of
external forces on postures, showing the experimental
effort necessary to universally model human behaviour
when considering additional dimensions.

The optimisation-based approaches in general focus
on the deployment of a universal posture or movement
prediction in order to bypass a lack of experimental data
or to substitute the need for experimental data as a
whole. A distinct advantage of the optimisation-based
approaches is the possibility of considering the influence
of external forces, individualities between specific users
or any other kinematic or dynamic constraints in the pre-
diction algorithms. This universality on the other side
involves the disadvantage that it requires the user to
have prior knowledge in form of assumptions (e.g. a
movement’s duration), start solutions (posture or move-
ments) or kinematic/dynamic constraints (e.g. end-
effector paths) to describe a specific interaction. Even use
cases which allow for a deduction of end-effector paths
from the product behaviour, require additional assump-
tions and constraints incorporating prior knowledge
(Farahani et al. 2015; Rasmussen and Christensen 2005;
Miehling et al. 2015). Bjorkenstam et al. (2016) state in
accordance with Wolf, Binder, et al. (2019), that some use
cases require the consideration of dynamic effects in the
movement prediction algorithms (e.g. predicting the util-
isation of inertia forces in manual handling tasks).
Kinematic optimisation-based approaches lack this possi-
bility. Dynamic optimisation-based approaches, on the
contrary, allow for the consideration of dynamic effects
but are very complex to set up and highly demand mod-
elling expertise as well as computational time. Thus,
dynamic interaction predictions are even more restricted
to the specific use case it was designed for.

Predicting postures reduces the complexity in inter-
action modelling, by excluding the time dimension.
When reducing an ergonomic assessment to postures,
however, it is important to keep in mind that for some
interactions a postural simulation may not be sufficient
(Monnier et al. 2006; Wagner, Reed, and Rasmussen
2007). In general, all interaction models intend to model
postures and movement as ‘realistic’ as possible. This
often involves the assumption that there is the one
‘correct’ solution for each specific interaction. Only few
interaction models take the variability of movement
(Savin et al.,, 2017), the effect of fatigue (Ma, Chablat,

et al. 2010; Ma et al. 2011; Ma et al. 2009; Ma, Zhang,
et al. 2010), different movement strategies (Ait El
Menceur et al. 2015) or the movement adaptation due
to discomfort effects (Chang and Tsai 2011) into
account. In addition, an exact definition/prediction of
the end effectors’ positions is crucial for ergonomic
assessment, as Wegner and Reed (2011) show for the
definition of standing locations.

A comparison of all these findings with the defined
requirements listed in the introduction reveals that
various interaction models provide a standardised,
time-efficient and intuitive modelling procedure as
well as a comprehensible straightforward modelling
approach. Additionally, many interaction models offer
the opportunity of data consistent embedment in the
CAE process, although it is solely implemented for a
few. These requirements partially depend on the level
of implementation of the corresponding interaction
models. From a pure methodological point of view,
however, the reviewed interaction models either
require the user to have or gather prior knowledge/
ergonomic expertise or are restricted to specific use
cases. Thus, neither of them meets both requirements
regarding a genuinely proactive/predictive approach
and a universally valid approach. As a consequence,
none of the reviewed interaction models is considered
unconditionally suitable for engineering design.

3.4. Resolving the research questions

The literature study revealed answers to the raised
research questions, which are essentially summar-
ised next:

RQ1: Different schematic user-product interaction
models, with different perspectives, scopes and
terminology are prevalent in the existing literature.
Yet these models share common similarities, which
allow for a deduction of an abstract schematic model.

RQ2: Nine distinct proactive interaction modelling
approaches, could be classified based on the reviewed
literature. The vast majority of the interaction models
predict human movement or posture with or without
consideration of the corresponding moments and
forces, using phenomenological or optimisation-
based approaches.

RQ3: Each approach has a distinct scope, with
accompanying limitations, strength and weaknesses.
In summary, neither of the reviewed interaction
models is considered unconditionally suitable for
engineering design, since none of them provides a
combination of a genuinely proactive/predictive
approach and universally valid approach.



4. Discussion

On a schematic level, the user-product interaction is
often introduced as a feedback loop between user
and product. The review of prevalent interaction mod-
els revealed a more rigid dependency, where the feed-
back loop is commonly restricted to an iterative
optimisation of the human behaviour for a fixed prod-
uct behaviour. The proposed schematic user-product
interaction model provides an abstract top-level view
on interaction modelling. Although not quantitatively
validated, the schematic model was suitable to
describe all reviewed interaction models. Thus, we are
confident that this schematic model may help
researchers to better understand the relevant entities
of DHM interaction modelling, as well as their mutual
dependencies.

The classification of interaction models provides a
good overview about the prevalent approaches,
although we want to underline that the classification
needs to be understood as a general orientation
rather than a distinct delimitation since many hybrid
approaches exist. To name few examples, some opti-
misation-based approaches contain previously exam-
ined observations in terms of kinematical constraints
or start solutions, for example, Rasmussen and
Christensen (2005) or Miehling et al. (2015), while
some phenomenological approaches utilise optimisa-
tion algorithms, for example, Park, Chaffin, and Martin
(2004). Nevertheless, the classification may help
researchers to decide which interaction modelling
approach is suitable for their research. Additionally, it
may support DHM-Tool users to identify the best fit-
ting interaction model for a specific ergo-
nomic assessment.

Ultimately, this research is devoted to an examin-
ation of existing interaction models in the context of
applicability/suitability for engineering design. One
identified key factor is genuine proactivity/predictivity.
To include the ’‘classical designer’ as potential tool
user it is important that an interaction model does not
require special ergonomic/human behaviour expertise.
Technically speaking, the interaction models need to
be capable of predicting human behaviour with as
less input as possible. The second identified key factor
is universal validity. To be generally applied in engin-
eering design, the interaction model needs to cover
the largest possible and widest heterogeneous
amount of interaction possibilities with products. This
leads to a conflict of objectives since as many inter-
action possibilities as possible should be predicted
with as little input as possible. The fact that this
contradiction is still unresolved explains why DHM
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tools are not yet widely used for computer-aided
ergonomics in engineering design. This identified
research gap may serve as a call for action for
future research.

Lastly, it should be emphasised that the chosen lit-
erature review methodology cannot terminally ensure,
that all existing interaction models were discovered
since solely Scopus has been used as a database, the
search string may not be comprehensive, and the
manual screening process might be biased due to pre-
disposition of the researchers. Nevertheless, a compari-
son with the recently published state-of-the-art book
DHM and Posturography (Scataglini and Paul 2019)
did not reveal any unknown or new approaches.

5. Conclusion and outlook

The literature review revealed that prevalent inter-
action models cannot be considered unconditionally
suitable for engineering design since none of them
offers a satisfactory combination of genuine proactiv-
ity/predictivity and universal validity. The question
that should be investigated in the future is whether it
is possible to find such a combination. The authors
see two possibilities to address this issue. One way is
to conduct research regarding advanced optimisation
algorithms (e.g. using optimal control) or advanced
phenomenological-based  algorithms (e.g. using
machine learning), which are capable of predicting
human behaviour with little input. The other possibil-
ity is to find a useful compromise that focuses on
selected aspects of human behaviour. This could be
the prediction of postures under consideration of
kinematic and dynamic constraints (e.g. end-effector
positions and external forces) or the prediction of
micro- or gross motor-movement. Such a compromise
would limit the universal validity of the prediction but
still provide useful information on many questions.
The benefit of such a restriction is, that it limits the
design space of the human behaviour to be predicted.
Thus, prevalent interaction models may be applicable,
when properly combined. The authors see great
potential in a combination of phenomenological and
optimisation-based approaches. An optimisation-based
approach enables an extrapolation from the parameter
space, whilst a phenomenological approach could pro-
vide a start solution and constraints for the optimisa-
tion algorithm.

The authors will conduct future research towards
the development of a phenomenological optimisation-
based posture prediction approach. We are confident
to find a suitable interaction model to contribute to
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the establishment of DHM as computer-aided ergo-
nomics tools in engineering and industrial design.
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Appendix A.
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