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Foreword

Human-Computer Interaction (HCI) is acquiring an ever-increasing scientific and
industrial importance, and having more impact on people’s everyday life, as an
ever-growing number of human activities are progressively moving from the physical
to the digital world. This process, which has been ongoing for some time now, has been
dramatically accelerated by the COVID-19 pandemic. The HCI International (HCII)
conference series, held yearly, aims to respond to the compelling need to advance the
exchange of knowledge and research and development efforts on the human aspects of
design and use of computing systems.

The 23rd International Conference on Human-Computer Interaction, HCI Interna-
tional 2021 (HCII 2021), was planned to be held at the Washington Hilton Hotel,
Washington DC, USA, during July 24-29, 2021. Due to the COVID-19 pandemic and
with everyone’s health and safety in mind, HCII 2021 was organized and run as a
virtual conference. It incorporated the 21 thematic areas and affiliated conferences
listed on the following page.

A total of 5222 individuals from academia, research institutes, industry, and gov-
ernmental agencies from 81 countries submitted contributions, and 1276 papers and
241 posters were included in the proceedings to appear just before the start of the
conference. The contributions thoroughly cover the entire field of HCI, addressing
major advances in knowledge and effective use of computers in a variety of application
areas. These papers provide academics, researchers, engineers, scientists, practitioners,
and students with state-of-the-art information on the most recent advances in HCI. The
volumes constituting the set of proceedings to appear before the start of the conference
are listed in the following pages.

The HCI International (HCII) conference also offers the option of ‘Late Breaking
Work’ which applies both for papers and posters, and the corresponding volume(s)
of the proceedings will appear after the conference. Full papers will be included in the
‘HCII 2021 - Late Breaking Papers’ volumes of the proceedings to be published in the
Springer LNCS series, while ‘Poster Extended Abstracts’ will be included as short
research papers in the ‘HCII 2021 - Late Breaking Posters’ volumes to be published in
the Springer CCIS series.

The present volume contains papers submitted and presented in the context of the
12th International Conference on Digital Human Modeling and Applications in Health,
Safety, Ergonomics and Risk Management (DHM 2021), an affiliated conference to
HCII 2021. T would like to thank the Chair, Vincent G. Dufty, for his invaluable
contribution to its organization and the preparation of the proceedings, as well as the
members of the Program Board for their contributions and support. This year, the DHM
affiliated conference has focused on topics related to ergonomics, human factors and
occupational health, human body and motion modeling, language, communication and
behavior modeling, healthcare applications, and digital human models in product and
service design, as well as Al applications.



vi Foreword

I would also like to thank the Program Board Chairs and the members of the
Program Boards of all thematic areas and affiliated conferences for their contribution
towards the highest scientific quality and overall success of the HCI International 2021
conference.

This conference would not have been possible without the continuous and
unwavering support and advice of Gavriel Salvendy, founder, General Chair Emeritus,
and Scientific Advisor. For his outstanding efforts, I would like to express my
appreciation to Abbas Moallem, Communications Chair and Editor of HCI Interna-
tional News.

July 2021 Constantine Stephanidis



HCI International 2021 Thematic Areas
and Affiliated Conferences

Thematic Areas

HCI: Human-Computer Interaction
HIMI: Human Interface and the Management of Information

Affiliated Conferences

EPCE: 18th International Conference on Engineering Psychology and Cognitive
Ergonomics

UAHCI: 15th International Conference on Universal Access in Human-Computer
Interaction

VAMR: 13th International Conference on Virtual, Augmented and Mixed Reality
CCD: 13th International Conference on Cross-Cultural Design

SCSM: 13th International Conference on Social Computing and Social Media
AC: 15th International Conference on Augmented Cognition

DHM: 12th International Conference on Digital Human Modeling and Applications
in Health, Safety, Ergonomics and Risk Management

DUXU: 10th International Conference on Design, User Experience, and Usability
DAPI: 9th International Conference on Distributed, Ambient and Pervasive
Interactions

HCIBGO: 8th International Conference on HCI in Business, Government and
Organizations

LCT: 8th International Conference on Learning and Collaboration Technologies
ITAP: 7th International Conference on Human Aspects of IT for the Aged
Population

HCI-CPT: 3rd International Conference on HCI for Cybersecurity, Privacy and
Trust

HCI-Games: 3rd International Conference on HCI in Games

MobiTAS: 3rd International Conference on HCI in Mobility, Transport and
Automotive Systems

AIS: 3rd International Conference on Adaptive Instructional Systems

C&C: 9th International Conference on Culture and Computing

MOBILE: 2nd International Conference on Design, Operation and Evaluation of
Mobile Communications

AI-HCI: 2nd International Conference on Artificial Intelligence in HCI
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Addressing Human Factors and Ethics
in the Design of ‘Future Work’ and Intelligent
Systems for Use in Financial Services - Person
Centered Operations, Intelligent Work &
the Triple Bottom Line

Joan Cahill! ®D @, Vivienne Howard!, Yufei Huangz, Junchi Yel:23, Stephen Ralph3,
and Aidan Dillon?

1 School of Psychology, Trinity College Dublin, Dublin, Ireland
cahilljo@tcd.ie
2 Trinity School of Business, Trinity College Dublin, Dublin, Ireland
3 Zarion Ltd., Dublin, Ireland

Abstract. New technologies are being introduced to support the future of work in
Financial Services. Such technologies should enable work that is smart, healthy,
and ethical. This paper presents an innovative and blended methodology for sup-
porting the specification of these future ‘intelligent work’ technologies from a
human factors and ethics perspective. The methodology involves the participa-
tion of a community of practice and combines traditional stakeholder evalua-
tion methods (i.e., interviews, workshops), with participatory foresight activities,
participatory co-design, and data assessment.

Keywords: Human factors - Ethics - Emerging methods - The future of work -
Intelligent work - Healthy work - Triple bottom line - Operations management

1 Introduction

Work represents for an enterprise a significant cost in resource. Operational efficiencies
are critical to the business model and a fundamental key performance indicator (KPI)
for all stakeholders. However, as stated by Elkington (2019), in the “Triple bottom line’
accounting framework, human activity should not compromise the long-term balance
between the economic, environmental, and social pillars [1]. Further, as defined by the
tripartite labor collaboration work (and work activity) should be designed to benefit all
stakeholders — including employers, employees, and society [2].

Financial institutions are utilizing new technologies (including machine learning and
artificial intelligence) which enables them to manage their business processes, their work-
force, and customer relationships. The technologies can be classified into four overall
types — Robotic Process Automation (RPA) technologies, Business process management
(BPM) technologies, Digital Process Automation (DPA) technologies and Dynamic case

© Springer Nature Switzerland AG 2021
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management (DCM) technologies. Overall, the focus is on streamlining business pro-
cesses, optimizing resources, and enhancing productivity and efficiency. Although the
benefits in relation to productivity/efficiency have been demonstrated, the adoption of
these new technologies has been slow. In many cases, the barriers to adoption are not
well researched/understood. Further, these technologies have not been considered from
the perspective of the human role in the workplace and worker wellbeing. Workers have
concerns about how these technologies will transform their job (including how work
is assigned and assessed) and the experience of work (i.e., location of work, social
interaction, workload, monitoring). The COVID 19 Pandemic and largescale transition
to remote work/operations, has underscored the human and ethical issues surrounding
work and workforce surveillance, issues pertaining to social isolation, and the impact
on team interactions (including activities such as mentoring and formal and informal
teamwork).

The ‘Intelligent Work® project investigates how automation, artificial intelligence
technologies and workers can work together in a more efficient, intelligent, and humane
way — to improve worker wellbeing along with the company’s long-term revenue. This
research is part of an academic and industry collaboration between researchers at Trinity
College Dublin Ireland and Zarion Ltd. The research is funded by Enterprise Ireland
(Irish government agency), as part of the Innovation Partnership Program (IPP).

This paper reports on the innovative methodology used in this project to support the
specification ‘intelligent work’ and allied technologies from a human factors and ethics
perspective. First, a background to relevant concepts and methodologies is provided.
The methodological approach is then introduced. A short overview of the emerging
intelligent work concept is presented. The methodology is then discussed, and some
conclusions drawn.

2 Background

2.1 Operations Management, Healthy Work & Workplace Wellbeing

Operational management refers to the ways in which a business manages the resources
responsible for delivering work. Typically, operations management focuses on the busi-
ness processes and technologies required to achieve the economic goals for the company.
Often the ‘human factor’ and the relationship between worker wellbeing and system
design is not considered. The business case for investing in worker wellbeing is well
documented [3]. Poor worker wellbeing has a cost implication. For example, costs asso-
ciated with reduced productivity/delays, reduced worker motivation and poor-quality
work, staff retention, sick leave, errors, and poor customer service/customer retention.
New human centered business practices/operations practices are now being intro-
duced. Such practices focus on fostering and maintaining a healthy workforce. Under-
pinning these approaches is the recognition that work is part of our wellbeing and a
key driver of health. To this end, new work management systems and technologies are
addressing how work is managed, the experience of work and the management of the
home/work interface. This is particularly evidenced in healthcare and aviation [4].
Workers are not immune from common mental health problems such as anxiety and
depression. At any given time, up to 18 per cent of the working age population has a
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mental health problem [5]. The level of control that an individual has over their work
is a key factor for psychological health. As proposed in the ‘Job Design Model’ (JCM)
job features such as skill variety, task identity, task significance, feedback, and task
autonomy are enriching and thereby motivating, characteristics of work [6].

The World Health Organisation (WHO) proposes a model of the healthy workplace in
which both physical and psychosocial risks are managed [7]. Stress Management Initia-
tives’ (SMI) and ‘Workplace Wellbeing Programs’ (WWP) address workplace stress and
overall health and wellbeing in the workplace [8]. Some wellness programs deploy cor-
porate wellness self-tracking technologies (CWST) [9]. Workers are invited to measure
and manage their own health, to improve their wellbeing, while also enhancing produc-
tivity, engagement, and performance. This approach is not uncontroversial. Some argue
that CWST conflates work and health [10] and has the potential to increase worker
anxiety levels [11].

2.2 Stakeholder Evaluation & Human Factors Methods

As defined in ISO 6385 [12], the discipline of human factors (HF) refers to ‘the practice
of designing products, systems, or processes to take proper account of the interaction
between them and the people who use them’ (2016). Human factors approach follows
a ‘socio-technical systems design’ perspective. Central to this is the recognition of the
interaction between people/behavior, technology/tools, work processes, workplace envi-
ronments and work culture [13]. ‘Stakeholder evaluation’ is the gold standard for human
factors action research pertaining to new technology development. The objective is to
elicit the perspectives of those who have a “stake” in implementation/change. Stake-
holder evaluation methods seek to involve the participation of both internal and external
stakeholders. Internal stakeholders (IS) include the project team. This composition of
the internal team can vary but typically includes product owners/managers, designers,
software developers and business analysts. In some cases, it can also include human
factors researchers and ethicists. External stakeholders (ES) refer to those stakeholders
who either who are users of the technology either directly or indirectly (i.e., financial
services employees working in team members, team supervisor, operations management
and leadership roles, and customers of the financial services company) and those who
procure the technology (i.e., financial services company). As outlined by Cousins (2013)
and Wenger (1999) [14, 15], the ‘Community of Practice’ is the shared space in which
both IS and ES come together to ideate, define, develop and evaluation the proposed solu-
tion. Human Factors action research methods are commonly used to support this process.
Typically, this involves the use of Ethnographic approaches [16] such as user interviews
and stakeholder workshops. Both personae-based design [17] and scenario-based design
[18] methodologies are also used. The concept of ‘stakeholder participation’ is a critical
feature of stakeholder evaluation research. As defined by Bgdker (1995), design hap-
pens ‘with’ stakeholders, and not simply ‘for’ stakeholders [19]. Participatory activities
can include roleplay, stakeholder ideation workshops and participatory co-design and
evaluation [19].
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2.3 Ethics & New Technology Development

New technologies have the potential to deliver benefits. However, such technologies are
inherently uncertain. As part of new product development, researchers must consider
and evaluate the human and ethical implications of things which may not yet exist and/or
things have potential impacts which may be hard to predict [20]. Reijers et al. (2017) pro-
vide an overview of the different formats in which ethics analysis in technology develop-
ment take many forms [21]. Brey (2017) classifies five sets of ethical impact assessment
approaches. This includes generic approaches, anticipatory/foresight approaches, risk
assessment approaches, experimental approaches, and participatory/deliberative ethics
approaches [22]. Some researchers have combined different approaches. Cotton (2014)
combines participatory/deliberative ethics approaches and stakeholder approaches [23].
Cahill (2020) argues that human factors and ethical issues must be explored in an inte-
grated way [24]. The ‘Human Factors & Ethics Canvas’ introduced by Cahill combines
ethics and HF methods, particularly around the collection of evidence using stakeholder
evaluation methods [24].

3 Research Project & Methodology

3.1 Introduction

As indicated in Fig. 1 below, the collection of evidence follows from a socio-technical
framework — involving eliciting and analyzing data about the relationships between
certain structuring elements of the ‘socio-technical system’. Key elements include the
work itself (both transactional work and knowledge work), the individuals/people and
teams performing the work, the organization, and the customer. So conceived, future
automation and AI/ML intelligence will change these relationships, leading to different
outcomes at an economic, ecological, and societal level (i.e., triple bottom line). Crit-
ically, this automation/technology has meaning in the context of organization specific
business process and associated task workflows, organizational culture, the working
environment, and regulation.

High Level Intelligent Work (IW) Concept

[ awork | [ 2peson | [ zmeam | | 4.0RG | [ s.customer

Automation & Intelligence
(Process Automation, Robotic Agents, Task Assistance..)

Business Process & Culture Work Environment Regulation
Workflow (Business Areas/Financial Services, (Home/office, virtual/in-person interaction)
Org Level, Region)

Outcomes & Benefits/Impacts
(TBL: Economic, Environment, Society)

Fig. 1. Socio-technical picture
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The human factors approach adopted involves building an evidence map [25] in rela-
tion to requirements for the proposed technologies, the human factors and ethical issues
pertaining to the introduction of these technologies, and the business case for these tech-
nologies. In relation to the business case, this involved investigating outcomes at an (1)
organizational level (i.e., profit, productivity, employee retention), a (2) work/business
process level (i.e., productivity and teamwork), (3) a worker level (i.e., job satisfaction,
job engagement, wellbeing in work, trust, workload, burnout etc.) and (4) a customer
level (i.e., customer satisfaction, perception of brand and customer retention).

The specific methodology combined traditional human factors action research meth-
ods (i.e., interviews, workshops), with participatory foresight activities, participatory
co-design and evaluation activities, and data assessment. Table 1 below provides an
overview of the different human factors action research and business analysis methods
used.

Table 1. Overview of research methods used

# Method Details

1 Interviews Product team interviews/IS (N = 2)
Interviews with Zarion staff/IS (N = 6)
Interview with ends users/ES (N = 3)

2 Workshops Product demonstration and review workshop
(workshop 1/IS, N = 4)

Modelling the proposed IW concept workshop
(workshop 2/IS, N =7)

Evaluating the proposed IW concept workshop
(workshop 3/IS, N =7)

Using data workshop (workshop 4/IS, N = 10)
Business case workshop (workshop 5/IS (N = 10)
Implementation, ethics & acceptability workshop
(workshop 6/IS, N = 10)

Final specification & implementation workshop
(workshop 7/IS, N = 10)

Survey Survey with end users (N = 50)

4 Data analysis Data analysis (deidentified data)
Combined Co-design/evaluation/ES (N = 15)
interview/codesign &
evaluation

Overall, eight phases of research involving the participation of both internal stake-
holders (IS) and external stakeholders (ES) was undertaken. The details of these are as
defined in Table 2 below. As the research progressed, the findings of each phase were
triangulated, to further develop and validate the evidence map. The study was conducted
in accordance with the Declaration of Helsinki, and the protocol was approved by the
Ethics Committee of the School of Psychology, Trinity College Dublin. All field research
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conducted online in accordance with COVID 19 health and safety guidelines — as defined
by the Health & Safety Authority, Ireland), and the definition of safe data collection, as

defined by the School of Psychology, Trinity College Dublin.

Table 2. Overview of research stages, methods & outputs

# | Stage Methods & participants Output
Existing product review Product team interviews/IS (N = 2) Product description
Product demonstration and review and model
workshop (workshop 1/IS, N = 4):
2 | Preliminary human factors | HFEC Evaluation/IS (N = 2) Product review
and ethics assessment Personae & scenarios specification/IS | Personae and
N=2) scenarios
3 | New product ideation N/A Preliminary IW
concept
specification
Definition of states
4 | Mapping the problem space | Interviews/IS (N = 6) Field research
& further Interview/ES(N = 3) findings/evidence
specification/validation of | Modelling the proposed IW concept map
Concept & Requirements | workshop (workshop 2/IS, N = 7) Preliminary IW
Survey/ES (N = 50) concept
specification
5 | Prototype Development & | Evaluating the proposed IW concept Prototype
Interviews/codesign workshop (workshop 3/IS, N = 7) development 1
Interviews & codesign with external
stakeholders (N = 15)
6 | Operations management Analysis of anonymous data set Requirements
— data analysis Analysis
7 | Implementation & business | Using data workshop (workshop 4/IS, | Requirements
analysis. final ethics N =10) Analysis
assessment Business case workshop (workshop Implementation
5/1S (N = 10) plan
Implementation, ethics & acceptability | Final human factors
workshop (workshop 6/IS, N = 10) and ethics canvas
8 | Final design & specification | Final specification & Implementation | Final prototype
workshop (workshop 7/IS, N = 10) Final specification
of requirement
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4 Overview of Emerging Concept

The vision is to advance technology which functions as a ‘balance score card’ [25]
linked to the ‘Triple Bottom Line’ [1]. The focus is on enabling/augmenting people as
opposed to health monitoring. Corporate wellness approaches such as the provision of
healthy food and free/subsidized access to wellness activities (i.e., yoga, mindfulness,
exercise, and stress management classes) are not enough. Healthy work concepts need
to be embedded in how work is planned/allocated, carried out, monitored, and evalu-
ated/assessed. As such, healthy work underpins intelligent work. The proposed tech-
nology will enable ‘intelligent work’ through the application of AI/ML, which enables
healthy work allocation and monitoring — balancing different perspectives and needs
— the work, the person, the team, the customer, and business value. Intelligent assis-
tants function as supportive team members — augmenting and transforming all roles,
including team members, team supervisors, operations managers, and the customer.
Critically, the system supports ‘coaching’ of team members and worker self-regulation
and self-management of work.

5 Discussion: Emerging Methods & Innovation

The methodologies adopted in this project emerged out of the diverse and multidisci-
plinary skillset of the ‘internal team’/IS. The IS comprised two organizational groups —
(1) a product development team from a software development company advancing future
work technologies (Zarion Ltd.), and (2) a multi-disciplinary research team from Trinity
College Dublin — comprising human factors, health psychology and ethics researchers
from Trinity School of Psychology, and operations management and data scientists from
Trinity School of Business. As such, the composition of the IS enabled a blending of
different methodological approaches and allied technology ideation, development, and
evaluation methodologies to the identification of user requirements for the proposed
intelligent work system.

The research methodology blends several established and innovative human factors
and ethics design and assessment methods. The emerging evidence map reflected the
iterative set of requirements which emerged from these different activities.

In terms of established methods, several qualitative human machine interaction
(HMI) design methods were combined to supports needs analysis and requirements
specification. This includes ‘personae-based design’, ‘scenario-based design’ and ‘par-
ticipatory design’. Survey methods were also used to elicit requirements. The survey
analysis provided a complementary picture to the interview and co-design/evaluation
activities.

In terms of more innovative methods — this includes the integration and application
of the ‘Human Factors & Ethics Canvas’ (HFEC) [24], into the high-level methodology.
Each of the seven stages of the HFEC was populated, with the emerging evidence picture.
In relation to stage 3 (personae and scenarios), each personae and scenario was defined
in relation to specific IW states. This included states to be achieved (i.e., wellness, flow,
engagement), states to be managed/mitigated (i.e., stress, overwork, poor teamwork)
and states to be avoided (i.e., burnout, poor interaction with team or customer, errors,
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and objectification of worker/over monitoring). Personae and scenarios were defined for
both workers and customers. In addition, states were defined in relation to the process,
the organizational culture, and the business/organization (i.e., profit, customer retention,
growth etc.). This enabled an integration of both human factors and business objectives,
linking to the underpinning value/benefits assessment approach (i.e., triple bottom line).
This was further progressed in Stage 4 of the HFEC - the assessment of benefits, out-
comes, and impact. This focus on stakeholders and assessing needs/benefits is central to
participatory foresight activities.

In addition, the data points associated with evaluating states at different levels (actors,
process, organization etc.) were defined. This enabled a bridge between human fac-
tors/ethics research, and the advancement of the product technical architecture. Further,
it set a high-level remit for the role of this future IW system in terms of collecting
and evaluating data and allied automation, artificial intelligence and machine learning
functions.

A further innovation was the identification of future system requirements based on
an analysis of operations management data at an insurance company. The anonymous
data set (total of 117,452 records) was interrogated to understand and identify strategies
for better work allocation and management and associated requirements for ‘intelligent
work’ system. The data set pertained to operational performance at an insurance company
over a fixed time-period. The data was analyzed at three levels — (1) activity/claims
level, (2) individual level, and (3) team level. In relation to (1), this resulted in insight
pertaining to the relationship between activity complexity and claims productivity (no of
claims processed) with specific insights pertaining to the relationship between activity
complexity and individual and team workloads. In relation to (2) this resulted in insights
in relation to activity complexity and individual productivity, with specific insights in
relation to the relationship between activity complexity and workload, work diversity,
and teamwork rate. Lastly, in relation to (3), this resulted in insights pertaining to the
relationship between individual productivity and team productivity, with specific insights
pertaining to the relationship between productivity and individual/team location, team
size, days worked and work diversity.

A key strand of this research activity involved understanding the motivations,
enablers, and barriers to implementation. This links to the sixth stage in the Human Fac-
tors & Ethics Canvas (Cahill, 2020). Issues pertaining to implementation were addressed
during interviews with E/S, co-design/evaluation sessions with E/S and implementation
workshops with I/S. As part of this, storytelling and narrative techniques were used to
capture the future ‘story’ and/or ‘implementation’ of the technology. The future ‘imple-
mentation story’ had a high-level tagline, a plot, a context/setting, key characters, and
an ending. Participants were invited to consider two taglines and associated plots, which
reflected a summary of the research findings. These were: (1) “Move from task to people
centric”, and (2) “The organization gets the right balance, the customer get the right bal-
ance and the people get the right balance”. Storytelling was considered an accessible and
user-friendly approach to product ideation, requirements specification and requirements
evaluation. Overall, this storytelling approach enabled a synthesis and integration of dif-
ferent types of requirements (i.e., need, acceptability, ethics, software role, busines value
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and implementation), from different perspectives (i.e., human factors, ethics, operations
management, and business case/benefits).

Some limitations should be noted. Observational research at financial services com-
panies was planned, but not possible during the COVID 19 pandemic. Such research
might have substantiated some of the issues around work practices, use of technology
and work culture which arose in user interviews. Although three phases of combined
interviews and co-design/evaluations were undertaken, the numbers in each phase were
small (N = 5 in each phase, total number: N = 15). Further a small number of partic-
ipant’s completed the survey (N = 50). The operations management dataset reflected
work activity that was managed without formal work allocation/process management
software. Further research might involve the analysis of operations management activity
where a basic and/or intelligent work allocation software platform is used.

Further research is planned. This research has resulted in a proof of concept for
the future work system. To date, research is mostly conceptual. The next phases of
research will involve simulation of a small set-of scenarios with accompanying intelli-
gent work software, to demonstrate and evaluate the human factors and business ben-
efits of embedding healthy, smart, and ethical work concepts in new ‘intelligent work’
technologies.

6 Conclusion

New intelligent work technologies should support enable work that is smart, healthy,
and ethical. This involves moving beyond simply process automation and robotic team
members. Technologies should augment all human actors, promote teamwork behaviors,
and ensure that human actors can self-manage and monitor their own performance. In
so doing future ‘intelligent work’ systems should deploy artificial intelligence (Al) and
Machine Learning (ML) technologies in a human centered and ethical manner.

Disorganized, fragmented, imbalanced, and unfair workloads can impact on worker
productivity, engagement, and ‘the flow state’. Technology may not be the barrier here
- when there is insufficient information and poor teamwork, productivity significantly
decreases.

The methodologies used in this project enable the active translation of human factors
and ethical principles along with stakeholder needs, into the product concept and design
execution. Personae/scenarios are useful in relation to considering and documenting
the needs/perspectives of different stakeholders and adjudicating between conflicting
human factors and ethical goals/principles. Co-design methods are useful for product
ideation and eliciting feedback about ethical issues along with implementation barriers.
The use of a ‘Community of Practice’ has proven very beneficial. It is critical to engage
both internal and external stakeholders in the human factors and ethics specification and
validation of the proposed technologies, and analysis of implementation requirements,
barriers, and enablers.
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Abstract. Numerous computational strategies were introduced in the
past decades to integrate human aspects into the design process; per-
haps, none provided a broader product design capacity equal to Digital
Human Modeling (DHM) research. The popularity of DHM usage in
product development is increasing, and many companies take advan-
tage of DHM in their virtual prototyping studies. However, DHM is
usually interpreted as a post-conceptualization check gate methodol-
ogy and is often applied to correct ergonomics assumptions. Although
this approach provides some insight into product performance, design-
ers often miss more widespread opportunities in terms of utilizing
DHM as an early design stage design tool. This research presents our
ongoing efforts in developing DHM-based early design computational
Human Factors Engineering (HFE) support tools. We engage this reflec-
tion by summarizing two early design frameworks emerging from our
recent work: (1) Prototyping Toolbox and (2) Human Error and Func-
tional Failure Reasoning (HEFFR). These frameworks are originated
from the Digital Human-in-the-loop (DHIL) methodology. DHIL pro-
poses a simulation-based computational design methodology that builds
a bridge between existing Computer-Aided Engineering (CAE) soft-
ware packages and computational HFE tools to address safety, comfort,
and performance-related issues early in design. Our primary focus in
this paper is to demonstrate the frameworks emerging from our recent
D-HIL research to promote better early design decision-making for
human-centered product design.

Keywords: Digital Human Modeling + Engineering design -
Human-centered design - Human Factors Engineering - Ergonomics -
Fault modeling

1 Introduction

Design activities determine around 80% of the lifetime cost of a product [8].
Therefore, providing performance insight earlier, when changes are less expen-
sive to make, saves significant time and finances. Moreover, there is better room
for understanding a product earlier in the design phase since most of the product
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performance is unknown at the earlier stages of product development [5,8]. The
typical design-build-test (DBT) cycle associated with the conventional design
process is particularly burdensome since the fabrication of prototypes requires
tooling, planning, resource allocation, experimentation, and sometimes field-
tests. In the case of designing large-scale and complex products, the DBT cycle
becomes impractical since assessing reliability or structural integrity on func-
tional physical prototypes becomes infeasible. One potential solution for the
DBT approach is concurrent engineering practices via computational or virtual
models [12]. Discovering essential aspects of the product form, functionality,
and usability through simulation and optimization workflow via computational
or virtual prototypes provides a better design strategy by reducing redundant
physical tests, including fabrication needed for functional prototypes [2,11].

Designing with the support of Computer-Aided Engineering (CAE) tools, as
part of the concurrent design approach, has been regarded as one of the most
influential technologies in modern product development. Compared to the con-
ventional engineering design approach, which heavily relies on physical prototyp-
ing and sequential implementation, the concurrent engineering strategies utilize
a CAE-based design workflow that uses software platforms to speed up the design
process by running multiple design activities simultaneously [15,37]. Within the
context of CAE, broad usage of physics- and math-based computer software
provides advanced visualization and simulation capabilities to predict product
performance before production starts. Some of the well-known software tools
include Computer-Aided Design (CAD), Finite Element Analysis (FEA), Com-
putational Fluid Dynamics (CFD), and Multi-body Dynamics (MBD). Together,
the integrated CAE data and workflow form the backbone of the modern Product
Life-Cycle Management (PLM) platforms.

The concurrent design workflow, through the integration of CAE visualiza-
tion, simulation, and optimization tools, helps companies maintain or improve
product design by reducing the resources, time, and effort needed during prod-
uct development [8,13,14]. Although this is a significant improvement over the
conventional approach, a substantial number of CAE work focus primarily on
the products’ or systems’ structural elements and treat the human element in
isolation [34].

The human element is one of the most critical characteristics that affect prod-
uct success and final cost. However, the human element often does not receive
equal attention compared to the rest of the system components (e.g., materials,
machines) [15,41]. The same is true for Human Factors Engineering (HFE) prac-
tices in product development activities. For example, within the design process,
HFE is less emphasized when compared to software programming or manufac-
turing planning [15,41]. In contrast, research shows that product development
strategies should consider humans as users, operators, designers, and maintain-
ers at the core of design activities. Improved safety, reliability, and usability
are immediately related to designers’ efforts in enhancing the quality of human-
product interactions and are leading factors that define market share and overall
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success of a product. Overall, injecting HFE design principles and guidelines into
the design process earlier can contribute to overall product success.

Numerous computational HFE strategies were introduced in the past
decades; perhaps, none provided a broader product design capacity equal to Dig-
ital Human Modeling (DHM) research. DHM includes software representations
of human musculoskeletal models, and a broad range of engineering graphics
and analysis tools to visualize the human body and facilitate safety, comfort,
and performance [12,15,18]. DHM software enables designers to create manikins
based on anthropometric libraries that represent actual population parameters
(e.g., bth percentile Japanese male), assign realistic postures through predefined
posture databases (e.g., lift-lower) or direct manipulation (e.g., inverse kinemat-
ics), import CAD models to represent products, and create HFE analysis based
on ergonomics (e.g., comfort assessment) and biomechanics (e.g., joint moments)
assumptions.

The popularity of DHM usage in product development is increasing, and
many companies have taken advantage of DHM in their virtual prototyping
studies [22]. However, DHM is usually interpreted as a post-conceptualization
check gate methodology and is often applied to correct ergonomics assumptions.
Although this approach provides opportunities to understand some aspects of
product performance, designers often miss the opportunity of using DHM as an
early design stage design tool to develop a more holistic understanding of the
human elements early on.

This research presents our ongoing efforts in developing DHM-based early
design computational HFE support tools. We have summarized two early design
frameworks emerging from our recent work: (1) Prototyping Toolbox [2—4]
and (2) Human Error and Functional Failure Reasoning (HEFFR) Framework
[26,28,29]. These frameworks originated from the Digital Human-in-the-loop (D-
HIL) methodology [11,15]. D-HIL is a simulation-based computational design
methodology created to build a bridge between existing CAE software packages
and computational HFE tools to address human well-being and performance-
related issues early in design. Our primary focus in this paper is to demonstrate
the D-HIL methodology and the frameworks emerging from it in the context of
concurrent design to support better early design decision-making.

2 Literature Review

This section provides background information about the two computational
frameworks that originated from the D-HIL methodology. Each method con-
centrates on different aspects of the early design HFE decision-making. While
the Prototyping Toolbox framework focuses on the challenges of prototyping
human-centered products early in design, the HEFFR framework provides a
computational human-product interaction analysis tool to assess system-level
effects of component failures and human errors acting in combination. The back-
ground information provided in this section outlines the motivation, objectives,
and building blocks of each framework.
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Fig. 1. Methodology to build prototyping framework

2.1 Early Design Human-Centered Prototyping Framework

Prototyping is the centerpiece in developing successful products [39], and a very
costly process that can be the largest sunk cost if it is not performed prop-
erly [9,10]. Even though utmost attention is paid to prototyping activities, there
is a lack of a comprehensive and widely accepted prototyping framework [6,32].
The existing prototyping frameworks rarely provide systematic guidelines or best
practices to build prototypes. Rather, the focus is mainly on prototyping activ-
ities or hands-on prototyping experiences that rely on designers’ intuition and
experience to build the prototype [31,32]. Another shortcoming of the existing
prototyping frameworks is that Human Factor Engineering (HFE) guidelines
are not adequately considered [32]. The absence or partial consideration of HFE
guidelines results in products or workspaces that do not address human needs
and limitations adequately. The inadequacy of the current prototyping frame-
works is further exacerbated by the lack of fabrication guidelines. The lack of
fabrication guidelines regarding what tools and technologies to use when build-
ing a prototype causes the designers to rely on their intuition; thus, generating
poor prototyping strategies and creating wide variations in prototype qualities
that do not meet their intended purpose [32]. These limitations in the prototyp-
ing literature motivated the development of the human-centered product design
prototyping framework discussed in this paper. The objective of the Prototyp-
ing Toolbox is to create a framework that aids designers in developing proto-
typing strategies during the conceptual design of products by integrating HFE
principles.

Figure 1 shows the flowchart of the methodology used to create the proto-
typing framework discussed in this research. Step 1 consists of a comprehensive
literature review on the definitions, taxonomy, prototype findings, strategies, and
frameworks that are widely used in prototyping activities. The findings from the
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Fig. 2. Elements of the prototyping framework

literature review is used to gather information about types of prototypes (i.e.,
physical, computational and mixed prototype, prototype fidelity, number of iter-
ations, etc.), human-centered design, usability testing, Digital Human Modeling,
Human-Product interaction, and Performance Shaping Factors. Overall, Step 1
serves as the foundational prototyping database to capture insights and proto-
typing findings. Step 2 filters findings from Step 1 and extracts the relevant key
prototype findings. Steps 1 and 2 provide the technical and practical literature
about prototyping findings and play an instrumental role in developing the pro-
totyping guidelines and prototyping toolboxes shown in Steps 3 and 4. In Step
3, the House of Prototyping Guidelines (HOPG) is formulated based on the pro-
totyping theories, HFE principles, and best practices identified in Steps 1 and
2. HOPG is loosely structured based on House of Quality (HOQ) [23]. Similar
to customer requirements and engineering specifications of HOQ, HOPG has
Prototyping Categories (PC) and Prototyping Dimensions (PD). The PC and
PD are proposed as methods to understand what the prototype is supposed to
achieve and how to achieve it. PC is composed of (1) the purpose of prototyp-
ing, (2) available resources, (3) required ergonomic assessments, and (4) required
human-product interaction. Likewise, PD is composed of (1) Type of Prototype,
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(2) Level of Fidelity, (3) Complexity, (4) Scale, and (5) Number of Iterations.
Step 4 provides generic prototyping tools that are commonly used in fabricating
prototypes. Step 4 contains the know-how and toolboxes that provide practical
knowledge to engineers when building prototypes. The toolbox has three axes,
Type of Prototype, Level of Fidelity, and Level of Interaction. The prototyping
tools are organized in this toolbox using the three axes system. Step 4 provides
an inventory of tools that can be navigated using the theoretical knowledge
gained from Step 3. Step 3 and Step 4 provide theoretical and practical knowl-
edge to engineers about prototyping strategies for human-centered products and
workplaces during the conceptual design process. Finally, in Step 5, the proto-
typing framework is presented where all the previous steps are integrated and
represented via a Graphical User Interface (GUI). The GUI is developed using
Excel Userform. As shown in Fig. 2, the HOPG and the Toolbox are integrated
into the GUI. The prototyping and HFE guidelines can be accessed via the Tips
button, which will guide the designers to identify the correct PC and PD. Once
the PC and PD are identified, the recommended tools to fabricate the prototype
can be accessed via the Show Tools button.

2.2 The Human Error and Functional Failure Reasoning Framework

Human errors are cited as the root cause of most accidents and performance
losses in complex engineered systems [16,24]. However, a closer assessment
would reveal that such mishaps often result from complex interactions between
factors such as poor design, human fallibilities, and component vulnerabili-
ties [15,20,33]. In contrast to traditional approaches of studying component
and human elements in isolation, we believe that it is important to analyze
the co-evolution of such factors during the design process to minimize adverse
events and malfunctions in complex engineered systems. Because late design
stage design changes are expensive and time-consuming, designers resort to
retrofitting or finding workarounds when making design changes during later
design stages [37]. As changes are made, each change will increase the potential
for introducing new unforeseen vulnerabilities into the system [40], increasing
the risk of potential failures. Hence, it is beneficial to conduct risk assessments
early in the design process to minimize late design stage design changes and
reduce cost and time-to-market.

Traditional risk assessment methods either analyze component failure or
human errors in isolation or are only applicable during later design stages. For
example, Failure Modes and Effects Analysis [1], Fault Tree Analysis [38], or
Event Tree Analysis [21] are used to assess component failure or human errors
depending on the application. However, they do not analyze the combined effects
of human errors and component failures. Also, these methods are only applicable
later in the design stages. Methods like Functional Failure Design Method [35],
Functional Failure Identification and Propagation [30], Conceptual Stress and
Conceptual Strength Interference Theory [25] were developed to move risk assess-
ment to early design stages. These methods fall short when it comes to assessing
human errors. On the other hand, human reliability assessment methods [42]
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such as Systematic Human Error Reduction and Prediction Approach [19], Tech-
nique for Human Error Rate Prediction [36], and Human Error Assessment and
Reduction Technique analyze human errors alone and are applicable during later
design stages.

Recent research has introduced the Human Error and Functional Failure Rea-
soning (HEFFR) framework [26] to overcome the above limitations and enable
designers to assess the interaction effects of human errors and component failures
during early design stages. HEFFR extends the Functional Failure Identification
and Propagation framework by representing the human-system interactions in
the system model and introducing human error simulation to the fault model.
Overall, HEFFR takes fault scenarios that involve components and humans as
inputs and produces the resulting functional failures, human errors, and their
propagation paths as outputs. A depth-first search-based algorithm is used to
generate potential input (fault) scenarios by considering all possible combina-~
tions of human actions and component behaviors [28]. The framework uses com-
ponent failure rates and human error probabilities to estimate the likelihood
of occurrence and expected cost for the resulting failures [28]. With automated
scenario generation and probability calculation, designers can use the HEFFR
framework to analyze a large number of potential fault scenarios involving both
components and humans and prioritize them based on the severity and adopt
mitigation strategies.

The HEFFR framework analyzes the effects of human errors on the system
performance when acting alone or in combination with component failures. It is
not capable of analyzing human performance or ergonomic vulnerabilities. Also,
HEFFR is a computational framework that does not allow any human-machine
interaction visualizations. The HEFFR framework can be coupled with DHM
to analyze ergonomics and human performance and visualize human-machine
interactions [27]. A large number of human-machine interaction points may exist
in complex engineered systems, creating the need for a large number of potential
DHM simulations. When coupled with HEFFR, the results from HEFFR can
be used to identify and prioritize simulations relating to interactions that can
have the worst severity on the system. In summary, the HEFFR framework and
DHM can complement each other. DHM complements HEFFR by enabling the
assessment of human performance and ergonomics and visualization of human-
machine interactions. HEFFR complements DHM by allowing the prioritization
and organization of simulations based on potential risk.

3 Methodology

Many DHM-based ergonomics design and analysis workflows often focus on work-
ing with manikins representing users or workers and CAD models rendering the
product or work environment [7]. Typically, these manikins are built via anthro-
pometric libraries, and simplified CAD models are imported to DHM software to
create representative human-product interactions or work conditions [11]. Later,
the designer selects appropriate ergonomics of simple biomechanics analysis to
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evaluate product interaction or work posture. Advanced versions of the DHM-
based methodologies also capture standard worker anthropometry and dynamic
posture changes via data collection systems such as motion capture (MoCap).
Variations of these systems also allow the integration with virtual reality (VR)
and augmented reality (AR) systems to enhance visualization, interaction, and
immersiveness [17]. Overall, DHM-based early design methodologies are help-
ful in product development to capture product or system performance insight.
However, most of the methodologies and workflows are limited by the avail-
ability of ergonomics or simple biomechanics toolkits supplied within the DHM
software packages. The ergonomics or simple biomechanics toolkits are computa-
tional versions of standard HFE evaluation methods such as Rapid Upper Limb
Assessment (RULA), joint-angle-based comfort assessments, and the National
Institute for Occupational Safety and Health (NIOSH) lifting index [12]. Most
of the DHM software are still standalone packages that either have no or mini-
mal capabilities to provide integration to other important early design product
visualization and evaluation techniques. Thus, many DHM users, particularly
beginners and non-experts, found DHM-based early design tools to be limited,
especially in early design activities.

Motivated by the above pressing needs, D-HIL is a DHM-based early design
methodology that forms a more holistic workflow by integrating different visu-
alization and evaluation tools available in CAE platforms [11,15]. More impor-
tantly, D-HIL creates opportunities for designers to devise design workflows that
are unorthodox to the traditional DHM-based early design studies. Overall, it
motivates designers to adopt a DHM-based early design practice by connect-
ing with other computational tools to expand the product visualization and
assessment capabilities beyond simple ergonomics or biomechanics analysis. One
should note that D-HIL is not a third-party software or an automation plug-in.
In a nutshell, it’s a product design methodology that integrates theoretical mod-
els from core design disciplines (e.g., mechanical engineering, industrial design)
and formal design techniques (e.g., optimization, structural analysis) to promote
a more holistic design via DHM.

In Fig.3, a D-HIL methodology based design timeline of a medical code
cart is demonstrated. The timeline shows the evolution of the product (through
the D-HIL methodology) from a rough CAD model to a photo-realistic render.
One of the HFE elements evaluated with the support of DHM is the binocu-
lar vision assessment, which provides a computational binocular field-of-view of
a representative nurse (e.g., 50" percentile U.S. female manikin). In this sce-
nario, the binocular vision tool assists designers in verifying whether equipment
located on the top storage area obscures the nurse’s field-of-view. Medical equip-
ment, such as defibrillators and ambulatory bags, overcrowd the upper storage
and reduces visibility. Obscuration-free field-of-view is critical when rushing to
emergencies. Likewise, the designer can select manikins with different anthro-
pometric characteristics to represent nurses with different stature to broaden
the solution spectrum. Meanwhile, a FEA-based approach can be used to eval-
uate the structural integrity of the upper storage with varying conditions of
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loading. For example, many “what-if” scenarios can be simulated to verify
whether current design specifications meet worst-case loading scenarios. At this
stage, structural analysis decisions, such as using different materials and sheet-
metal wall thicknesses, can be determined. Figure3 shows how the proposed
D-HIL methodology applies to the concept development of a code cart by keep-
ing the HFE decision-making in the loop. As a summary, insight regarding the
overall system’s performance can be assessed while injecting HFE early in design.
Design ideas can be iterated through D-HIL methodology, and better concept
models can be selected by refining infeasible or undesired models.

Force evaluation through Finite Element Analysis

Digital binocular vision assessment

DIGITAL HUMAN
MODELING

STRUCTURAL
= | — ANALYSIS

\
3 /

CAD model code cart Photorealistic rendering
REQUIREMENTS REALIZATION

Fig. 3. The product development approach described in D-HIL methodology is applied
to a concept medical code cart design

Overall, the D-HIL methodology discussed in this paper provides opportuni-
ties for better-informed decision-making through refining concepts early in design
via using data capture and analysis theories and technologies. In the context of
product and process development, we want to inspire the human-centered design
community by demonstrating how the D-HIL approach motivates the develop-
ment of computational frameworks to cope with the design challenges and early
design needs. In this context, we present case studies based on two frameworks
originating from our recent work in D-HIL research in the following section.
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Fig. 4. Selecting prototyping categories

4 Case Studies

4.1 Case Study: Prototyping Framework

In this section, a case study is presented to demonstrate the efficacy of the pro-
totyping framework. A prototyping problem adapted from our previous work [2]
is used for the case study. The prototyping problem is as follow:

“You are to create a conceptual prototyping strategy that can be used to design a
rectangle-shaped cabinet in a household setting. The objective is to create a cabinet
that has the maximum storing area possible but also the user has an adequate reach
and vision on every four corners. You are given low resources” [2].

The first step after reading the problem statement is to identify the Pro-
totyping Categories. The Prototyping Categories window can be launched by
clicking the Prototyping Categories button shown in Fig. 4. The designer should
start with identifying the purpose of the prototype. In this case, the activity
focuses on exploring design concepts and extract information about the cabi-
net geometry and the ergonomics (reachability and vision). So, choosing either
Exploration or Learning as the Purpose of the prototype will be appropriate
in this case. Next, the problem definition suggests that the resource availability
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Fig. 5. Results suggesting prototyping tools

is low; therefore, Low resource is selected. Since the problem involves working
on reach- and vision-related tasks, one way to interpret this information is that
there is more than one task involved, and they require physical activity. Thus,
Physical and Multiple options are selected. Likewise, the interaction between the
human and product can be regarded as High since it involves a combination of
Reaching- and Vision-related activities.

Next, the designer can launch the Prototyping Dimension window by click-
ing the Prototyping Dimension button, as shown in Fig.5. The designer needs
to identify appropriate prototyping dimensions (Type of Prototype, Level of
Fidelity, Level of Complexity, Scale, and Number of Iterations) corresponding
to each prototyping category (Purpose, Resources, Ergonomics Assessment, and
Human Product Interaction). Since the prototyping problem has a relatively sim-
ple ergonomics assessment (reach and vision) and constrained with low resource
availability, the default options for Prototyping Type and Level of Fidelity cat-
egories are selected as Computational and Low, respectively. In the Complexity
option, the designer needs to choose whether to build the whole product or only
a part. The problem states that the user should reach all four corners; thus, cre-
ating a prototype representing the entire cabinet geometry is selected. However,
if the designer identifies that the cabinet geometry is symmetrical, only creating
half of the cabinet will be sufficient. So, in this case, choosing either the Full
or Sub prototyping option is acceptable. Let’s assume Sub is selected here since
the resource availability is Low. The Scale option Same (1:1 ratio) is selected.
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Fig. 6. Prototype created using CAD and DHM to assess reach and vision aspects of
the manikin

Any high- or low-scaling ratio will otherwise not provide the correct ergonomic
assessments since reach and vision analysis requires actual dimensions of the
product. The Number of Iteration could be Single as the prototyping problem
is considerably simple. Perhaps, in one iteration, a solution can be achieved.
However, if there is enough resource available and a satisfactory resolution is
not attainable in one iteration, then the designer can choose Multiple Iteration
option.

Next, the designer clicks on Save to finalize their input and use the See Results
and See Tools buttons, as shown in Fig. 5, to see the list of recommended tools
to fabricate the prototype. In this case, the results show low fidelity CAD and
DHM as tools to consider in prototyping. These recommendations are used to
create the prototype as shown in Fig.6. Using CAD and DHM, the designer
can easily and quickly design the required cabinet while fulfilling the ergonomic
objectives of reaching and vision without building physical prototypes.

4.2 Case Study: The Human Error and Functional Failure
Reasoning Framework

We explore an aircraft design case study to demonstrate the application of the
HEFFR framework with DHM. The problem is about designing the aircraft
throttle, yoke, and flap systems. The first step is to build the system model,
consisting of a functional model, configuration flow graph, and action sequence
graphs. The functional model represents the decomposition of the system func-
tions as a flow, while the configuration flow graph represents the components that
fulfill each function in the functional model. The arcs in the functional model
and the configuration flow graph represent the flow of material, energy, and sig-
nal. The action sequence graphs represent the actions that the human needs to
perform to interact with a specific component as a sequence. An action sequence
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Fig. 7. Partial HEFFR system model of the flap system in an aircraft

graph is created for each component with human interactions (e.g., for the air-
craft design problem, one each for the yoke, throttle lever, and flap). Figure 7
shows an example of a functional model, configuration flow graph, and the action
sequence graphs for the flap system in an aircraft.

Next, the behavior modes for each component are defined. For example, the
component Throttle Lever has three behavior modes: “Nominal” - the throttle is
in the expected position, “Failed” - the throttle is in an unexpected position (e.g.,
the throttle is set to take off and go around - “toga” position when the aircraft is
cruising), and “Stuck” - the throttle is stuck at the current position and it can-
not be moved. Here, the behaviors “Nominal” and “Failed” are human-induced,
whereas “Broken” is non-human-induced. After the behavior modes are defined,
action classifications (states an action can take) for each action in the action
sequence graph is defined. For example, the action “Grasp” has three classifica-
tions (Nominal Grasp, Cannot Grasp, and No Action). The next step is to set
up the behavior simulation and action simulation. The action simulation takes
inputs relating to humans and tracks the action classifications of each action
using the action sequence graph to analyze the evolution of human-induced
behavior states of the system. The behavior simulation uses inputs relating to
components to track the evolution of non-human-induced behavior states of the
system using the configuration flow graph. Both simulations are set up using
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Fig.8. DHM vision coverage analysis while reaching the flap switch in an aircraft
cockpit

basic what-if scenarios. For example, what is the flow state for the component
throttle lever if the behavior mode is “Failed”.

Finally, the functional failure logic is defined. The functional failure logic
tracks the functional health of the system using the configuration flow graph
and the functional model based on the outputs of the behavior simulation and
action simulation. For each function, their state is assigned as “Operating,”
“Degraded,” or “Lost” based on the input and output flow states. For example,
for the function Transfer ME, if the energy input and output are equal, it is
designated as “Operating.” If the energy output is less than the input, it is in
a “Degraded” state. If the energy output is zero when the input is greater than
zero, it is designated as “Lost.” More details on how to build the system model
and set up the simulation can be found in Ref. [26] Next, using the automated
scenario generation algorithm [28] and the risk quantification model [29], fault
scenarios involving human and components are evaluated and prioritized based
on severity.

Once the failures with the most severe outcomes are identified, the human
actions that contribute to them are found and prioritized. For instance, let us
assume that the HEFFR analysis found that the fault scenarios relating to flap
and yoke systems had the most severe outcomes. Specifically, some of the human-
induced behaviors were identified as the behaviors with the highest expected cost
of failure. These behaviors can be further analyzed to pinpoint action combina-
tions that are highly likely to result in the specific behaviors. DHM simulations
and ergonomic studies relating to these action combinations are given priority
instead of having to focus on all probable action combinations and subsystems.
In the aircraft design case study, let us assume that the analysis of the HEFFR
data of the flap and yoke found that actions relating to reach and vision had the
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worst outcomes. As shown in Fig. 8, these actions are prioritized and analyzed
using DHM rather than performing DHM simulations for every action (or steps)
in the different subsystems. As design changes are made, this process can be
iterated until a satisfactory design is finalized.

5 Discussions

The proposed prototyping framework bridges the prototyping literature gap by
developing a prototyping framework for human-centered products. The frame-
work integrates prototyping guidelines, HFE principles, and computational
ergonomics assessment tools. Using DHM as a fundamental computational tool
within the prototyping framework helps designers to use DHM appropriately.
The suggestions and prototyping strategies generated from the prototyping
framework can guide designers, who might not be experts in HFE, to cor-
rectly built better prototypes using DHM. The framework also suggests what
ergonomic assessment should be performed using DHM and which one to avoid.
Also, the prototyping framework provides suggestions on whether to build a
physical, computational, or mixed prototype based on the prototyping problem,
type of ergonomics assessment, and available resources. Thus knowing the correct
prototyping strategies during the early design process phase allows designers to
rapidly ideate, explore and test several concepts before selecting the final design.
Avoiding the trial and error method of prototyping saves resources and improves
product quality.

The HEFFR framework allows engineers to assess the risk of component fail-
ures and human errors acting in combination during early design stages. When
applied solely, it only can identify the effects of human errors on the system.
However, when used with DHM, under the D-HIL framework, it can turn into
a more detailed risk assessment tool, allowing the assessment of human perfor-
mance and ergonomics in the early design stages. Under the D-HIL framework,
HEFFR can also complement DHM simulations by enabling designers to identify
the human action combinations with the highest failure severity and prioritize
them. This way, designers can give importance to human-machine interactions
that can cause the worst failures rather than analyzing every possible human-
machine interaction. One limitation of this approach is that it lacks fidelity
compared to later design stage more detailed risk and ergonomic assessment
methods. Hence, it may not fully capture potential risk when compared to the
late design stage methods. Thus, the goal of this approach is not to replace the
late design stage detailed studies. Rather, it is to complement them by mini-
mizing the need for design changes at later design stages. Overall, this approach
improves system and human performance and safety while reducing design cost
and time.

Overall, the D-HIL methodology represented in this paper provides a viable
platform to expand the coverage of HFE-based computational design method-
ologies by injecting DHM early in design. In contrast to many HFE method-
ologies, the D-HIL approach focuses on both the form and functional aspects of
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human-product interaction and offers opportunities to extend the DHM applica-
tions. Moreover, it provides a systematic approach on how to integrate different
computational design techniques for product development research. The Pro-
totyping Toolbox and the HEFFR framework are some of the methods that
were derived to supplement the D-HIL framework as human factors based early
design stage design tools. This study shows how the Prototyping Toolbox and
HFEER framework can be used within the D-HIL framework to garner insight
into product performance and human well-being (safety and comfort) early in
design. Although the two frameworks discussed in this paper represent only a
snippet of our ongoing efforts to build a more holistic HFE workflow, they show
great promise in terms of finding potential human-product discrepancies and
reducing the cost associated with the DBT cycle. We believe that these methods
and other emerging methodologies can inspire future DHM researchers toward
solving multidisciplinary early design problems using the D-HIL design workflow.
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Abstract. This paper presents a novel approach for assessing comfort at the work-
place, resulting from an interdisciplinary work between researchers in human-
computer interaction, architecture, social sciences, smart buildings and energy
management. A systemic comfort elicitation model including but not limited to
thermal comfort, is suggested. A proof-of-concept prototype application devel-
oped based on the proposed model is also presented. The results of a first evaluation
of the application’s acceptability in a real working environment are discussed.

Keywords: Human-computer interaction - Human-building interaction -
Interaction design - Comfort at work

1 Introduction

This paper presents a novel approach for systemic comfort elicitation at the office work-
place, resulting from an interdisciplinary work between researchers in human-computer
interaction, architecture, social sciences, smart buildings and energy management. While
most existing studies focus on thermal comfort analysis and adaptation, the work pre-
sented in this paper adopt a holistic approach to understanding comfort. The model builds
on literature findings to identify multiple comfort influence factors classified under three
main dimensions (social, physical environment, and work-specific). The model consid-
ers comfort as an integral part of workflow, inviting the employer, employee group, and
employers, to mindfully conscientize their emotions towards each comfort dimension
as part of work habits, and take individual and collective actions to optimize comfort.
The model considers comfort optimization as an iterative cycle with four main phases:
1) elicitation of how comfort is experienced, 2) automatic analysis to find correlations
and causality patterns, 3) real-time reporting to inform and raise group awareness and 4)
taking adaptive measures through negotiations. Awareness triggers behavioral changes
at the individual, group, and organization level. Continuous comfort inquiry or elicitation
enables tracking how the different comfort dimensions are experienced over time, fol-
lowing adaptive measures and behavioral changes. The model provides direct guidelines
to the development of a digital tool facilitating ubiquitous comfort elicitation, automatic
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pattern detection, and dynamic reporting. The proposed model is implemented in a proof-
of-concept application designed in a mobile-first approach. The application enables its
users to express their “emotions” and identify critical influence factors affecting their
comfort. In the context of a preliminary empirical evaluation of the application’s accept-
ability, the application is deployed in a real work environment over a period of three
weeks.

The rest of the paper is organized as follows: related work is first discussed, then
the proposed comfort elicitation model is described, followed by a presentation of its
implemented proof-of-concept application. Finally, the application evaluation outcomes
are discussed.

2 Related Work

According to existing studies, an individual’s general well-being is highly correlated
with his comfort at work [1]. While the notion of comfort is largely studied, there is a
strong focus in the literature on “thermal comfort” [2, 3]. Such studies have led to the
development of norms related to ambient temperature, humidity relative to air, and light
quality and intensity. Other studies advocate more holistic and integrative approaches to
understanding comfort taking into account factors, such as the interaction between the
individual and the organization [4]. De Looze et al. [5] propose a systemic approach to
understanding the notion of comfort with a tripartite definition: comfort is a personnel
and subjective concept, it is influenced by others factors (physiological, psychological,
and behavioral), and it is a reactor to an environment. Other studies, mainly focused
on thermal comfort, also stress on the dynamic and adaptive nature of comfort [6-9].
Vischer [6] considers adaptive models as the ones with the biggest potential for empirical
research. Humphreys et Nicol adopt an adaptive approach where a human being reacts to
a situation producing discomfort [7]. The proposed adaptive approach which focuses on
thermal comfort, is also applicable to all other areas present in the environment (physical,
social, work-related).

According to Ortiz’ adaptive model [8] on comfort dynamics, one can accept or com-
pensate for a partial discomfort if he/she gets “rewards” on other aspects. Compensation
for partial discomfort can also be a result of what is referred to as a negotiated collective
comfort [10, 11]. Several studies in the domain of human-computer interaction focused
on conscientization and awareness. A previous study reported in [12] showed how a
persuasive interface [13] that provides information awareness can induce a change of
behavior among users of workspace. Another HCI study also suggests [14] that group
awareness helps drive the group towards a negotiation and co-construction process.

Even if models considering the global and/or dynamic nature of comfort exist, there is
still a lack in the development and implementation of models that simultaneously tackle
both aspects. Typically, most comfort assessment models rely on long time-consuming
surveys [15, 16] that do not facilitate the implementation of an adaptive comfort model.
Providing efficient, frequent, and ubiquitous means for expressing felt (dis)comfort, can
present several advantages including detecting early signs of discomfort and facilitating
crisis prevention and management.

The conceptual model presented in this paper combines features of the adaptive
model developed for thermal comfort [9] with features from holistic models developed
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in [5, 8]. Last but not least, the particularity of the proposed model lies in adopting
a pragmatic modeling approach with a technological facet, explicitly integrating digi-
tal system components and facilitating the model’s implementation in a real working
environment.

3 Conceptual Model

The conceptual comfort model proposed in this paper takes a systemic approach in
understanding how comfort at office work is experienced (emotion and meaning) and
provides direct implications for the model’s implementation. The model entities consist
of individual and group employees, comfort influence factors, in addition to three dig-
ital components: subjective and objective data collectors, data analyzers, and dynamic
reporters. The model’s main characteristics are described hereafter, along with their
implications on the model’s digital components.

e Comfort is modeled in a global multi-dimensional approach: Three main dimen-
sions for comfort assessment are considered: physical environmental, social, and work
related. Following a literature review, major influence factors are identified for every
dimension (see Table 1). The model acknowledges the interaction between inter-
dimension influence factors over time. As a direct implication, the analyzer should
attempt to detect correlation and causality patterns between influence factors over
time. For example, it can be noticed that work tasks are always perceived as difficult
when work is conducted in a specific social or physical environment.

Table 1. Comfort dimensions and associated influencing factors

Comfort dimension | Factor

Work Task challenge compared to your skills
Result compared to expectation

Social Support of your leader
Feedback of your leader

Degree of autonomy

Exchange with your colleagues

Exchange with your subordinates

Physical environment | Temperature
Light

Noise

Air quality
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e Comfort is understood as an individual negotiation process, between favorable and
unfavorable influence factors. Facilitating conscientization (through feeling expres-
sion) and raising awareness are considered as fundamental in the negotiation process.
The following two characteristics are derived from this one.

— Comfort is understood as essentially subjective: the focus is put on identifying
employees’ felt comfort. In this view, the model recommends nudging [17] employ-
ees to conscientize his/her emotions along every comfort dimension of the proposed
model. In this respect, the digital data collector enables ubiquitous expression (any-
time, anywhere). The analyzer components can detect potential gaps in the same
physical environment, between objectively measured comfort metrics and subjec-
tively perceived and reported ones. The reporter’s role is raising awareness related
to gaps in subjective and objective data.

— Comfort elicitation is driven by dominant emotion associated to an influence fac-
tor. The model recommends adopting a depth-first approach in subjective comfort
elicitation, whereby a single dominant influence factor can be chosen per comfort
dimension. The chosen factor could either consist of the one dominantly driving a
positive well-being at the time of a vote. Alternatively, it could consist of the factor
that is predominantly perceived as causing discomfort; it has not been compensated
by other positive factors during the conscious or unconscious negotiation process.
This characteristic of restricting comfort elicitation to one dominant emotion and
influence factor per dimension, can be considered as the core specificity and contri-
bution of the proposed model. First, it is consistent with the view of comfort as an
individual negotiation process. Second, as a limited “questionnaire”, its outcomes
are still valid compared to exhaustive and long questionnaires [18]. Third, comfort
elicitation by dominant emotion and factor reduces cognitive load and renders emo-
tion expression more efficient. This model’s choice directly impacts the subjective
data collector design, as more efficiency yields better usability (as defined in the
ISO standard') and enables frequent usage.

e Comfort is understood as a collective negotiation process: the notion of collective
comfort is a crucial challenge in the office work environment. Collective comfort
can be addressed through a negotiation process between the employees occupying the
same space and/or sharing tasks. In this view, the model recommends group awareness
as a first step towards the negotiation process. Adopting a privacy-by-design paradigm,
users have to accept to share their votes with a group.

e Comfort is understood as an evolving process, intrinsically integrated in work-
flow management. The subjective data collector must track comfort on a regu-
lar and frequent basis. With frequent comfort elicitation, the analyzer can detect
whether reported emotions have evolved following (individual and collective) adaptive
measures (Fig. 1).

1 https://www.iso.org/obp/ui/#iso:std:is0:9241:-11:ed-2:v1:en.
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Fig. 1. Cyclic process and component relationships of the conceptual model

4 Proof-of-Concept Application

A proof-of-concept application prototype is developed based on the conceptual model
proposed. The application enables users to express, follow, and understand the evolution
of their emotions and their underlying factors. It is worth noting that the current appli-
cation’s analyzer does not yet provide advanced analysis including automatic pattern
detection useful for crisis prevention and management. The analyzer is currently lim-
ited to scenarios relying on descriptive statistics. This section describes the remaining
application’s components recommended by the conceptual model: the subjective and
objective data collectors as well as the reporters.

4.1 Objective Data Collector

In contrast with prevalent energy consumption systems relying on standard scales, this
adaptive approach relies on effective usage and contextual data [19]. The objective
data collector retrieves measured data from the Big Building Data (BBDATA) storage
infrastructure of the Smart Living Lab [20]. BBDATA exposes sensor data via Restful
Web APIs? provided the sensor unique identifier is known.

4.2 Subjective Data Collector

The subjective data collector proposes two different styles of comfort elicitation by
dominant emotion and factor. The first style consists of a short step-by-step progres-
sive questionnaire, where users are asked a single question at a time. Each question is
answered using the traditional point-and-click interaction style as illustrated in Fig. 2
below. First, users are invited to rate their general well-being on a 4-point scale. Second,
they are invited to choose a comfort dimension that is impacting their general well-being.

2 https://www.amazon.com/RESTful-Web-APIs-Services-Changing/dp/1449358063.
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Third, they can express in which way the chosen dimension is affecting them. Fourth,
they choose one dominant impact factor among several possible options.

Fig. 2. Snapshots of the step-by-step form to retrieve dominant influential factor of a user

The alternative comfort elicitation approach consists of a grid where tabs can be used
to navigate through comfort dimensions. A snapshot of the single-page view is presented
in Fig. 3. The voting by dominant emotion and factor is maintained in this view. While
the step-by-step questionnaire style helps new users discover the application’s purpose
and use it, the second should enable frequent users to express their emotions in a faster
way.
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Fig. 3. The single-page form to retrieve the influential factor corresponding to the dominant user
emotion

4.3 Configurable Reporter

The application’s reporter consists of interactive dashboard that contributes to personal
and group awareness. The proposed dashboard can be configured based on the period,
room, theme and influence factor of interest. The dashboard proposes two complemen-
tary user interface components: 1) a heatmap showing (positive or negative) emotion
trends over the selected period of time and 2) a radar chart comparing a target user’s
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feeling to a selected group’s feeling during the chosen period, and with respect to the
selected influence factors.

The heatmap shows voting tendencies over selected periods of time, as illustrated
in Fig. 4 below. The period can consist of days, weeks, months of seasons. When a
week is chosen, the value corresponds to the most voted response for this week. By
default, the target user’s expressed emotions are shown over the chosen period. When
the target user selects a specific group, the heatmap shows most frequency response
options, discounted by the number of votes per member. When “temperature” is chosen
as the influence factor, subjective answers are confronted with the objective temperature
reported by physical sensors during the same time period.

matin
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Fig. 4. A heatmap (from the reporter module) displaying user’s perceived thermal comfort along
with the temperature measured

While the heatmap highlights individual or group emotion polarity over a period
of time for the chosen influence factor, the radar chart displays individual and group
emotions simultaneously. The simultaneous superposition of individual and group the
distribution along the possible voting options, helps the user realize to what extent
his/her own emotions concur with emotions of other users sharing the same working
environment (be it social, physical, or structural) (Fig. 5).

Super Mal
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Fig. 5. A radar chart (from the reporter module) comparing a member’s felt comfort (in blue) for
the chosen influence factor to that of other group members (in green) (Color figure online)
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5 Empirical Evaluation

A small-scale 3-week study was conducted with seven pilot users in order to assess the
acceptability of the proposed proof-of-concept in a real working context. For this specific
study, four indoor Multisensor> sensors were installed in offices occupied by one or two
participants. Every deployed sensor takes measures of humidity, noise, temperature, and
luminosity at regular intervals (every fifteen minutes). Sensor data were sent to BBDATA
(Big Building Data) servers developed and maintained by the Smart Living Lab [20].
The application was very briefly presented to pilot users and they were encouraged to
use it for a period of three weeks, to report their feelings at work. Evaluation metrics
and results are discussed hereafter.

5.1 Evaluation Metrics

The User Experience Experience (UEQ) is chosen for this first experiment. Empirical
studies indicate the validity of this questionnaire in capturing the perceived user expe-
rience in a comprehensive way [21]. The long version of this questionnaire contains
twenty-six items, that belong to six categories allowing to evaluate the pragmatic, hedo-
nic, and attractiveness qualities of the prototype being evaluated. Each item proposes
two bipolar adjectives (e.g. impractical/practical) five options to choose from: a midway
neutral point and two points on each side indicating the user’s bias towards one of the
proposed adjective.

5.2 Results

User answers were analyzed using the UEQ Data Analysis Tool. According to the tool
guidelines, values larger than 0.8 should be interpreted as positive, and values less than
—0.8 as negative. Furthermore, the analysis tool guidelines indicate that it is extremely
unprobeable to observe values less or above than 2 using the questionnaire. Figure 6
shows the mean response value per category of questions. Looking at the results, the
prototype’s pragmatic quality (Perspicuity, Efficiency, and Dependability) as well as its
attractiveness were positively perceived by participants. As far as the hedonic quality
(stimulation, novelty) is concerned, participants did not perceive the application as stim-
ulating. As indicated in Fig. 7, no question belonging to the stimulation sub-category
was positively evaluated.

5.3 Discussion

Previous empirical studies indicate that up to 75% of usability issues can be detected with
as little as three to five users [22]. Nevertheless, assessing the perceived usefulness and
hedonic qualities of an application requires long-term studies and depends on the usage
context. Other factors can explain why the application was perceived as easy to use and
efficient. Dynamic reporting is not sufficiently emphasized in the current interface. In the
next prototype version, alerts through visual awareness cues, push-based notifications

3 https://aeotec.com/z-wave-sensor/.
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and recommendations will be incorporated, in order to encourage exploring individual
and group data reports. With more emphasis on the reporting user interface component,
the application is expected to trigger more interest and user stimulation. Furthermore,
reported analysis is currently limited and focused on descriptive group statistics. Group
statistics are deemed interesting to a user, as they enable comparing individual emotions
to the group “average” emotions and tendencies. Nevertheless, given the number and
constitution of pilot users in this first study, the “group” feature was neither brought
forward nor effectively used, rendering group statistics irrelevant. Finally, the motivation
to use the application will also depend on its usage context, and more specifically how
the awareness information reported is dealt with. This is compliant with the underlying
model which views comfort elicitation and optimization as an integral part of the working
environment.
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6 Conclusion and Future Work

This paper presents a conceptual model for understanding comfort, using an adaptive and
global approach. The proposed model includes digital components facilitating comfort
elicitation and awareness through automated analysis and reporting. A proof-of-concept
application based on the proposed model was developed and tested in a short-term
study. The comfort elicitation means implemented in the application were perceived
as efficient. Future work includes developing an analyzer with more advanced pattern
matching and predictive algorithms. As far as the reporter is concerned, dashboards can
be complemented with a more “natural” communication channel. Conversational agents
(or chatbots) [23] can interact with users and communicate significant awareness signals
and recommendations. For instance, chatbots can inform individual users that a room
measured temperature does not lie into their own thermal comfort zone or signal that a
significant portion of group members are experiencing some discomfort, in order to trig-
ger communication and adaptive actions. Long-terms experiments will be conducted in
order to assess the application’s perceived usefulness and hedonic qualities. Longitudi-
nal studies involving the application deployment in real working environments, are also
planned in order to assess the impact of individual and group awareness on facilitating
negotiations and comfort optimization.

Acknowledgments. This interdisciplinary research work was funded by the SLL (Smart Liv-
ing Lab) [20]. Anthony Cherbuin, Martin Spoto, Ryan Siow, Yael Iseli and Joélle Rudaz have
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Abstract. Since latest the presentation of the concept of Industry 4.0 digitaliza-
tion is increasingly implemented in industry and especially in production industry.
Along with this development the availability and handling of data in production
enterprises have been improved and are still objective of further improvements.
Additionally, data are the basis for implementing artificial intelligence and using
its potentials for many purposes. One of these can be supporting employees com-
pleting their tasks. Both, digitalization, and artificial intelligence lead to changes
in work design, work processes and organizational structures. Thus, they also have
an impact on occupational safety and health and require identifying and assess-
ing the consequences for the physical and mental health of employees. The risk
assessment is an essential part of occupational safety and health. It has to be per-
formed for instance in case that new machines or devices will be procured. Further
questions in this context concern possibly arising fears of employees, having little
experience with new technologies, or the fit of existing and required skills for new
technologies. Structured by informational and energetic types of work as well as
the design areas technology, organization, and personnel the opportunities of digi-
talization and artificial intelligence are described within this contribution. Equally,
the impact on occupational safety and health is discussed. Finally, the implemen-
tation of digitalization and artificial intelligence is outlined and an outlook on
future standardization activities is given.

Keywords: Digitalization - Artificial intelligence - Work design - Occupational
safety and health - Production industry

1 Introduction

Since latest the presentation of the concept of Industry 4.0 digitalization is increasingly
implemented in industry and especially in production industry. This process is dynamic
since digitalization contributes to increasing productivity and profitability by enabling
innovative changes and improvements in products, processes, and business models [15].
Along with this development, the handling of data in production enterprises has been
improved and is still objective of further improvements. It leads to an availability of data
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via digital networks which allows automated analyses of data and using the results for
steering processes based on predetermined rules and cyber-physical systems. Addition-
ally, data are the basis for implementing artificial intelligence (AI) and using its potentials
for many purposes. Al helps handling large amounts of data as well as finding structures
and relations within these data. Thus, it is a valuable tool for supporting employees com-
pleting their tasks — no matter if these tasks are of informational or energetic kind. Both,
digitalization, and artificial intelligence lead to changes in work design, work processes
and organizational structures. Thus, they also have an impact on occupational safety and
health. Besides the opportunities of informational or energetic support for employees,
e.g. reducing physical strain by using work assistance systems or reducing mental strain
by supplying relevant information on smart devices, it is necessary to identify and assess
the consequences for the physical and mental health of employees. To do so, the risk
assessment is an essential part of occupational safety and health management. It has to
be performed for instance in case that new machines or devices will be procured for
implementing digital technologies. Further questions in this context concern possibly
arising fears of employees, having little experience with new technologies, or the fit
between existing qualifications and competencies and (new) requirements of using new
technologies. Therefore, an adequate communication before and while implementing
new technologies is crucial for engaging employees and has to be considered as well.
Due to that, not only the technical basis of digitalization and Al but also their impact
on organizational structures and personnel are subject of standardization activities like
they are described in the German Standardization Roadmaps Industry 4.0 [7], Artificial
Intelligence [24] and Innovative Working World [6].

2 Background

Crucial for a comprehensive understanding of the afore described development ten-
dencies and the afterwards following discussion of opportunities of digitalization and
artificial intelligence for occupational safety and health in production industry is a back-
ground in digitalization, artificial intelligence and occupational safety and health which
is presented in this chapter.

2.1 Digitalization

Digitalization describes the increasing use of digital technologies in all areas of human
life. It started with the concept of digitization and the design of the first computer systems.
Since then, digital technologies have been developed with a high dynamism which is
often described by the help of Moore’s law [8]. Thus, digital technologies and especially
the contained computer systems became smaller, more efficient, and more cost effective.
This facilitated their increasing use more and more.

Also in production industry, digitalization started slowly with increasing dynamics
and is still ongoing. A fully digitalized production industry is often described as smart
manufacturing or “Industry 4.0”. Both terms describe digitally supported production
systems. They consist of cyber-physical systems (CPS) and thus are called cyber-physical
production systems (CPPS). A CPS can be any component of a production system as
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long as it can be integrated into a digital network; for example, a tool machine which can
communicate information on its current status and can be controlled digitally. This leads
to a horizontal and vertical integration in production enterprises for sharing information
and allows setting up decentral steering mechanisms. To do so, the available data are used
to implement simple rule-based algorithms which help completing simple tasks as for
example, ordering new materials if their stock level falls below a certain predetermined
level. Afterwards, further development can be done by an integrated view and analysis
of many data and usually requires the implementation of artificial intelligence including
deep learning.

On this basis the development of digitalization in production industry can be struc-
tured into three steps: (1) information by availability of data, (2) interaction by simple
rule-based algorithms, and (3) artificial intelligence including deep learning. These steps
are building on each other and are illustrated in Fig. 1.

Artificial intelligence and deep
learning to support decision-
making and control of objects
and machines

Rule-based support for
interaction of persons, machines
and objects with each other and

their environment

Availability of current
information on the location and

condition of machines, objects .
(and persons) Intelligence

Interaction
Information

Fig. 1. Stepwise development of digitalization [[10] modified].

Digitalization affects the handling of data. Thus, examples of digitalization can be
structured by the steps of the data handling process: collection, transfer, processing,
providing and usage of data [25]. In Fig. 2 examples of digitalization in production
industry are illustrated along the data handling process.

2.2 Artificial Intelligence

In the course of progressive digitalization in the production industry towards Indus-
try 4.0, intelligent networking of various IT systems as part of vertical integration and
the use of networked cyber-physical systems generate extensive data streams that can be
combined for a wide variety of evaluations. The resulting data volumes can be system-
atically analyzed with the aid of appropriate techniques for the purpose of process or
product innovation and the development of new business models. The digital availability
of information is a central prerequisite, to enable artificial intelligence (AI) methods for
being implemented into industrial production processes to realize Industry 4.0 and to
enable additional productivity gains here. Al technologies are to be understood as meth-
ods and processes that enable technical systems to perceive their environment, work out
on what they perceive, and independently solve problems, make decisions, and learn
from the consequences of these decisions and actions. The currently very prominently
discussed Al term essentially refers to deep learning with artificial neural networks.
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Fig. 2. Examples for digitalization in production industry structured by steps of digitalized data
handling [25].

Deep learning is fundamentally based on the way biological neural networks work in
the human brain and refers to algorithms that can learn with the help of the replicated
network structures of neurons. The main applications in which Al-based processes and
systems can be used are predictive analytics, optimized resource management, quality
control, intelligent assistance systems, knowledge management, robotics, autonomous
driving, intelligent automation, and intelligent sensor technology.

2.3 Occupational Safety and Health

The increasing implementation of digitalization and Al goes along with changes in the
design of work, workplaces, and organizational structures. This affects occupational
safety and health and can enable physical and mental relief. Additionally, the use of new
technologies and a corresponding infrastructure (“Internet of Things”, cyber-physical
systems) can enhance the quality of the risk assessment: through its integration into
existing systems and the receipt of occupational safety and health-relevant data from
these systems [17].

The prevention of absences due to illness or occupational accidents, for example, is
an essential building block for a healthy working environment. In addition, the humane
design of work is an important guiding principle in occupational safety and health. Work
must be designed in such a way that, as far as possible, it does not result in any adverse
effects on health and performance. Employers have a legal obligation to ensure the safety
and health of employees in the workplace. With risk assessment as an essential element
of occupational safety and health, hazards are identified, and protective measures are
initiated. Even though the responsibility for carrying out the risk assessment lies with
the employer, he does not have to carry it out himself, but can commission other actors
from the company to do so.

The increased use of digital technologies brings various challenges for employees and
companies. It is important for companies to address the question now of what the working
world of tomorrow should look like in order to ensure health, work and performance [20].
Aspects relevant to occupational safety and health concern, for example, the changes
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in strain constellations that the introduction of a new technology may bring. How and
when potential users are informed about the technology and its expected benefits is
also crucial. In this way, possible reservations on the part of subsequent users can be
countered. In view of increasing digitalization, risk assessment loses nothing in terms
of topicality and relevance. It can be used to derive and implement preventive protective
measures. Ideally, the risk assessment should be carried out before a new technology is
acquired, but at the latest before it is introduced.

Digitalization offers a wide range of possibilities for work design and, as a result,
new opportunities for occupational safety and health. This applies to both, predominantly
mental and predominantly physical activities. To ensure that digitalization and modern
occupational safety and health can be implemented successfully, companies are required
to take advantage of the wide range of opportunities and find company-specific solu-
tions [14]. In this context, both, managers and employees are challenged to counter the
potential hazards of tomorrow’s working world. Aspects that contribute to maintaining
work and performance in a changing working world are:

e Optimal ergonomic design of the human-machine interface

e Optimal design of work systems/technical systems to support the employees in their
work, also with regard to learning supportability

e Enabling lifelong learning and tailor-made further training

e Strengthening personal responsibility

e Live and use occupational safety and health and place greater focus on the preventive
aspect to ensure safety and health

e Involve all stakeholders at an early stage before introducing a new technology

e Take into account users’ needs and emotional and cognitive states (e.g., in the case of
digital assistance systems) [1].

3 Opportunities of Digitalization and Artificial Intelligence
for Work Design and Impact on Occupational Safety and Health

The manifold opportunities of digitalization and artificial intelligence (AI) for designing
work and their impact on occupational safety and health (OSH) are structured by two
basic concepts: The two basic types of work and the three aspects/perspectives of work
design [12].

The main structure differentiates the basic types of work (see Fig. 3). This structure
has been chosen since both basic types of work can be supported specifically by digital-
ization and Al and every type of work is composed out of different shares of both basic
types of work. Thus, the opportunities of digitalization and Al for any type of work can
be composed out of the opportunities of digitalization and Al for both basic types of
work. This enables deriving the opportunities of digitalization and Al for the specific
circumstances of any application case. Similarly, the impact of digitalization and Al on
OSH for any application case can be composed out of the impacts digitalization and Al
have on the contained shares of basic types of work.

Both basic types of work are sub structured by three aspects/perspectives of work
design. These are technical, organizational, and personal aspects/perspectives of work
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Fig. 3. Types of human work and their composition out of basic types of human work [19].

design. The three aspects are influencing each other and thus, have to be considered
holistically to design work safe and healthy, and influence the stress-strain situation of
employees properly. For safety reasons, possible measures from the different aspects
are usually prioritized in the following order: technical measures before organizational
measures and organizational measures before personal measures.

3.1 Opportunities for Informational Work

The opportunities of digitalization and Al for supporting informational work or work
components result from their opportunities to support each step of the information han-
dlings process: data collection, transfer, processing, providing and usage (see Fig. 2). This
leads to numerous approaches to further improve the stress-strain situation of employees
by cognitive relief [12].

Technical Design of Informational Work. Technical opportunities for supporting
informational work facilitate the access to information as well as their presentation
within the process of work [12].

Digital representations of information are advantageous over paper-based docu-
ments. They help ensuring the actuality of information when product specifications are
changing, or production processes need to be adapted to changing requirements. They
also contribute to the accessibility of information when they are immediately available
from a single point of truth. Allocating digital information to products requires marking
products or workpiece carriers with bar codes, QR codes or RFID tags. They help iden-
tifying the product and allow displaying the associated product or process information
via projections, displays, tablet computers, smartphones, and smartwatches. Also, data
glasses using augmented reality can be suitable for providing information in some cases.
Furthermore, the allocated information can be displayed according to defined require-
ments of certain displays or — in case of work instructions — depending on the progress
of a job. Additionally, information on typical mistakes can be displayed according to
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certain tasks or subtasks for supporting quality management. The location-independent
availability of information via digital networks allows supporting mobile activities such
as maintenance and repair or field service. Equally, knowledge work can be carried out
mobile as long as information and communication technology enables secure and stable
data connectivity with sufficient bandwidth.

The adjustment of displayed information to the current work progress of a task as well
as the information on typical mistakes can be improved continuously by implementing
Al and deep learning.

A proper situational provision of information can relieve employees from searching
for information. Additionally, the linking of information with objects, as made possible
by augmented reality and projection systems, prevents misunderstandings and mistakes.
Both leads to a cognitive relief. Furthermore, the handling of paper-based documents
is avoided, which saves time and prevents cuts on sharp paper edges; depending on the
respective design of information provision, both hands can remain free for carrying out
the actual activity [12].

Organizational Design of Informational Work. Organizational opportunities for sup-
porting informational work facilitate the handling and mastering of large amounts of data
as it is required for planning and coordination activities [12].

The allocation of employees to various workplaces requires at least the consideration
of attendance and qualification as basic criteria. Informational assistance systems meet
these requirements and, in addition allow considering other criteria such as ergonomics.
This requires the creation of profiles characterizing each employee and each task, the
determination of possible assignments of employees to tasks based on their qualifica-
tions, and establishing methods for the automatic ergonomic assessment of all these
assignments by the help of well proven assessment tools (e.g. [2—4]). The resulting
evaluations of the individual stress-strain situations of each assignment are the basis
for identifying and selecting an assignment combination that leads to a minimum strain
on the respective group of employees considered [13]. The location-independent access
to information enables extensive opportunities for designing knowledge work and any
other kind of work which does not require special materials or supplies that are available
only within buildings or workplaces of the employer. The opportunities refer to mobile
work and home office and require adequate tools which support communication and col-
laboration processes on distance. These tools increase the requirements on competencies
for using them as well as digital literacy in general. They also enable working in the
field of remote maintenance and remote control. The flexibility of location-independent
work can facilitate access to the labor market for employees who are restricted in their
mobility and thus in their choice of work location due to their life situation or for personal
reasons.

Al can be applied for improving the outlined methods and tools. The allocation of
employees to tasks by consideration of ergonomics allows, for example, also identifying
qualification potentials for individual employees that can help improving ergonomics
within an entire group of employees.

At the core of industrial production, Al analyzes and interprets sensor data. The
sensors measure distributed states in machines and systems in order to carry out actions
in process sequences derived from them. Firstly, the industrial data shows where there
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is potential for optimizing existing production processes, for example, by controlling
automatic maintenance of machines or providing indications of malfunctions. Second,
the resulting feedback loops reveal new opportunities for services and the further devel-
opment of smart products. In this way, new knowledge is continuously being generated
— together with new ideas, it opens the way to previously untapped markets. With the
help of data sharing, the overall plant capacity can be increased and consequently new
potential benefits can be tapped.

The consideration of ergonomics for the allocation of employees to workplaces
enables an additional contribution to the preservation of health as well as the work and
performance capacity of employees [11]. Location-independent work can help reducing
stress from commuting to work. On the other hand, one aspect of successful mobile
work is the selection and use of ergonomically designed work equipment. Furthermore,
it can be assumed that the ergonomic behavior of employees will be more important
in this form of work than in stationary work. This also means that instruction in safe
and healthy behavior will become even more important [18]. Furthermore, possible
impairing consequences such as extended work-related availability or the phenomenon
of so-called “interested self-endangerment” can occur. Ideally, therefore, stress factors
that could result in adverse consequences should not arise at all. As part of their duty of
care, companies must take measures to minimize the adverse effects on safety and health
if hazards cannot be ruled out. Employees must support their company in this (§ 15-16
ArbSchQG).

Personal Design of Informational Work. Personal opportunities for supporting infor-
mational work regard the preparation and presentation of information for specific pur-
poses like securing employees decisions or promoting their creativity and learning
[12].

Comprehensive information about a production system, its current status and his-
torical data on order processing can be used to identify possible handling alternatives
for production planning or in the event of malfunctions that occur despite predictive
maintenance and other preventive measures. In addition, the handling alternatives can
be evaluated based on simulation using key figures such as overall equipment efficiency
(OEE) or adherence to delivery dates. Historical data on order processing are also helpful
for supporting the activities of design engineering: Based on the current design progress
potentially reusable parts can be automatically identified and suggested. At the same
time, specific faults that occur during the production or assembly of certain components
can be visualized and can enable corresponding changes in the current design. In this
way, the effort required for the manual search for reusable parts and for unnecessary
new designs, as well as the consequences of design faults, can be reduced. Furthermore,
the level of detail of work instructions can be adapted to the employees experience.
When performing a task for the first time, employees are provided with very detailed
instructions. While gaining more experience the amount of information within the work
instructions can be reduced to key information and, if necessary, references to special
requests from customers. The assistance system for the allocation of employees to tasks
described before also allows maintaining required knowledge and a high level of practice
by assigning certain tasks to each employee at latest after a predefined period of time.
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Methods of Al can help simplifying the implementation and application of the afore
described measures and can help improving their effectiveness. E.g., historical data can
help Al improving the validity and reliability of simulation results. Equally, tracking
user behavior can help to automatically identify approaches for improving software
ergonomics.

Al-driven assistance systems also offer enormous potential in the service sector
and in classic office work. Customers often expect a comprehensive personal advisory
service that is available around the clock and without long waiting times. Chatbots,
i.e. Al-based chat programs, can relieve customer service employees here in the future
and process routine inquiries independently 24 h a day. Employees will then have more
time to deal with more complex inquiries or provide personal support to customers. The
same applies to intelligent, i.e. Al-based, image recognition software, which can already
create simple analyses based on photos and process the appropriate handling of a service
case. Employees then have more resources for processing complicated service cases. In
this context, intelligent assistance systems will primarily take over routine activities
and rule-based tasks, thus giving employees more room for creative, social and service
activities.

The processing of existing information can contribute significantly to cognitive relief,
e.g. by simulation-based decision support in complex decision-making situations. Like-
wise, information can be used to design work in a way that is conducive to learning and
to maintain knowledge and practice. In this way maintaining a sufficient level of prac-
tice can also help to prevent accidents at work. Against the background of occupational
safety and health, it should be noted that, for example, when introducing assistance sys-
tems, future users should ideally already be involved in the design process. Likewise, the
design of computer and machine systems, visual displays, screen displays and outputs
should be adequately ensured for meaningful dialog guidance [1].

3.2 Opportunities for Energetic Work

The opportunities of digitalization and Al for supporting energetic work or work compo-
nents result from the combination of their opportunities to support each step of the infor-
mation handlings process (data collection, transfer, processing, providing and usage; see
Fig. 2) and the general technological development. This leads to numerous approaches to
further improve the stress-strain situation of employees by reducing physically stressful
activities or parts of them [12].

Technical Design of Energetic Work. Technical opportunities for supporting energetic
work address the transfer of work to technical systems. Often generic technical systems
are used for executing simple tasks [12].

For example, simple transport tasks are often suitable to be transferred to driverless
transport systems. The easier such systems can be set up and the easier they can take
over transport orders (e.g. on demand or by gestures), the more is an increasing spread in
the operational practice to be expected. Those facilitations require the collection of data
on the surrounding environment of the transport system as well as on the way transport
orders are taken over.
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Their introduction and use in companies can be simplified and optimized by Al
methods. This refers especially to the recognition of surrounding ways, standing and
moving obstacles, and humans as well as to the determination of consequences in the
movements of the transport system.

In addition, Al-based robots will take on physically heavy work. Ergonomic gains
will also enable older employees to work in jobs with high physical stress. There are
also opportunities to further reduce accident and health risks in many areas. The Al
technology natural language processing can be used to provide speech-based interfaces
for picking, for example. Information is transformed into speech via the system and
fed to the user via headphones. Commands and confirmations are also made via voice
commands. The main advantage of such solutions is the hands-free operation of the
system, which is crucial in logistics. Al-based self-controlling machine monitoring can
eliminate physically demanding manual maintenance inspections for humans. Sensors
monitor various real-time data such as lubrication condition, temperature, vibrations,
and forces in machines. The data collected is used to create a virtual image of the current
machine and process condition and to control automated maintenance activities such as
adding lubricant. If the automated activities do not improve the system status, further
sources of error are identified and a maintenance technician is informed via smartphone.
In this way, the necessary human maintenance activities are reduced to a minimum.

Thus, the technical opportunities for supporting energetic work can significantly
contribute to relieving humans and their musculoskeletal systems from monotonous as
well as physically demanding tasks. While the reduction of, for example, monotonous
activity is to be welcomed, great importance should be attached to a careful design of
work and support systems, otherwise impairing physical consequences such as forced
posture and lack of movement may result. In addition, excessive and unindividualized
support can lead to monotony, which in turn can have unfavorable consequences for
motivation, health, and long-term work ability [1].

Organizational Design of Energetic Work. Organizational opportunities for support-
ing energetic work are usually considered when technical opportunities are not applica-
ble. They usually address the transfer of work components to technical systems [12]. This
requires a targeted distribution of work components between employees and technical
systems.

The human-robot collaboration (HRC) is a well-known example for the distribution
of work components between employees and technical systems. The consideration of
the individual strength of humans (e.g. dexterity and experience) and robots (e.g. high
positioning accuracy and high load capacity) and their targeted combination is crucial for
a successful implementation of HRC. Since this collaboration usually is implemented
without enclosure or fencing of the robots, there is a large amount of data necessary for
steering the robots properly and preventing collisions with humans which may lead to
injuries. In addition to avoiding collisions also the consequences of collisions can be
minimized. This is enabled by the implementation of lightweight robots which lowers the
risk of damages or injuries due to their smaller mass. The implementation of lightweight
robots is limited by their smaller load capacity (compared to classic industrial robots).

The required data include not only details on the task to be performed, but also on
the current positions of the human and the robot as well as predictions on the human’s
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movements for proceeding the task execution. Deep learning can help improving the
required coordination and control processes and adapt them to the special characteristics
of different tasks as well as on the individual needs and characteristics of different
employees [22].

A major obstacle to the introduction of industrial robots is the high cost of training
for automation solutions. This effort leads to high setup costs and low flexibility, which
so far made such solutions economical only for frequently recurring processes. The
combination of various Al technologies, such as multidimensional pattern recognition
and action planning algorithms, now allows new processes to be set up by mimicking the
movements of humans. Flexible adaptation to process runtime is also increasing by using
Al technologies. For example, handoff areas can be defined instead of requiring precise,
fixed handoff points when setting up the process. Dynamic detection of the position
and orientation of the required components is then performed with the help of image
processing and, if necessary, other sensor technology. In addition to flexibility compared
to previous automation solutions, this also increases the stability of the processes. Image
processing also enables direct HRC without a safety fence. The human-machine interface
can also be made more intuitive with the help of natural language processing.

Overall, the organizational support for energetic work by HRC can significantly
contribute to relieving humans and their musculoskeletal systems of monotonous and
physically demanding work components. Generally, it is recommended to apply a rank-
ing of the applicable measures, e.g. with the 3-step method for determining protective
measures. The 1st stage concerns direct safety engineering (eliminate hazards or reduce
the risk as far as possible, e.g. increase distances to the hazardous point or modify the
design). The 2nd stage is aimed at indirect safety engineering by installing separat-
ing or non-separating protective devices against remaining risks (e.g. with hazardous
movements, interlocked light curtains or safety doors). In the 3rd stage, indicative safety
technology is used by informing and warning users about residual risks (e.g. by means
of operating instructions, information signs, optical/acoustic warning devices) [5].

Personal Design of Energetic Work. Personal opportunities for supporting energetic
work are usually considered when technical or organizational opportunities are not appli-
cable [12]. They address supporting human activities within the work process by intro-
ducing exoskeletons or other assistive devices for handling, absorbing and dissipating
forces.

Basically, there are passive and active assistive systems available. Passive systems
do usually not require any technical control. For example, springs are currently in use
for passive exoskeletons, which help facilitating overhead work where it cannot be
avoided. But there are also simpler devices like covers for the tips of the thumbs to
facilitate clipping tasks or bandages for wrists to relief strain during lifting and holding
tasks. Active systems with own drives require technical control for balancing forces and
dissipating them away from employees. In principle, active systems can also provide
additional power for increasing human capabilities. For example regarding force, they
could enable employees to lift larger loads than it would be possible naturally.

Active systems can be controlled via Al and thus adapt to the user by means of deep
learning [22]. This refers especially to individual needs and characteristics of different
employees.
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The use of Al in companies and the associated increasing possibility of human-
machine collaboration have significant implications for future work design. Energetic
assistance systems (robots, exoskeletons) can, among other things, keep older and dis-
abled people in the work process longer or integrate them better into it, or enable less
qualified employees to perform complex work collaboratively with Al-based machines.
In order to take advantage of these opportunities for companies and employees alike,
work must be designed to enable efficient collaboration between employees and Al-
based machines. For example, workplaces can be adapted in such a way that one-sided
physical stresses caused by collaboration is avoided, e.g. with Al-based robots that adapt
to the body size and movement patterns of employees.

Exoskeletons and other assistive devices can provide physical relief and help main-
taining the employee’s ability to work and perform. An enhancement of human capa-
bilities by active exoskeletons does not necessarily lead to relief and must therefore be
examined for every use case — also regarding possibly occurring long-term effects.

4 Implementation of Digitalization and Artificial Intelligence

The implementation of digitalization and artificial intelligence in companies is changing
the way information and the associated information flows are handled. Thus, existing
structures and processes must be reviewed and, if necessary, adapted. Productivity gains
result from high availability and targeted use of information based on digitalization
and data connectivity throughout the company — in direct and indirect areas alike. This
means that information is largely captured, forwarded, and processed automatically.
These automated information flows require compliance with fundamental principles of
automation and lean management or holistic enterprise systems. Processes, including
the information flows associated with them, must therefore be clearly defined and stan-
dardized. On this basis, digital information flows can be designed to meet the specific
requirements of each application or use case [12].

The implementation of intelligent digitalization with artificial intelligence has special
features that arise in particular from the participation and acceptance of employees
and have an impact on the work design process [21]. Al technologies in the sense
of self-learning algorithms usually require supervised or reinforcement learning for
their efficient use. Employees are then usually not only users of the system, but also
trainers, partners, or mentors. For achieving the required high level of acceptance of Al
technologies, human aspects must be indispensably taken into account in their use.

The goal and purpose of using the Al system should be defined with the employees
right from the start. It is helpful to provide information about how an Al system works
and to assess the potential and risks of Al for the company, the organization, and the
employees. The design of the interface between humans and the Al system should
be guided by criteria for a humane and productive implementation of human-machine
interaction in the work environment, such as transparency, explainability, or the type of
data processed and used by the Al system [21].

An Al system must be suitably integrated into existing or new or changed work
processes and organizational structures. This may result in changed task and activity
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profiles for employees and corresponding qualification measures [9]. Al technologies
are characterized by the fact that they are trained on multi-layered (production) data.
Since this data changes continuously, an Al system also changes permanently. After
the introduction of an Al system, there should therefore be a continuous review and
evaluation of the Al deployment to ensure possible adjustments regarding the design of
the applications, the organization of work or the further qualification of employees [23].

Part of the transformation — the change towards working with Al technologies, is
to define a culture of change, to try out possible uses of Al, to experiment, but also to
evaluate, to accept or reject changes. Helpful tools in the introduction of Al systems
are pilot projects and experimentation phases, in which experiences can be achieved
and possible adaptation needs can be identified regarding the Al systems, qualification
requirements or work organization. Successful implementations usually help to iden-
tify new opportunities for further digitalization activities and further applications of
Al Therefore, successful implementations often cause self-reinforcing tendencies and
increase digitalization dynamism.

If, for example, new technologies or intelligent software is introduced, the risk assess-
ment must be carried out or checked to ensure that it is up to date. The question to be
asked here is whether the innovations introduced bring significant changes. On the other
hand, these new technologies can be used for an improved risk assessment, for example
by using sensors to determine,

whether work equipment meets the safety requirements.

whether work equipment is being used that is not suitable or approved.
which hazardous substances are used and what exposures arise.

whether the prescribed personal protective equipment (PPE) is being used.

Aspects of data protection must always be taken into account. Furthermore, when
considering potential new threats, cross-divisional and cross-interface impacts should
be considered in addition to the impact on users, especially with regard to the company’s
IT department [16].

S Summary and Outlook

Digitalization is an ongoing process which affects all areas of human life. In production
industry digitalization is related to the concepts of smart manufacturing and Industry 4.0.
It enables the improvement and new design of products, processes, and business models.
Equally, digitalization enables the implementation and use of artificial intelligence and
related methods as deep learning. These developments affect human work and the design
of workplaces as well as the organizational structures around. In consequence, also for
occupational safety and health occur new developments.

The opportunities of digitalization and artificial intelligence as well as their con-
sequences for occupational safety and health are illustrated by the help of examples
and analyzed in detail afterwards. The results are structured by informational and ener-
getic types of work as well as the design areas technology, organization, and person-
nel. Overall, many opportunities for relieving humans from physical strain and mental
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stress become visible. They complement the extensive opportunities of digitalization
and artificial intelligence to increase productivity and profitability.

The implementation requires well proven methods of change management applied
for the special opportunities of digitalization and artificial intelligence while considering
occupational safety and health. Furthermore, existing implementations help identifying
new opportunities for digital technologies and cause self-reinforcing tendencies.

The opportunities of digitalization and artificial intelligence as well as experiences
from practical implementations into socio-technical systems result in needs for the adap-
tation of existing standards and preparing new ones. These needs are described in several
standardization roadmaps which now can result in regarding activities of the different
standardization organizations on national and international level.
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Abstract. Fall accidents due to the loss of balance on stepladders never go away.
Straddling and sitting on the top cap of the stepladders appears to be stable, but
working in sitting may lose balance. The purpose of this study is to evaluate the
fall risk when sitting on stepladders based on digital human simulation. This study
consists of two steps: preliminary experiment and digital human simulation. The
preliminary experiment is conducted for estimating the lumbar critical torque. In
the experiment, backward tilt motion is measured by optical motion capture system
with force plates. Six older people participate in the experiment. After that, the
fall risk of stepladder sitting is estimated by the digital human simulation. In
the simulation, various reaching postures are generated by the inverse kinematics
calculation, and corresponding lumbar torque is further estimated by the inverse
dynamics calculation. Our results clarify the reaching postures into falling or stable
postures by comparing the measured critical torque with the estimated one.

Keywords: Digital human - Stepladder - Fall risk

1 Introduction

Fall accidents by stepladders have occurred for industrial workers and senior citizens
due to the loss of balance [1-3]. As shown in Fig. 1(a), for safety use of stepladders,
forward reaching with standing at the steps is recommended. Straddling and sitting on
the top cap (Fig. 1(b)) appears to be stable, but working in sitting may lose balance. Such
use is restricted, but accidents due to sitting on the stepladders never go away [4]. Thus,
quantification and visualization of fall risks are important to reduce the accidents.

Studies have been conducted on the safety of the stepladders. Stability of reaching
with standing at the steps were evaluated based on the foot force measurements [5-7]
and the inverted-pendulum model [8]. However, it is basically infeasible to apply these
approaches to the sitting case due to the difference of the contact parts between the user
and the stepladder.

As demonstrated by the previous studies [6, 8], relation of a boundary of base-of-
support (BoS) and the body center-of-mass (CoM) has been used for posture stability
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Fig. 2. Fall from stepladders

evaluation. The BoS is determined as a convex polygonal region over the contact regions,
where the contact regions between the human and the objects such as the floors and chairs
are projected onto the horizontal plane. In the case of sitting on the stepladders, as shown
in Fig. 2(a), the BoS is determined by the contact regions between the both feet and steps
and between the hip and top cap. The body CoM exceeding the BoS leads the falling
of the user [6, 8]. The CoM out of BoS is motivated by the active behavior, i.e., the
excessive forward reaching (Fig. 2(b)), and the passive behavior, i.e., breaking posture
due to the high physical load (Fig. 2(c)). In the case of sitting on the stepladders, the fatal
cause of posture breaking is the trunk function. During the sitting, both feet are under
the hip joints with hip abduction. In this posture, the trunk function more contributes to
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Fig. 3. System overview

maintain balance than lower limbs. Furthermore, inability of trunk causes falling. For
example, when the lumbar torque becomes greater than its critical torque, the posture of
the user becomes instable. Consequently, this causes the CoM out of the BoS.

Recent advances in digital human (DH) technologies have enabled the kinematics and
dynamics simulation of human body. Several studies [9, 10] estimate the posture stability
[9] and the product usability [10] based on the DH simulation. The DH simulation has a
potential for evaluating the fall risk of the stepladders without the ergonomics experiment
making the elderly fall from the stepladders. Therefore, this study aims to evaluate the
fall risk when sitting on the stepladders using the DH simulation focusing on the trunk
function prior to the BoS analysis.

2 Method

Figure 3 shows an overview of this study. This study consists of two steps: (Al)
preliminary experiment and (A2) DH simulation. Details are described below.

(A11) Measuring Backward Tilt Motion

The backward tilt motion was measured by optical motion-capture system with force
plates (Fig. 4). Six older people (65 to 75 years) participated in the experiment. They were
asked to backward tilt down slowly until they can no longer keep the posture. The full-
body motion and the reaction forces on both feet F, ; and chair legs F|~4 were obtained.
The contact force f » between the hip and chair is estimated as f’ » = F +Fy,+F3+Fy,
and its position is estimated by the conditions for the equilibrium of moment. In this
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o= L5 ik

F1 534: contact force b/w floor and chair
F,;: contact force b/w floor and foot

Fig. 4. Preliminary experiments

study, well-measured 17 trials in total were used. The experiment has been approved by
the ethical reviewer board in author’s institute.

(A12) Critical Torque Estimation

All joint torques were calculated from the measured motions and forces. Inverse dynam-
ics calculation was performed by DhaibaWorks [11], in-house DH platform. In this
system, the joint torque #; is obtained by an optimization method [11] the under the
assumption of the conditions for the equilibrium of gravity, inertial, and contact forces:

meg +fE+fE+15 =0, (1)

and the equilibrium of moment:

1S, X mgg + & +1g +15; =0 )
mg and g are the mass of the body segment G and the gravity acceleration vector. The
forces f g, f I(g, and f g represent the contact forces for the segment G, the joint reaction
forces between the segment G and its parent segment, and the joint reaction forces
between the segment G and its child segment. The torques ¢<, tg, and tg represent the
torques for the segment G caused by the forces f g, f IG(, and f g, respectively. The forces
and torques could be written as follows.

G _ G
fxk= Zj:o,l,zxKJef’ 3)

G _ G .
Iy = ZjZO’I,ZxK,j%eJ’ “)

where x € X represents the optimization variables to describe the forces and torques. e,
e, and e represent the unit vectors ey = i, e; = j, eo = k. Finally, all forces and torques
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Fig. 5. Critical torque estimation

are estimated under the assumption of minimum sum of squares of contact forces and
joint torques, i.e., minimizing the following objective function.

Fo=7Y _ mn?, )

where wy is the weight coefficients for x and specified to constant value (w, = 1).

In this study, the forces F,, F; and f, were treated as f g for the right foot, left foot,
and the pelvis segments.

When the backward tilt posture was broken, a spike acceleration of the sternum was
observed (Fig. 5). At this time, the lumbar joint torque 7, in extension (+)-flexion (—)
direction was calculated for all participants. Its average u; and standard deviation o;
were treated as the lumbar critical torque 7; ~ u; & o;.

(A21) Motion Simulation on Stepladders

In the simulation step, various reaching postures were generated and used for fall risk
evaluation. First, as shown in Fig. 6, the target hand points H = {h;} were generated in
a radial way from the breast. Then, a set of reaching posture P = {P;} was estimated
by the optimization-based inverse kinematics [12] to satisfy the given constraints: both
hands contact on k;, both feet contact on the steps, the hip contacts on the top cap, and

all joint angles satisfies its range-of-motion. The details of this algorithm are described
in [12].
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Fig. 7. Friction cone (N, = 3)

(A22) Fall Risk Analysis

The lumbar joint torque #; of each posture P; was estimated by the inverse dynamics
using the Eqs. (1)—(5). Different from the critical torque estimation process, the contact
forces between the user and the stepladders were unknown. Thus, such contact forces
were further estimated. In this study, as shown in Fig. 7, the contact force f g is defined
by the friction cone

G G .G

fe= Z Xc,i€i (6)
i=[0,N, ]

G G

8= D %l O
j=0,1,2

where cl.G is the unit vector defined on the i th triangular surface of the friction cone. The
friction cone is created so that its top vertex and central axis correspond to the contact
position and normal vector. Finally, all joint torques, joint reaction forces, and contact
forces were estimated by solving the Eq. (5) with the constraints (1)—(4), (6) and (7).
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After that, for posture P;, t; was compared with the critical torque distribution 7;. In
this study, the posture P; satisfying t; < u,; = so; was categorized into the falling posture
F C P i.e., reaching h; by hand causes the fall due to inability of lumbar. On the other
hand, other posture P; satisfying #; > u; & so; is seemed to be stable posture S C P i.e.,
reaching h; was realized with less lumbar torque. s represents safety factor (s > 1).

3 Results

Figure 8 shows the result of critical torque estimates by the preliminary experiment
(Fig. 3 (A1)). The distribution was calculated from 17 trials performed by six older
people (65 to 75 years). As shown in the figure, the distribution of critical torque was
T; ~25.9 £ 6.7 Nm. T is used as a threshold value to evaluate the fall risk of given
posture.

Figure 9 shows the developed fall risk evaluation system. In the system, the posture
estimation results were displayed by the digital human model. The lumbar torque and
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the distribution 7; is also displayed. In addition, Fig. 10 shows the fall risk estimation
results. As shown in Figs. 10(a) and (b), the lumbar torques of these postures were greater
than ;, so such large backward tilt with torso twist were categorized into falling posture
P; € F even with s = 1. In contrast, the lumbar joint torques of Figs. 10(c)—(f) were
less than u,, thus its categorization depends on the value of safety factor s. However, the
posture in Fig. 10(f) could be considered as stable posture even with s = 3. The fall risk
tended to increase as the CoM moves backwards. Thus, the fall risk estimation results
are seemed to be reasonable.

(e) Stable (i, — 30, < t; < pe — 20y, S) () Stable (t, < u, — 30¢, F)
Fig. 10. Fall risk evaluation
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4 Conclusion

In this study, the fall risk evaluation system for sitting on stepladders was developed. In
this system, the reaching postures were generated by the generated. Then, the lumbar
torque was estimated by the inverse dynamics calculation and compared with the critical
torque distribution measured by six older people. Our results shows that the estimated
reaching posture could be clarified to falling or stable posture based on the user-specified
safety factors.

The limitation of this study is the experimental validation. The experiment making
the elderly falls is basically infeasible even if the harness was attached. Therefore, in our
future work, the system will be validated by comparing the fall risk with the BoS-based
stability factors. These factors were essentially different; however, it helps the validation
of our system.
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Abstract. Chemical protection personnel need to wear closed clothing to work
in harsh environment. Continuous sweating and outward heat dissipation will lead
to high temperature and high humidity inside the chemical protection clothing,
which will increase the physical load of chemical protection personnel. In the envi-
ronment of high temperature and humidity for a long time, the thermoregulation
function of chemical prevention personnel is easy to be maladjusted, such as heat
stroke, heat spasm, heat failure, etc., which will lead to vague consciousness and
even shock. Therefore, accurate monitoring and evaluation of the physical load of
chemical protection personnel in high temperature and humidity environment is
very important to optimize the operation process and ensure the safety of work-
ers. Firstly, the temperature and humidity of the environment were controlled by
simulation experiment, and the core temperature, surface skin temperature, heart
rate, blood oxygen, sweating amount and sweat evaporation amount were mea-
sured when the chemical protection personnel were wearing chemical protective
clothing. The change rules of each index were studied by using statistical analysis
method, and the sensitive physical load evaluation index was revealed. Then, the
weight coefficient of each index is calculated based on factor analysis method
to simplify the independent variable factors of physical load evaluation model.
Finally, the regression model of physical load was constructed by combining sub-
jective feelings and physiological indexes. Sixteen healthy men aged 19-25 years
participated in the test. The environment temperature and humidity were divided
into normal temperature and humidity (23 °C, 45%), low temperature and high
humidity (10 °C, 70%) and high temperature and humidity (35 °C and 60%).
The core temperature was measured by anus and Cor-temp capsule temperature
sensor. The results showed that the core temperature of chemical prevention per-
sonnel in normal temperature and humidity environment was relatively stable,
while the core temperature in low temperature and high humidity, normal tem-
perature and high humidity environment increased by 0.74 °C, 1.03 °C and 2 °C
respectively. There was significant difference in the core temperature of chemical
prevention personnel under different temperature and humidity environment (P <
0.05), which proved that the core temperature can be used as a sensitive index to
evaluate physical load. The surface skin temperature of shoulder, chest, arm, waist,

© Springer Nature Switzerland AG 2021
V. G. Dufty (Ed.): HCII 2021, LNCS 12777, pp. 67-78, 2021.
https://doi.org/10.1007/978-3-030-77817-0_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77817-0_6&domain=pdf
https://doi.org/10.1007/978-3-030-77817-0_6

68 P. Zhang et al.

neck, hand, thigh and lower leg was measured by temperature inspection instru-
ment. The results showed that the surface skin temperature of chemical protection
personnel in high temperature and humidity environment increased significantly
(up to 39 °C). There were significant differences in the skin temperature of chemi-
cal protection personnel under different temperature and humidity conditions (P <
0.05), indicating that the surface skin temperature can be used as a sensitive index
to evaluate physical load. The heart rate data were measured using the ECG band
developed by polar team. The results showed that the heart rate of the chemical
protection personnel wearing protective clothing was the fastest (up to 180 bpm)
in high temperature and humidity environment. There was significant difference
in heart rate under different temperature and humidity (P < 0.05), which proved
that heart rate can be used as a sensitive index to evaluate physical load. The blood
oxygen saturation was measured by finger cuft sensor. The results showed that the
oxygen saturation of the chemical protection personnel in the normal temperature
and humidity environment was 95%, and the oxygen saturation of the chemical
protection personnel wearing protective clothing in the low temperature and high
humidity environment, the normal temperature and normal humidity environment
and the high temperature and high humidity environment decreased gradually,
which were 94%, 93% and 91%, respectively. There was significant difference in
blood oxygen saturation among chemical workers under different temperature and
humidity (P < 0.05), which proved that blood oxygen saturation could be used as
a sensitive index to evaluate physical load. The results showed that the amount of
sweat and evaporation increased with the increase of ambient temperature. The
average sweating amount was 1.25 kg, accounting for 1.6% of body weight, which
reached the limit of human sweating capacity. There were significant differences
in the amount of sweat and the amount of sweat evaporation in different tempera-
ture and humidity environment (P < 0.05), which proved that the amount of sweat
and the amount of sweat evaporation can be used as a sensitive index to evaluate
the physical load. The weight coefficient obtained by factor analysis showed that
the temperature index was the most important indexes in the evaluation of physical
load in high temperature and humidity environment. There are two key factors,
core temperature and heart rate, in the stepwise regression equation of physical
load established between subjective feelings and sensitive indicators. The fitting
degree of the model is as high as 0.917 under the hypothesis test of homogeneity
of variance.

Keywords: Chemical protection personnel - Physical load - Evaluation index -
High temperature environment - High humidity environment

1 Introduction

Due to the harshness of the working environment such as fire-fighting and nuclear-
biochemical treatment, more and more people work in closed clothing. Therefore, we
must pay attention to their life safety to avoid casualties and improve the efficiency of
the task [1]. Because it is easy to induce overload when working in closed clothes, which
leads to the decline of physical efficiency, slow reaction and affects people’s working
ability and life safety. If the protection is improper, it will lead to the occurrence of
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life-threatening phenomenon. According to statistics, in the 161 casualty accidents of
fire officers and soldiers in China from 1980 to 2008, there were 801 casualties, 225
deaths and 576 injuries. One of the main reasons is their high intensity and overload
work. In addition, in the usual training, it is also possible to cause fainting, dyspnea, heart
discomfort and other phenomena due to overload training intensity [2]. Similarly, the
shipbuilding industry personnel need to wear closed clothing, they will be affected by
the high temperature environment and work clothes, which will make the human body
produce strong thermal stimulation. In severe cases, it will cause syncope of operators,
and even endanger lives [3]. Especially, chemical protection soldiers must wear closed
protective clothing and carry a 20 kg compressed air tank when they work, and they will
be exposed to toxic gases in the process of performing tasks. They often appear overload
state and then affect people’s work efficiency and life safety. Therefore, it is of great
research value to monitor the vital signs and working ability of the operators of airtight
clothing [4-6].

Now we attach great importance to the life safety of staff, and the number of occu-
pations wearing protective clothing is gradually increasing. But at the same time, it also
brings many problems, the main problem is the physical load caused by wearing pro-
tective clothing for a long time. Wearing protective clothing will increase the wearer’s
metabolism, and the total increase of metabolism depends on the properties of protective
clothing. The number of layers, fitness and weight of clothes will affect the metabolic
rate and physiological reaction during activity [7]. The research of Rintamaki et al. found
that every 0.5 kg increase of clothing could increase the metabolic rate by 2.7-3.3% [8].
Oksa and Dorman compared 14 different combinations of personal protective clothing
and found that the metabolic rate increased by about 2.7% [9, 10]. The correct choice and
use of protective clothing in industry can reduce the physiological burden of wearers.
Through the experiments of different layers of protective clothing in different environ-
ments, it is found that the more layers, the faster the metabolic rate increases and the
heavier the physical load.

In the extreme environment, firefighters cannot work without protective clothing. The
weight of personal protective equipment will increase the thermal stress, thus increasing
the probability of firefighters falling and other injuries. Kiwon Park conducted four
simulated fire-fighting experiments on 44 firefighters and found that wearing fire-fighting
clothing and protective equipment was more likely to cause high physical load. Through
the comparison of the tests before and after the operation, it is found that fatigue will affect
the working energy and cause large operation error [11]. Deanna Colburn conducted
sensory and motor control tests on firefighters wearing protective equipment. It was
found that although wearing masks would affect breathing, it did not have a substantial
impact on the stability of the front and rear position or movement of firefighters, but only
increased the physical load of firefighters in action [12]. Ming Fu studied the thermal
effect of protective clothing for firefighters and proved that the influence of clothing
permeability on thermal effect was positively correlated with the core temperature and
skin surface temperature of human body [13]. M. Fu, W.G. Weng studied quantitatively
the heat flux and thermal protection of the four layers of protective clothing. It was found
that the protective clothing with high air permeability could reduce the temperature
by sweating, while the protective clothing with low air permeability had the opposite
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effect [14]. Ann Sofie Lindberg Christer malm studied the physical load of various
parts of the body of firefighters with 13 years of experience through a questionnaire.
The research shows that exercise is beneficial to the physical and mental load bearing
ability of firefighters, so it is very important for firefighters’ moderate daily training
[15-17]. Anna Marszalek studied the thermal load of mine rescuers under the same
physical workload (25% of the maximum oxygen consumption). He used three types
of respirators to evaluate the physical load of mine rescuers. The results show that the
respirator obviously hinders the heat exchange with the environment and increases the
physical load [18].

This paper focuses on the physical load of chemical prevention personnel wearing
closed clothing in different temperature and humidity environment. Core temperature,
surface skin temperature, heart rate, blood oxygen, sweating volume, sweating volume,
subjective perception value and other indicators were measured. Statistical analysis was
used to find out the sensitive indexes related to the characteristics of physical load.
Finally, combined with the subjective feelings of chemical prevention personnel, the
physical load was evaluated to provide technical basis for their safety protection and
ability monitoring.

2 Method

2.1 Participants

In this study, 16 healthy male volunteers aged 19-25 were selected. No cold, fever or
other symptoms were found in the volunteers during the period of the experiment. All
the volunteers did not take part in the similar experiment. They had good sleep quality
before the experiment and had no drinking or coffee behavior. During the experiment,
the volunteers were familiar with the purpose and process of the experiment and filled
in the informed consent form. The basic information of volunteers is shown in Table 1.

2.2 Experimental Environment and Equipment

The experimental scene is a walk-in environmental simulation test chamber which the
temperature and humidity can be adjusted according to the requirements of the test.
The experimental environment of this experiment is low temperature and high humidity
(10 °C, 70%), normal temperature and humidity (23 °C, 45%) and high temperature and
high humidity (35 °C, 60%). The rectal temperature is measured by the sensor made
by YSI company of USA (model is 4000 A, the range is 0-50 °C, and the resolution
is £0.01 °C). The body temperature was measured by Cor-temp capsule temperature
sensor made in USA (The accuracy is 0.01 °C). Heart rate and blood oxygen were tested
by polar team management system. Sweating amount and sweat evaporation amount
were measured by Kcc150 high precision anthropometric scale (The maximum range is
150 kg and the resolution is 0.0001 kg).



Study on Evaluation Index of Physical Load 71

Table 1. Basic information of volunteers

Number | Age (years) | Weight (kg) | Height (cm)
1 23 59 172

2 19 66 173.5

3 20 69 173

4 21 63 180

5 19 68 176

6 18 64 173

7 20 84 177

8 25 76 178

9 24 63 175

10 27 55 170

11 24 57 166

12 27 68 172

13 25 65 170

14 23 82 174

15 24 65 172

16 24 60 171

Mean 22.68 £2.84 |66.5+8.18 | 173.28 £3.43
value

2.3 Experiment Content

In this paper, the control variable method is used to simulate the working environment
of chemical protection. By controlling the type of protective clothing, the volunteers
were exposed to different temperature and humidity environments (low temperature and
high humidity (10 °C, 70%), normal temperature and humidity (23 °C, 45%) and high
temperature and high humidity (35 °C, 60%). In different temperature and humidity envi-
ronment, volunteers wear different protective clothing. Their core temperature, surface
skin temperature, heart rate, blood oxygen, sweating, evaporating hair and subjective
feeling score were collected.

First, the volunteers wore ordinary clothes and conducted an experiment, which
served as a benchmark. Then volunteers wear protective clothing to run on treadmill in
different temperature and humidity environment. The basic time is 1H and the speed is
4 km/h. The trial was terminated when the heart rate exceeded 180 bmp or the core tem-
perature increased by 2 °C. In experiment, rectal temperature was measured by inserting
10 cm into the anus of volunteers and core temperature was measured by oral capsule
sensor. The 8-channel temperature inspection instrument was used to measure the sur-
face skin temperature at 8 points, including shoulder temperature, chest temperature,
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arm temperature, waist temperature, neck temperature, hand temperature, thigh temper-
ature and calf temperature. The polar team heart rate meter was used to collect the heart
rate of the volunteers during the whole experiment, which the data was recorded once
a second. Sweating amount and sweat evaporation amount were measured by weighing
method. The amount of sweating was equal to the net weight before the experiment
minus the net weight after the experiment. The amount of evaporated hair was equal to
the weight of the volunteers before the experiment minus the weight of the volunteers
after the experiment. The volunteers and the experimental environment were shown in
Fig. 1.

Fig. 1. Human temperature test scene

2.4 Data Analysis

Statistical analysis method was used to analyze the change trend of core temperature,
surface skin temperature, heart rate, blood oxygen, sweating volume, sweat evaporation
volume and subjective perception value. SPSS software was used to compare and analyze
the measurement indexes in low temperature and high humidity, normal temperature and
humidity, high temperature and high humidity environment to determine whether there
are significant statistical differences. Factor analysis was used to analyze the weight
coefficient of sensitivity index of physical load. The weight coefficient of physical load
sensitivity index in different temperature and humidity environment was obtained. The
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physical load intensity was classified by relative heart rate method and the physical load
model was established by stepwise regression.

3 Results and Discussion

In this paper, anus temperature sensor and cor temp capsule sensor are selected to mea-
sure the core temperature. The core temperature curve of volunteers under different
temperature and humidity is shown in Fig. 2. The statistical results show that the core
temperature of each state increases with time. Under the conditions of low temperature
and high humidity, normal temperature and humidity, and high temperature and high
humidity, the corresponding core temperature increases by 0.74 °C, 1.03 °C and 2 °C
respectively. The state of high temperature and humidity has reached the tolerance limit
of human physiological temperature. The main reason for this phenomenon is that the
environmental conditions will affect the heat exchange. Heat exchange is easier when
the temperature gradient is larger, that the accumulated heat in the human body will be
released in time. The p value of paired t test of core temperature among groups was less
than 0.05, so core temperature can be used as a sensitive index of physical load.
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Fig. 2. Core temperature curve under different temperature and humidity. Blue line is normal tem-
perature and humidity without protective clothing. Gray line is normal temperature and humidity
with protective clothing. Orange line is low temperature and high humidity with protective clothing.
Yellow line is high temperature and humidity with protective clothing. (Color figure online)

The surface skin temperature was measured at 8 points of shoulder, chest, waist,
neck, hand, arm, thigh and leg. The average skin temperature curve of volunteers under
different temperature and humidity conditions is shown in Fig. 3. The surface skin
temperature showed an upward trend with the increase of time, which was mainly caused
by the environmental gradient and the sweat evaporation of wearing protective clothing.
The p value of paired t test of surface skin temperature among groups was less than 0.05,
so surface skin temperature can be used as a sensitive index of physical load.
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Fig. 3. Skin temperature curve under different temperature and humidity. Blue line is normal tem-
perature and humidity without protective clothing. Gray line is normal temperature and humidity
with protective clothing. Orange line is low temperature and high humidity with protective clothing.
Yellow line is high temperature and humidity with protective clothing. (Color figure online)

In this paper, the polar heart rate meter is used to measure the heart rate of volunteers.
The heart rate curve of volunteers under different temperature and humidity conditions
is drawn as shown in Fig. 4. The metabolic rate of human body will increase accordingly
with the increase of environmental temperature to maintain the normal life activities of
human body. The heart rate must be accelerated with the increase of oxygen consumption
and blood flow speed. When wearing protective clothing, the evaporation process of
human sweat is hindered, and the rise of human temperature will also accelerate the
heart rate. The p value of paired t test of heart rate among groups was less than 0.05, so
heart rate can be used as a sensitive index of physical load.
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Fig. 4. Heartrate curve under different temperature and humidity. Blue line is normal temperature
and humidity without protective clothing. Gray line is normal temperature and humidity with
protective clothing. Orange line is low temperature and high humidity with protective clothing.
Yellow line is high temperature and humidity with protective clothing. (Color figure online)
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Blood oxygen saturation is an important physiological index to judge whether the
body is anoxic or not. When the body is in mild hypoxia, the volunteers will have poor
breathing. When the body is in severe hypoxia, the volunteers will have shock. In this
paper, a finger cuff sensor is used to measure blood oxygen saturation. The change curve
of blood oxygen saturation of volunteers under different temperature and humidity is
shown in Fig. 5. The results showed that in the environment of low temperature and high
humidity, normal temperature and humidity, and high temperature and humidity, the lack
of oxygen supply of volunteers was gradually aggravating. The p value of paired t test of
blood oxygen saturation among groups was less than 0.05, so blood oxygen saturation
can be used as a sensitive index of physical load.
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Fig. 5. Blood oxygen saturation curve under different temperature and humidity. Blue line is
normal temperature and humidity without protective clothing. Gray line is normal temperature
and humidity with protective clothing. Orange line is low temperature and high humidity with
protective clothing. Yellow line is high temperature and humidity with protective clothing. (Color
figure online)

In the environment of low temperature and high humidity, normal temperature and
humidity, and high temperature and high humidity, sweating amount and sweat evapo-
ration amount are increasing. This is mainly because when the skin surface temperature
reaches the critical temperature of sweat activity, it begins to reduce the temperature
through sweat. Therefore, the higher the temperature, the greater the amount of sweat-
ing, and then the amount of sweating will increase. In the high temperature and humidity
environment, the amount of sweating has reached 1.25 kg. According to the calculation,
the tolerance limit sweating of human body in high temperature and humidity environ-
ment accounts for 1.6% of body weight, which has exceeded 1.5%. At this time, the
body’s heat resistance also began to decline, accompanied by heart rate and body tem-
perature rise. The p value of paired t test of sweating amount and sweat evaporation
amount among groups were less than 0.05, so sweating amount and sweat evaporation
amount can be used as a sensitive index of physical load.
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The formula of factor analysis is as follows:

F = 0.61F; + 0.20F, + 0.19F; (1)
Fy = 0.657x1 + 0.766x; + 0.209x3 — 0.475x4 + 0.487xs — 0.023x5 2)
Fy = 0.644x1 + 0.550x + 0.942x3 — 0.837x4 + 0.126x5 + 0.134x¢ 3)

F3 = 0.152x; + 0.170x; + 0.143x3 — 0.140x4 + 0.788x5 + 0.954x¢ 4)

F represents a comprehensive physiological index. The smaller the value of F, the
smaller the value of load. x is the core temperature, x; is the surface skin temperature,
x3 is the heart rate, x4 is the blood oxygen, x5 is the sweating amount and xg is the sweat
evaporation amount. In different temperature and humidity environment, the biggest
weight coefficient is the temperature factor. The results show that in the environment of
different temperature and humidity, people’s physical load is most significantly affected
by their own temperature regulation.

The subjective perceived value of 16 volunteers at the end of the experiment was taken
as the dependent variable, and the sensitivity indexes of physical load including core
temperature, average skin temperature, heart rate, blood oxygen, sweating volume and
sweating volume were taken as the regression factors. The stepwise regression method
is used to carry out multiple linear regression, and the factors that meet the criteria
and have the largest weight are selected to carry out the regression equation. Through
the analysis of SPSS statistical software, the output results of physical load regression
model are shown in Table 2. It can be seen from Table 2 that there are two variables
in the regression model, which are core temperature and heart rate. The R? adjusted by
regression model is 0.917, which indicates that the regression equation is well fitted.

Table 2. Results of physical load regression model

Model Items in the model | Coefficient | t value | P value

Regression | Constant —271.731 | =7.056 | 0.000
Core temperature 6.937 6.232 | 0.000
Heart rate 0.176 5.403 | 0.000

4 Conclusion

In this paper, the physiological indexes of 16 young male volunteers were measured
under different temperature and humidity environment. Through statistical analysis,
core temperature, surface skin temperature, heart rate, blood oxygen, sweating amount
and sweat evaporation amount can be used as sensitive indicators of physical load. The
weight coefficient obtained by factor analysis showed that the temperature index was
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the most important indexes in the evaluation of physical load in high temperature and
humidity environment. There are two key factors, core temperature and heart rate, in the
stepwise regression equation of physical load established between subjective feelings and
sensitive indicators. The results obtained in this paper can be used to evaluate physical
load. It can provide theoretical support for the health monitoring of chemical protection
personnel.
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Abstract. Nowadays, the phenomenon of aging is becoming more and more
serious. The elderly people suffer from various illness, like degenerative
osteoarthropathy and sarcopenia, which seriously hinder the ability of elders’
daily activities and affect their quality of life, and even induce other more serious
diseases. The medical and health care design that focuses on such problems is
extremely important and urgent. Some evidence indicated that resistance exercise
was an appropriate treatment method for early-staged degenerative osteoarthropa-
thy and sarcopenia. Based on the basic principle of resistance exercise and the
digital human modeling (DHM) technical expertise, a set of wearable exercise
boosters was designed, and with it the elders can perform appropriate resistance
activities without any external assist, and maintain the mobility of lower limbs.
The wearable exercise booster combines concepts of anthropometry, biometrics,
motion capture and prediction. Firstly, the signals of flexion and extension of limbs
can be transmitted to the servo motor by the pressure sensor placed in the device
pad. Then, the servo motor drives the external kneepad by rotating in a specified
direction and gives proper resistance to the stretching motion, and finally, the wear-
ers can do resistance exercise by themselves gradually with the booster’s help. For
patients who need different levels of exercise, artificial intelligence technology
can be applied beforehand to make changes of strength, speed and frequency in
different treatment courses, to fully meet the requirements of users for home-based
rehabilitation physiotherapy. This research is a good application of the DHM in
medical and nursing fields, and has certain innovative and practical significance.

Keywords: Resistance exercise booster - Activities of daily living - DHM -
Ergonomics - Aging

1 Introduction

The aging of the Chinese population is becoming more and more serious, and the elderly
generally suffer from various lower limb diseases such as degenerative osteoarthropathy
and sarcopenia. The statistical data of the WHO indicated that there are 355 million
patients with degenerative osteoarthropathy worldwide, and in particular, almost every-
one suffers from different degrees of joint disease or is unable to sit or move as a result
of degenerative joint disease in people aged over 60 [1]. Sarcopenia is also a common
disease in the elderly. Studies found that the quality and quantity of skeletal muscle
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decreased about 8% per year from 40 years old, and doubles over the age of 70. These
afflictions seriously hinder the ability of elders’ daily activities and affect their quality
of life. As of 2020, bone Joint disease will become the fourth most disabling disease in
the world [2], bringing a heavy economic burden to society and the country. Sarcopenia
is also a common disease in the elderly. Such diseases will reduce the ability of daily
living of the elderly to varying degrees and affect their quality of life in their later years
[3].

However, the pathogenesis of these diseases is not yet clear, and there is no exact cure
method. In 2018, the Chinese Orthopaedic Association “Osteoarthritis Diagnosis and
Treatment Guidelines” proposed that the stepped treatments of knee osteoarthritis include
basic treatment, drug treatment, restorative treatment and reconstruction treatment [4],
and the exercise-based treatments are accepted by most patients for the advantages in
efficacy, side effects and price [5]. Hence, the medical and health care design that can
assist exercise treatments might be a major gap that we need to pay attention to due to
long-lived possibilities of these diseases.

Some evidence indicated that resistance exercise was an appropriate treatment
method for early-staged degenerative osteoarthropathy and sarcopenia since it can effec-
tively improve flexibility and stiffness, reduce pain and stiffness of joints, enhance sta-
bility of the whole joint and readjust the stress distribution on the joint surface [6].
Besides, resistance exercise can improve the strength and quality of skeletal muscle
independently. With short-term resistance exercise, the elderly who lack of exercise can
maintain basic function of lower limb, or the protein synthesis rate and neuromuscular
adaptability of whom can even reach a similar level with young people [7].

Therefore, in this project, we conducted interview investigations, analyzed the in-
formation of behaviors and psychological conditions of patients, analyzed the design
points of the rehabilitation equipment, combined concepts of rehabilitation and physio-
therapy of lower extremity diseases and the principle of resistance exercise and digital
human modeling (DHM), and eventually designed a wearable resistance exercise booster
that is expect to explore the research path about the function setting, human machine
interactive optimization, product modality, etc. of resistance exercise booster aids for
elderly patients with bone and joint diseases, effectively improve the joint flexibility, the
joint stiffness, and the strength and quality of skeletal muscles, and meet the needs of
the elderly for home rehabilitation physiotherapy.

2 Research Methods

2.1 Investigation Objects and Time

In Changsha, Hunan Province, with community recommendation and informed con-
sent procedure, we did a simple interview with 63 senior citizens with degenerative
osteoarthropathy or sarcopenia, and according to the type and degree of diseases in the
inclusion and exclusion criteria, 22 senior citizens were enrolled. The project coordi-
nator collected their demographic information and conducted in-depth interviews about
their exercise rehabilitation needs.

Taking the important influence of temperature differences, clothing thickness and
other factors on the medical experience into account, 11 senior citizens in the sample
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pool were interviewed in December 2019 (Winter), and the other 11 senior citizens were
interviewed in September 2020 (Summer). And the time of in-depth interview were
controlled within 30 min.

2.2 Investigation Information

The contents of the in-depth interview were roughly divided into two parts. Part 1:
demographic information, including the senior citizen’s age, address, disease symptoms,
medical treatment methods/places, treatment frequency, calf and thigh circumference,
etc. Part 2: exercise rehabilitation information. a) The transport method between hospital
and home. b) The specific behavior or process of “registration — inquiry — treatment” in
the hospital. ¢) The effect of rehabilitation and physiotherapy for a period of time. d)
The cost incurred during the treatment, the proportion of national reimbursement and
payment, the impact on the family economy, etc. Take Mrs. Liu from Yuelu District,
Changsha City, Hunan Province as an example, extract and draw the key information
(see Fig. 1).

Q Interviewer: Mrs Liu 72 years old Address: Yuelu District, Changsha, Hunan Province.
—~ Hospital: The First Hospital of Changsha. ~ Symptom: Severe Knee Synovitis in Right Knee
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Fig. 1. Recovery journey map based on the key information.

Now we perform a pie chart of these main information such as treatment meth-
ods/places, treatment frequency in Part 1 (see Fig. 2). It is found that 73% of elderly
patients with joint degenerative osteoarthropathy or sarcopenia will choose “all in hos-
pital” or “hospital + home” physiotherapy model. It’s worth noting that there are also
a certain proportion of patients with mild or normalized follow-up visits. In terms of
their diagnosis and treatment efficiency, going to the hospital involves too much energy
obviously.

At the same time, it mainly focuses on the summary analysis of the rehabilitation
experience information in Part 2.

A. “Difficult traffic” is the primary problem for elderly patients in seeking medical
treatment. Although the government and bus companies have the travel benefit policy
such as “senior citizen bus card”. And the commuting between the bus station and home
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Treatment Methods/Places Treatment Frequency
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\

Fig. 2. Treatment methods/places, treatment frequency.

is the crux of hindering the rehabilitation effect and reducing the medical treatment
experience.

B. “Difficult registration” is the biggest problem which the elderly patients face after
arriving at hospitals. Most patients are unable to use internet services by themselves and a
series of complicated treatment process requires the active assistance of family members
and volunteers. So they cannot be benefit from various online convenient functions and
still have to queue up for registration, while there are situations that “no-sign source” or
“empty queue” situation most time.

C. Due to the slow, gradual, and recurring characteristics of rehabilitation physio-
therapy, the therapeutic effect may not be greatly improved in a short time. In addition,
the diagnosis and treatment process is more complicated, which can easily cause neg-
ative emotions and affect the cooperation of treatment. Probably, it affects treatment
adversely.

D. Finally, the economic situation. Although the cost of each hospital treatment is
not high, the particularity of long-term treatment of such diseases will still exert certain
economic pressure on elderly patients, and also have many adverse effects on treatment.

2.3 Design Points

First of all, the conclusion of A, B, and C is that though hospital visits are the necessary
guarantee for the rehabilitation of degenerative osteoarthropathy and sarcopenia, but
elderly patients should also make better choices due to their needs like home rehabilita-
tion training with advanced equipment, to avoid unnecessary exhaustion physically and
mentally. And original model even has a negative effect on rehabilitation. The research
should focus on the optimizing design based on the existing re-habilitation equipment
in community and family.
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Secondly, in order to meet the elderly patients’ needs for using equipment frequently,
the equipment should to be easily to operate and can handle independently by elders.
To be more specific, artificial intelligence and machine learning related technologies
should be introduced [8]. In addition, it is also necessary to consider the scientific such
as treatment frequency, and consider the effective integration of medical rehabilitation
planning to use flexibly. And in terms of specific structure, a mechanical structure that
can accurately control the speed and angle must be set to ensure the physical therapy
accuracy under the control of artificial intelligence technology.

3 Research Foundation

3.1 Theoretical Foundation

Activity of Daily Living (ADL). In rehabilitation medicine, ADL means the daily life
activity, reflects the most basic ability of people in the family, medical institution and the
community [9]. Therefore, ADL is the most basic and important content in rehabilitation
medicine. ADL has gradually formed since childhood, and has developing gradually until
the perfection with the practice. It is simple and feasible for healthy people, but for the
patient, the injured, the disabled, it may become quite difficult and complicated. If they
have no ability to complete daily life activity behavior, this phenomenon could lead to
the loss of self-esteem and confidence, and then can aggravate the capacity loss of life
[10].

The Activity of daily living scale developed by Lawton and Brody in the United States
is an important indicator to evaluate health, living quality and independent mobility of the
elderly. It can more intuitively reflect the self-care of the elderly and reflect the physiology
health condition [11]. Degenerative osteoarthropathy is one of the common diseases of
ADL damage. The elderly with ADL damage might have more medical service needs.
The more severe the damage, the bigger the medical services demands. From another
perspective, the elderly with whole ADL function and less damage should be encouraged
to choose the “hospital + home” comprehensive rehabilitation physiotherapy model
to avoid unnecessary medical resources consumption and improve the rehabilitation
physiotherapy effectiveness as a whole.

Resistance Exercise. Resistance exercise, also known as strength training or resistance
training, refers to the exercise method in which the body fully relies on its own muscle
strength to fight against a certain external resistance to achieve muscle growth and
strength increase [12]. Studies have shown that scientific resistance exercise can improve
the patients physical function, and also help control the disease effectively. Meanwhile,
it has certain clinical guiding significance [13]. For this research, the specific effect is
that it can relieve degenerative osteoarthropathy patients’ condition, reduces joint pain,
improves joint function, and improves muscle strength.

Digital Human Modeling (DHM). DHM is the virtual representation of body in the
computer simulation environment. The content includes external geometry, physical
hierarchy, kinematic characteristics, dynamics and biomechanical information, and
emotional perception, etc. [14].
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In the process of design, research and development, it was often necessary to use
physical models to test the comfort and safety of products. With the development of
computer graphics, three-dimensional scanning and other technologies, digital models
and virtual environment will become the mainstream. DHM usually has the physiological
attributes of specific populations. It makes the product’s defect identification becomes
more and more simple, reduces or even eliminates the needs of physical models or real
human trials, and which can quickly reduce design costs and shorten design cycles.

3.2 Technical Support

Servo Motor. Servo control means the effectively and accurately control such as the
displacement, velocity, acceleration, angular velocity and angular acceleration of the
controlled object movement. The driving core is the servo motor (see Fig. 3), it has been
gradually applied to the lower limb rehabilitation exoskeleton equipment designing.
The advantage of the servo motor lies on its excellent controllability in the operation
process of starting, stopping, steering, etc. The speed can be adjusted efficiently with
the change of the control signal, and the speed range is wider. It can achieve start and
stop quickly because of the large starting torque and its small inertia [15]. Usually, it
working condition is stable and its failure rate is almost nonexistent.

Fig. 3. The various servo motor.

Pressure Sensor. The pressure sensor is commonly used in industrial design. The detec-
tion system based on the pressure sensor is simple and easy to operate, and has a high
cost performance [16]. From the external structure, the thin film pressure sensor [17]
is relatively easy to install and use due to its small size and high flexibility. Fully meet
the pressure collection requirements of this type of equipment (see Fig. 4). Combined
with the thin film pressure sensor to monitor the pressure change between the device
and the leg when the patient squats up, and then map these signals to the joint angle.
At the same time, the data is transmitted to the control system for data processing and
reference. Finally, the exoskeleton artificial intelligence control system blocks out the
corresponding assistance rehabilitation exercise strategies.
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Fig. 4. The thin film pressure sensor.

4 Project Research

4.1 Brainstorming

Based on the interview data, the key design points, as well as the medical theoretical
basis and feasible technical support that have been combed through multi-dimensional
comparison, the design is made by using sketch and rhino modeling (see Fig. 5).

Fig. 5. The sketching.

Considering the booster’ project medical attributes, it is necessary to focus on design
research principles such as comfort, convenient operation, and design semantics. The
final design effect is shown (see Fig. 5).

(1) Comfort
The booster is in contact with the knee directly. The comfort of wearing and
ergonomic should be taken into consideration, so that the elderly can wear without
stiffness and move flexibly throughout the whole process.
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(2) Convenient operation
Considering the difficulty of operation accepted by the elderly, the booster must
pay attention to the convenient operation in multiple processes of wearing and
supporting. It can be started with one key and be controlled intelligently.

(3) Design semantic
For specific users and specific application environment, medical and health facil-
ities’ form must be soft and natural, color can be referred to medical white-blue,
medical white-gray o other schemes for combination (Fig. 6).

01 @I
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Fig. 6. The rendering.

4.2 Design Description

According to functional attributes, the rehabilitation therapy equipment is roughly
divided into five parts:

The Shells. Shell-A is designed to optimize according to the general shape of human
thighs. The four bandage buckles on the left and right sides are integrally formed, and the
bandage is used to fix the device on the thigh. Similarly, Shell-B is designed to optimize
according to the general shape of human calf. Two bandage buckles on the side to fix
equipment by bandage passing through.

The Pressure Sensor Pad. There is a pressure sensor inside this part for keen moni-
toring the body signal of squatting up and sitting down. And the outer surface is treated
with the soft materials to improve the comfort of body.

The Servo Motor. The booster transmits the squatting signal to the servo motor through
the thin film pressure sensor inside the equipment pad. The servo motor militates and
drives the external kneecap by giving rotation in the specified direction, and then assists
the leg, thus making it easier for the wearer to squat (see Fig. 7).
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The Rotary Control. After the servo motor completes the rotation in the specified
direction, the rotary control fix the device’ opening and closing angle for a short time,
waiting for the wearer’s next limb movement signal (Fig. 7).

The Breathable Ligature. It fits the form of people’s bones to the maximum extent
and provide assistance power when sitting up.

O N ‘
S 15
»

The servo motor The rotary control

Fig. 7. The servo motor and the rotary control.

In order to meet the rehabilitation needs of most elderly patients as much as possible,
the average value of the calf and thigh circumferences in the preliminary investigation
was calculated. The size and the rotation range of the resistance exercise booster were
set, and this booster was optimized according to DHM. The final figure Model size as
shown (see Fig. 8).

42cm
33cm

—— 20cm — =11em+

Fig. 8. The model dimension.

Prototype is the first step to verify the feasibility of product. It is the most direct and
effective way to find out the defects, deficiencies, and shortcomings of the designed prod-
uct, so as to make targeted improvements to the defects [18]. Using the high-precision
3D printer in laboratory to output each component models. And performing painting,
assembly and other work (see Fig. 9). At the same time, five of the 22 elderly patients
were selected for the experience testing. After wearing test, the experience was great,



90 X. Bai et al.

and no inappropriate was found. It also further explained the operability of the “Basic
Data Analysis-Digital Human Modeling Optimization” practice path for human-machine
medical product design.

Fig. 9. The physical model making and testing.

4.3 Function Extension

Taking the possibility of different symptoms in different patients into account, “Artificial
Intelligence” is embedded in the controller module. The patient can set the booster’s
power, speed, frequency and other attributes on the mobile terminal in advance. When
the user doing rehabilitation physiotherapy exercise, the booster adjusts the most suitable
mode in a short time. These behaviors can improve user experience and treatment effects
further. At the same time, the device controller is also in the process of continuous
intelligent optimization, and its fine-tuning process will be recorded. All working can
optimize the physical therapy mode further.

5 Conclusion

This research is based on the principle of resistance exercise and digital human modeling
(DHM) to optimize the design of a wearable resistance exercise booster that targeted,
the rehabilitation treatment of elderly patients with lower extremity diseases such as
degenerative osteoarthropathy and sarcopenia. And aims to solve effectively the exist-
ing problems of difficult medical treatment and poor results. The research combines
feasible technologies such as Servo Motor and Pressure Sensor to give the wearer the
appropriate boosting attributes in the rehabilitation process. Then, elderly patients can
perform resistance rehabilitation physical therapy activities independently. At the same
time, Artificial Intelligence (AI) technology is also used to adjust the booster’s power,
speed and frequency according to the different patients’ needs. This research is a good
application of the DHM in medical and nursing fields, and has certain innovative and
practical significance. Then, this project can combine with other bone and joint diseases
to refine the assist mode and conduct comparative studies to further verify the feasibility
of this method path.
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Abstract. This work presents a model for the development of a socket mechanism
for transtibial prosthesis. A survey was carried out with Brazilian amputee users,
based on interviews to understand the context of use and to be able to identify
problems of balance, ergonomic and friction problems in the prostheses’ socket.
With this, a list of requirements was defined, and a semantic map was created,
which guided the development of a 3D model of a prosthetic socket, aiming to
minimize the mechanical friction, allowing the regulation of the pressure exerted
on the stump and the adjustment of fit according to the need of user.

Keywords: Assistive technology - Transtibial prosthesis - Design - Brazilian
culture

1 Introduction

The complexity of the health sector opens up spaces for multidisciplinary incorporation,
where in design is able to offer solutions and different applications. In this way, certain
design concepts are associated with the development of prostheses, such as methodolo-
gies for solving problems of the most varied origins with a common focal point: working
with people and for those same people [7].

Thus, design can act as an innovation process centered on Brazilian prosthesis users,
as it uses approaches that, once focused on the human being, are capable of making tan-
gible the processes of observation and collaboration in visualizing ideas and prototyping
[8]. Thus, this study makes a connection between the design process and the inclusion
of prosthesis users in its creation, considering the cultural references they have in rela-
tion to comfort, flexibility, ease of use, among other relevant aspects for an ergonomic
prosthesis.

In the context of amputation, it is highlighted that the lower limb amputee may
have difficulties in maintaining static balance, which can lead to falls, and consequently
fractures. The use of prostheses has the function of physically and psychologically
stabilizing the individual in the face of a critical moment in their life, seeking to restore
to the amputee the integrity of the anatomical and functional elements [1, 3].
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It is salutary that, for an individual who uses a prosthesis to regain independence, a
process of rehabilitation and readaptation must take place, aimed at promoting a balanced
gait and carrying out daily activities with quality, reinserting them into society. However,
the gait pattern after an amputation depends on the lost structure and the potential for
control, as well as the type of prosthesis used [2, 6].

Within the rehabilitation team, Pullin [5] highlights a specific role for the designer,
integrating a systemic and interdisciplinary view to the daily problems faced by people
who had lower limbs amputated, to create solutions to improve the usability of the
prostheses.

Given the above, it should be noted that this research was limited to exploring the
experience of users with transtibial prostheses, with the aim of developing a new pros-
thetic socket mechanism. From interviews with amputee users, it was possible to analyze
the problems faced in the use of prostheses. Issues such as balance, ease in donning the
prosthesis, the texture against the residual limb, user mobility, comfort and movement
were considered. The developed model aims to minimize the mechanical friction, by
means of regular and uniform distribution of the force fields exerted on the prosthesis
during the gait.

2 Materials and Methods

As the objective is to develop a mechanism for the socket, there will be no prototype
of the feet, suspension and tubular structure components. Thus, it was defined that the
element to be prototyped is the one responsible for the interface between the stump and
the prosthesis, designated as the socket. The prosthesis socket creation process can be
divided into three stages: 1) Immersion, 2) Analysis and synthesis and 3) Prototyping.
The immersion phase aims to bring the team closer to the context of the problem,
which, furthermore, can either be a preliminary or in-depth immersion. In the analysis
and synthesis phase, the insights obtained during the immersion phase are organized in
order to obtain patterns and to create challenges that help in understanding the problem.
In the prototyping stage, concepts are generated, and solutions are created that are in
accordance with the project context [8].

2.1 Immersion

This stage is aimed at investigating socket problems in the prostheses of transtibial
amputees. Initially, movement tests were performed to analyze balance with users, such
as: walking, sitting, searching for objects on the floor, climbing up and down steps.
Afterwards, individual interviews were carried out, seeking to understand the context
of the use of transtibial prostheses and to list the problems pointed out, determining the
limiting factors for the problem not yet being solved, also contemplating the economic
viability of current solutions. The survey recruited nine prosthetic Brazilian volunteers
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with transtibial amputation. The individuals met the following inclusion criteria: Age
between 18 and 65 years; Unilateral transtibial amputation; Used prosthesis for more
than 1.5 years; Does not have musculoskeletal changes that make it impossible to remain
standing.

2.2 Analysis and Synthesis

At this stage, a semantic panel was built, with the joint participation of users and the
general listing of the problems presented in the use of prostheses. The semantic panel
provides a visual mode capable of stimulating and inspiring the process of project devel-
opment, “which must be considered because they are more logical and empathetic to
the design context than the traditional approach centered on verbal code” [4]. For each
requirement, users should list previously separated images in the database. In the case
that one considered that no image would reflect the word, new searches on the internet
would be made.

2.3 Prototyping

From the analysis of the prosthesis problems raised by the users and the respective
construction of the semantic panel, the requirements that guided the creation of the new
socket model for transtibial prosthesis were defined. With that, the basis was created for
the creation of the 3D model of the new transtibial prosthesis socket. The model adopted
the points raised in the user’s analysis stage as form and functionalities. With the creation
of the prototype of the socket model for transtibial prostheses, there was an assessment
of how the product can act in order to meet the problems diagnosed in the analysis stage
with the users. Thus, this stage also included a discussion on how assistive technologies
act in the rehabilitation process and to promote the quality of life of amputees.

3 Results

3.1 Balance Observations

In the collective observations of prosthesis users, difficulties were observed during move-
ments to reach an object in front of them. This difficulty is believed to be related to the
inability to apply force with the prosthetic tip of the foot when projecting the balance
center forward. There were also difficulties to pick up objects on the floor and to rotate
360°. These difficulties are believed to be related to the inability to apply force with the
prosthetic toe and the decrease in the degree of freedom of rotation of the amputated
limb. Difficulties were noted in supporting the entire body weight in the prosthesis,
which may be related to the materials, the socket system and the suspension system of
the prosthesis.
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3.2 Balance Observations

In the interviews, complaints about injuries to the stump were observed, also, difficulties
in making certain movements that require straining inside the socket of the prosthesis.
Regarding comfort levels of the material of the prosthesis, volunteers showed dissatis-
faction with the comfort, due to the stiffness of the socket which caused pain. Problems
with cleaning and smell have also been reported. Thus, relevant points reported by users
were:

e Volunteer 1: Does not report complaints of pain or injury to the stump. Uses a silicone
coating around the stump.

e Volunteer 2: Has diabetes. Complains of pain and injury to the stump. Was
uncomfortable when performing balance tests.

e Volunteer 3: Does not complain of pain or injury to the stump. They underwent
physiotherapy after amputation. Young individual, physically active.

e Volunteer 4: Does not complain of injuries to the stump. Individual reports arthrosis in
the hip and poor calcification in the right shoulder. Uses prosthesis with components
in titanium, carbon and silicone. Prosthesis equipped with suction system.

e Volunteer 5: Complains of frequent injuries to the stump, discomfort with socket
material and cleaning. Balance tests point to difficulties in reaching objects in front
of them and making rotating movements of the body.

e Volunteer 6: Complains of frequent injuries to the stump, discomfort with socket
material and cleaning. Uses crutches for assistance. They present significant bone loss.
Movement restricted by the use of a fixative, being unable to maintain orthostatism.
Showed low performance in the control of balance.

e Volunteer 7: Complains of pain where the prosthesis and stump are in contact, incon-
venient for cleaning. Volunteer complains that they have had the same prosthesis for
three years.

e Volunteer 8: Has hypertension. Complains of stump injuries. Prosthetic foot is in poor
condition, requiring component replacement. Stump shape makes fitting difficult.

e Volunteer 9: Has hypertension. Complains of pain, but not of injuries to the stump.
Uses an internal femoral prosthesis and screw implant in the right foot.

3.3 List of Requirements for the Model Definition of an Ergonomic Socket
Mechanism

From the analysis of users of transtibial prostheses in the previous steps, the semantic
panel (Figs. 1, 2 and 3) was created with the requirements raised for the development
of the model for this project, in which there were greater complaints and difficulties
in the performance of the patient’s movements. Thus, the following requirements were
defined: Texture, Shape and Use. For each requirement, volunteers were invited to define
related keywords and subsequently gather images that could express the concepts. In this
way, the requirements for formatting the semantic panel were divided: Texture Require-
ments (Light, Soft, Comfortable, Clean), Shape Requirements (Organic, Aerodynamic,
Versatile, Minimalist and Technological) and Requirements for use (Easy, Agile and
Flexible). With that, semantic panels were created and used as a basis for the generation
of the socket model.
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Requirements for use

Flexible

Agile

Fig. 1. Semantic panel with the Usage requirements indicated by users

Shape Requirements

Versatile  Aerodynamic ~ Organic

Minimalist

Technological

Fig. 2. Semantic panel with Form requirements indicated by users

3.4 3D Development of the Prosthetic Socket Model

In order to develop a better fitting socket mechanism, this research sought to establish
the concept of a prosthesis in order to provide comfort, fixation, size adjustment and
compatibility between prostheses of different specifications. In addition to better pros-
thesis fixation, better balance, ease in donning the prosthesis, better feel and texture of
the prosthesis against the residual limb, good mobility with low energy consumption for
its use accompanied by the appropriate weight of the prosthesis were taken into con-
sideration. The prosthesis socket system aims to minimize mechanical friction without
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Fig. 3. Semantic panel with Texture requirements specified by users

causing injuries or wounds. In this configuration, the developed solution considers the
regular and uniform distribution of the force fields exerted on the prosthesis during the
amputee’s gait, opening the socket according to the user’s need (Fig. 4).

The socket mechanism constitutes the link between the stump and the prosthesis.
It allows the regulation of the pressure exerted on the stump, making the adjustment
according to the user’s need. When rotating the base (a) clockwise, the support (b)
decompresses, allowing the “opening” of the flaps (c). By rotating the base (a) coun-
terclockwise, the flaps (c) perform a “closing” movement. In this way, the fitting of the
socket onto the stump can be adjusted according to the desired pressure, size or comfort
(Fig. 5).

Fig. 4. Simulation of the opening of the prosthetic socket
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< >

Fig. 5. Socket operation and positioning in the prosthesis

4 Conclusion

The prostheses seek to restore the integrity of the anatomical and functional elements to
the amputee. The lower limb amputee may have difficulties in maintaining static balance,
which can lead to falls or fractures. Thus, there is relevance in the development of new
models of prostheses once the results achieved are able to improve the quality of life of
prosthesis users. More than its functional rehabilitation, the prosthesis can mean one’s
reinsertion into society and one’s independence.

In view of the products and technologies related to the use of prostheses, there
are several factors to be considered regarding the usability of prostheses for transtibial
amputees. Issues that touch on its usefulness and mobility, such as fit, balance, comfort
and mobility in different environments. It is necessary to consider factors related to the
health of the residual limb, such as blisters and injuries. The prostheses also involve
factors such as appearance, acceptance by the partner and family and active social life.

The socket system of the prostheses distributed by the Brazilian Unified Health
System (SUS) does not have a vacuum fixation system, which has a high cost. Without
the vacuum system, the appearance of wounds and blisters is common due to the friction
generated at the interface between the residual limb and the prosthesis. It is also important
to remember that there is a human factor in the process. The orthopedic doctor and the
prosthetic technician are responsible for prescribing the most appropriate materials and
technologies for each case.

The model presented for a socket mechanism in transtibial prosthesis aims to meet
requests generated from the complaints from the users themselves. By bringing the
patient into the discussion of how the product could be developed, a better understanding
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of the needs and what kind of solutions can be obtained as well as be tested, immersing
themselves in the cultural reality of the patients. Thus, the contexts related to use, texture
and shape for the fit between stump and prosthesis were highlighted, seen as these
were the major complaints by the user group. Afterwards, certain requirements such as
flexibility, comfort, lightness, softness and versatility, helped in determining what kind of
aspects the product would have. In this sense, the use of the semantic panel construction
stage was relevant for the materialization of the users’ thoughts and desires, as well as
the systematization of references and the guidance of the design team for the creation
of the 3D project. It is also worth mentioning the use of users’ references according to
the Brazilian cultural context in which the research is inserted.

It is noteworthy that the product of this research is a concept that has yet to have
its performance validated through balance assessment methods. Thus, for the future of
this research, the technical specification of the proposed solution is expected in order
to understand the materials to be used and the product components, as well as the
technical design, establishing the product dimensions and modules, the development of
the prototype function of the ergonomic prosthesis socket system and the respective tests
in order to obtain evidence of the results with prosthesis users.
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Abstract. Football, as the most popular sport in the world, has a very wide spread
worldwide. With the wide spread of football, more and more people participate in
football activities. Football is a very strenuous sport and athletes are easily injured.
This article examines the problem of kicking through two experiments, one is the
normal kicking process, and the other is the process of imitating the kicking. The
two sets of experiments use the same motions, but their applied external forces are
different. In the normal kicking, the football will receive a force on the foot during
the kicking process. Conversely, in the imitation kicking, the foot is not in contact
with the football and no extra force is apply on the foot. Analyze the impact of
football on the body by comparing the above two experiments. OpenSim software
is used to calculate the forces of each muscle by simulating the process of kicking
a ball to analyze the muscle fatigue. It is judged that those muscles are vulnerable
to injury during the kick. Athletes should focus on strengthening the exercise of
these muscles, increase the strength of related muscles, and focus on protecting
related muscles during exercise to reduce injuries.

Keywords: Football - Football injury - Football kicking - OpenSim - Muscle
fatigue - Fatigue model

1 Introduction

As one of the most popular and physically demanding games around the world, football
is reported to bring about 12 to 35 injury incidences per 1000 h outdoor games [1]. Most
of the injury is caused by impact trauma [1], followed by overuse injury, which takes
34% of all [2]. Researches on retired football players have shown that they are faced
with twice the incidence of coxarthrosis compared with normal people [3, 4]. In fact, the
lifelong occurrence of musculoskeletal problems in former football athletes is reported
to be even higher than that of former long-distance runners or shooters [5].
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Kicking football is a basic training specific for football players. A normal football,
weighing about 0.44 kg could reach up to 200 km/h in a shot, which may bring heavy
load to athletes. Body parts that form the kicking-related kinetic chain such as the back,
hip, and knee are reported to be the most fragile parts in terms of musculoskeletal injuries
[2]. To prevent related impact and overuse injuries, it is necessary to have an evaluation
on the muscle loads as well as a prediction on the fatigue process in football-kicking
training.

OpenSim is one of the main biomechanical human modeling platforms [6]. Various
kinematical and dynamical calculations are available to simulate human motion as well
as to estimate body loads. Furthermore, algorithms such as Static optimization (SO),
Compute muscle control (CMC) were developed to estimate the activities of individual
muscles [6]. In previous researches, the OpenSim platform has been used to study muscle
contributions to sports such as running [7], to determine the risky muscle groups in
physical works such as overhead drilling [8], and to study the ways of human-machine
interaction from the aspects of body load distribution, such as to compare the unilateral
and bilateral crutch gaits [9]. OpenSim will be effective to study the muscle contribution
in football-kicking.

Muscle fatigue is an important contributing factor to overuse muscle injuries as well
as musculoskeletal disorders. To date, very few studies have investigated the muscle
fatigue induced by football-kicking. The muscle fatigue process has been described by
the decline of muscle maximal voluntary contraction force (MVC) [10]. As illustrated
by the Dynamic muscle fatigue model, the rate of force decline is dependent on the
current muscle loads as well as the subject-specific trait. By the time, the muscle MVC
declines to a level close to its current load, the risk of overuse injury increases.

In this study, we seek to understand how different muscle groups contribute to
football-kicking training as well as to predict the fatigue process in this training. Null
hypotheses include:

1) Muscle groups near the acting point of external force (i.e., the calf and knee)
contribute more than that of the farther (i.e., the hip and trunk muscles);

2) Muscles of left and right sides differ in contribution. The dominant side that applies
football-kicking contributes more than the other.

3) The lower leg and knee muscles contribute especially to accelerating the football.

Results of this study will expand our knowledge about the kinetics of football-kicking
and help prevent both impact and overuse injuries in football.
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2 Methods

This is a biomechanical simulation study. A football-kicking motion is simulated and
muscle activations with and without the action force of football are calculated with
OpenSim. Muscle fatigue process is indicated by muscle MVC declines in constant
repetitive football-kicking training.

2.1 OpenSim Model

In this study, a generic OpenSim model, gait2354 is used for simulation. It is one of the
most widely-used models with satisfactory effectiveness (for details see https://simtk-con
fluence.stanford.edu/display/OpenSim/Gait+2392+and+2354+Models). Muscles are
categorized by four groups. The trunk group includes three pairs of muscle (the internal
and external obliques, and the erector spine); the hip group includes 18 pairs of muscle
that connects the pelvis and leg; the knee group include seven pairs of muscle that cross
the knee joint; the calf group includes 4 pairs of muscles.

2.2 Data and Simulation

For kicking football, athlete lifts the dominant foot and swings forward to reach the ball,
during which ground reaction force acts on the supporting foot and football-accelerating
force on the dominant foot. In this study, we compare the case with or without the accel-
erating force. Motion and force data come from OpenSim document (https://simtk.org/
frs/index.php?group_id=679, copyright open from Stanford University), which repre-
sents a subject kicking football with the right foot. The kicking motion lasts for 1.5 s
(Fig. 1).

Fig. 1. The simulated football-kicking motion at t = 0.45 s (left) and t = 0.9 s (right).
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Muscle contribution is indicated by computed muscle activation. Inverse kinematics
and inverse dynamics are computed to estimate joint positions and joint moments; then
Residual reduce algorithm and CMC are applied to estimate the muscle activations.

2.3 Muscle Fatigue Analysis

The Dynamic muscle fatigue model is presented as Eq. 1. In this study, we approx-
imate the maximal muscle ability (F4(?)) as the MVC. With the computed muscle
activation from OpenSim simulation, the profile of maximal muscle force is predictable.
As illustrated in Introduction, the muscle would be at risk for overuse injury by the time
its maximal force declines near the required muscle load. In this study, we analyze the
muscle fatigue process in repetitive football-kicking motions to check athlete’s maximal
endurance time. The subject-specific muscle fatigability is set to 1 min~', indicating
average fatigue resistance [8].

dF(t) _ _kFload(t)

F(1) (1)
dt Finax(1)
With

o Fm() N Current existing maximal muscle ability

o Flaa(t) N Muscle load

o Fo(t) N Maximal muscle ability

o Lk min”'  Subject-specific fatigability

o F(t) 1 Muscle activation

3 Results

3.1 Muscle Contribution in Football-Kicking

The estimated muscle activations are summarized in Table 1. In general, muscle group
that contribute the most are the knee and the hip, instead of the calf; the first hypothesis
is not supported. Muscles on the right side (dominant side in this simulation) are more
activated, which supports the second hypothesis. However, significant difference only
presents in the knee and calf. Finally, contrary to the third hypothesis, acting force
from football only makes significant difference in the trunk muscle group. Both the left
and right trunk are much more activated in simulation with football (2.18% vs. 24%),
suggesting that football acceleration force mainly depends on the trunk muscles.
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Table 1. The calculated muscle activations in football-kicking training. Muscles are compared

between left and right side.

Muscle group Number of Muscle activation (%)
muscles R-with football | R-without | L-with | L-without
football football football
Hip 18 35.64 36.77 33.23 32.11
Knee 40.54 41.53 28.65 27.20
Calf 4 18.22 17.49 6.85 5.48
Trunk 2.18 24.21 2.18 23.97

3.2 Fatigue Process of Football-Kicking Training

The Muscle Force Profiles. Muscles that activated the most in each muscle group are
chosen to study the fatigue process. They are the iliacus on the hip, the biceps femoris-
long head (bifemih) on the knee, the tibialis anterior (tib_ant) of the calf, and the internal
oblique (intobl) of the trunk. Mean activation of these muscles are shown in Table 2, and
their force profiles are presented in Fig. 2.

Table 2. The typical muscle activation of each muscle group in football-kicking training.

Muscle group Name of Muscle activation (%)
muscle R-with football | R-without | L-with | L-without
football football football
Hip Hiacus 67.1 74.9 65.0 65.5
Knee Bifemih 358 33.1 259 26.9
Calf Tib_ant 31.8 323 15.0 8.9
Trunk Intobl 2.1 29.8 2.1 29.1

The Fatigue Process and Maximal Endurance Time

The fatigue process in 200 repetitive football-kicking motions of the four typical muscles
are shown in Fig. 3, 4, 5 and 6. Red line indicates the muscle force ability while green
lines indicates the muscle force requirement at each moment. The intersection of the two
indicates the time when current existing muscle force ability declines to the requirement
of the motion, so-called the maximal endurance time (MET). After that, the muscle
would enter into a risky situation for overuse injuries. It can be found from the figures
that the right iliacus in kicking-with-football motion has the shortest MET (12.39 s,
about 8 cycles), followed by the right introbl in kicking-with-football motion (22.85 s,
about 15 cycles).
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Fig. 2. The estimated muscle exertions in a football-kicking motion. (a) iliacus of the hip; (b)
biceps femoris-long head (bifemlh) of the knee; (c) tibialis anterior (tib_ant) of the calf; (d)
internal oblique (interobl) of the trunk.
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4 Discussion

4.1 Contribution of Different Groups of Muscle in the Football-Kicking Motion

The first surprising result about muscle loads in kicking motion is that the hip muscle
group is highly activated (more than 30% on average). This result may explain the high
incidence of hip and groin injury in football players [12—14]. In fact, the hip and groin
injury is reported to be the most common non-time-loss injury in football players [13].
Results of this study also show that the loads of hip muscles present little difference
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between the swing side and supporting side, or between motions with and without
football, which indicates that the hip mainly contributes to posing and stabilizing the
legs instead of accelerating the football. Besides, the calf muscles, although near the
acting point of football reaction force, are not highly activated. The result emphasizes
the importance of a holistic view in examining workloads in ergonomics [11].

The comparison between simulated muscle loads of the kicking motion with and
without football emphasizes the importance of core muscles for football players. The
trunk muscle activation is the only that aggravates significantly with the presence of
football (about 2% vs. 24%), which indicates that it is the main muscle group contributing
to football acceleration. Therefore, stronger trunk muscles may generate better kicking
performance. This result expands our previous knowledge about the relationship between
strength and football velocity [16, 17], from whom a new strategy for football kicking
training may come out.

4.2 Fatigue Process for Football-Kicking Training

The fatigue process analysis of the typical muscles has outlined the fragile muscles, in
which the iliacus of the hip proves to be at the highest risk of overuse injury with only
height continuous football-kicking exercises sustainable. This muscle is responsible for
stabilizing the pelvis in contralateral hip extension and posing the legs [18]. Another
muscle at high risk for overuse injury is the internal obliques of the trunk muscle group,
with about 15 football-kicking exercises sustainable. Previous research has shown that
a larger core muscle reduces the number of missed matches due to injury [19].

In summary, results of this study suggest that the strength training for the hip and
the core should be ahead of specific football-kicking training to prevent injuries.

5 Conclusions

In this study, we examine the muscle behavior in kicking motion with and without football
using OpenSim, then evaluate the fatigue process and MET of repetitive football-kicking
training by applying the Dynamic Muscle Fatigue model. It is concluded that muscles
of the hip and the knee joints are highly activated in kicking motion, and the football
acceleration force mainly depends on the trunk muscles. Muscle at the highest risk for
fatigue and overuse injury is the iliacus of the hip joint, which, according to the settings
of this study, sustains only height continuous football-kicking cycles. The results may
offer areference for the coaches, athletes, and physiotherapists about the football-kicking
training and related injuries.
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Abstract. The importance of ergonomic studies will increase in the future, par-
ticularly with regard to occupant comfort, safety and health, especially in view of
an aging society that is working longer. Therefore, there is a need to integrate these
studies into the digital product development process of vehicle manufacturers. For
this purpose, a technology for the motion prediction and evaluation of occupants
on/in the vehicle model with digital human models is required in order to obtain
ergonomic statements about the design in an early development phase. However,
this technology is not yet available with the human models currently in use, since
on the one hand the prediction of movements still requires a very high manual
effort and on the other hand the ergonomic evaluation of movements cannot be
calculated validly. Within the project, a connection between subjective measured
variables and objective kinematic and dynamic data is to be established.

Keywords: Ingres/egress - Digital-Human-Model (DHM) - Movement
analysis/evaluation - Biomechanics

1 Introduction

Of the many research areas in the field of human anthropometry and digital human mod-
eling, ingress and egress are particularly customer-relevant product features. A vehicle’s
geometric restrictions can cause a high level of strain on the human movement system.
With regard to demographic change, comfortable vehicle ingress and egress is becoming
an increasingly important purchase criterion in our aging society. At present, however,
there are only limited possibilities of analytically assessing the ease of vehicle entry and
exit, as evaluation procedures are predominantly subjective. This is why it has been such
a heated topic of debate in the ergonomic research community for so many decades.
The risk of injury to truck drivers is not limited to the driving phase but often occurs
while the vehicle is stationary. Truck driver injuries sustained in a stationary vehicle
occur, for example, when boarding, as shown in a study by Lin and Cohen (1997).
According to this study, 27% of truck driver accidents are due to slips and falls. Heglund
and Cavagna (1987) also show that truck driver injuries often occur on entering or exiting
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the cab. Truck driver falls are usually caused by tripping, misstepping, or losing balance
(Lin and Cohen 1997). Typically, injuries are sustained to the back as well as to knee,
wrist, ankle and shoulder joints. Given the severe consequences of truck driver injury, an
important goal is to adapt truck design by devising preventive measures (Michel 2014).
In order to better understand the inherent difficulties encountered during boarding, Hebe
and Bengler (2018) investigated a wide variety of truck boarding strategies. They found
that there are no clear core strategies.

Since passengers interact dynamically with a vehicle, motion and movement studies
are needed to ensure their ergonomic protection. There are currently several physical
models available for conducting tests involving subjects. However, such tests are overly
complicated, time-consuming and cost-intensive. Studies are also costly in terms of both
time and pressure to obtain rapid vehicle developments. In addition to the time required,
trials based on questionnaires additionally suffer from ambiguity of words used in the
survey, which impacts the evaluation. A test person’s individual experience inevitably
plays a role, as does the fact that the limbic system in the evaluation is not consciously
accessible to humans (Bubb 2015; Chateauroux et al. 2012).

2 Materials and Methods

2.1 Experimental Procedure

For the aforementioned reasons, equipment is required for predicting movement and
evaluating the vehicle model, together with digital human models, to obtain ergonomic
design information at an early phase of development. The ‘Dynamic Evaluation of Vehi-
cle Passenger’ (DELFIN) scheme was set up by the Federal Ministry of Education and
Research to create software technology to facilitate the ergonomic assessment of pre-
dicted motions for the purpose of optimizing ergonomic design workflows. The general
usability of technologies in vehicle development focuses on trucks, but it will also be
available for other applications in the future.

Realistic motion data are needed to form the data basis for a model-based approach
such as this. A measurement mock-up was designed for the project to study subjects’
ingress motions. The measurement mock-up consists of three components: a system for
varying the structural parameters, a motion capture system to record human movements,
and a force measurement system to determine the interaction forces between the human
and the mock-up.

Mock-Up

The mock-up framework of is made of aluminum profiles (Bosch) to enable structural
variation. The height, width and angle of the steps can be varied as can the door opening.
For example, step height can be adjusted within the range 280-400 mm, which covers
the step distances found in typical truck models. The required variation ranges were
determined by extensive research. The front link design is the one primarily used in
Europe, so this design will be examined in more detail. All access openings used by
European manufacturers are positioned in front of the front axle. This means that the
front wheel protrudes into the door cutout and the steps are arranged on the left-hand
side. Handrails on the A and B pillars support the ladder-like entry. The entry height is
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scaled with either three or four steps. (Latka 2020) The possible variations are shown in
Fig. 1.

Step Height Step Width Step Angle

=£3

Fig. 1. Mock-up variations

The mock-up itself is fixed to the ground.

Motion Capture System
A motion capture system made by ART is used to record motions. It is a real-time system
thatuses rigid bodies (targets) with reflective markers. A target comprises several markers
and indicates its position and orientation in 3D space (6DOF - six degrees of freedom).
Nineteen targets are applied to the human body to record the motion trajectories of
the segments. Further targets are also applied to parts of the mock-up to record these
motions. These are the door, seat and steering wheel, as well as the mock-up itself. The
wiring can be seen in Fig. 2.

A combination of fifteen ATrack-5 cameras were used for motion recording. These
were attached to a profile setup which was independent of the mock-up. Motions were
captured at a recording frequency of 150 Hz.

Force-Measurement-System

Force sensors were installed in the mockup to measure the interaction forces. They com-
prised six mobile force plates (Kistler Type 9286BA) and four 3D force sensors (Kistler
Type 9327C). The six force plates were attached to the aluminum profiles using specially
manufactured adapters and reflected the tread surface of the steps. The four 3D force
sensors were attached to the handrails and the aluminum profiles with special adapters.
The 3D force sensors were connected to a DAQ box via a charge amplifier (Kistler
LabAmp). As the force plates they have a built-in charge amplifier, they were connected
directly to the DAQ box. A Kistler Sdk unit was used to control the functionality of the
DAQ box and to start and stop the measurement procedure (Fig. 3).
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Hand Fore Arm

Fig. 2. Subject with targets on mock-up

To create an overall measurement system, all subsystems had to be integrated into a
temporally and spatially unified model. For this reason, all force measurement sensors
were calibrated in the global coordinate system to ensure their spatial positioning. A
motion capture system with a measurement tool was used for this purpose. Synchro-
nization of the data streams was established via a hardware interface (TTL signal) using
the master-slave principle. Here, the force measurement system is the master and the
motion capture system is the slave.
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Fig. 3. Mock-up with force sensors

2.2 Transfer of the Movement to the Dynamicus Digital Human Model

The ‘Dynamicus’ human model is used for modeling the human body. The ‘alaska’
general-purpose simulation software regards the human body as a multi-body system
(MBS). The Dynamicus model consists of non-deformable bodies representing the vari-
ous segments of the human body. The rigid bodies are kinematically coupled by idealized
joints [DHM and Posturography].

The Dynamicus model is designed to represent an individual subject as best as
possible. To do this, the subject’s anthropometric data must be precisely determined; this
refers to the lengths, widths, and circumferences etc. of the segments. Based on these
dimensions, it is then possible to parameterize the Dynamicus as a multi-body system.
They include both kinematic dimensions (coordinates of the joints, segment lengths) and
mass distribution properties (coordinates of the center of mass and moments of inertia
of each body of the mode).

The recorded movements are transferred to the multi-body model using the method
of motion reconstruction. This applies to both human motion and the motion of the
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mock-up components. Motion reconstruction by inverse kinematics uses an optimization
procedure to create the best possible match between the model and the measured motion
capture data. Motion reconstruction enables the following to be determined:

— Joint angles and positions of the segments or joints in space;

— Velocities of the segments and the joint angle velocities;

— Position and velocity of the center of mass of the entire model or of the individual
segments.

The inverse dynamics method is applied to the overall model based on the data from
the motion reconstruction and the joint forces and joint torques calculated. In relation
to the human model, joint torques are also referred to as muscle torques. They represent
the sum of all torques resulting from the reduction of muscle forces to the joint center
(Winter 2009). They are also referred to as net joint torques (Zaciorskij 2002). The
inverse dynamics method enables the joint torques and joint forces to be determined.

Together, the results of the motion reconstruction and inverse dynamics are referred to
as the biomechanical parameters. An overview of the data flow and calculation methods
is given in Fig. 4.

Inverse Methods

Motion Capture Kinematic
Data

Dat . .
2= Motion Reconstruction —

Kinematic Data
Kinetic

External
Force Data o Data
Inverse Dynamics —

Measurement Systems
(Optical Sensors, Force Sensors)
Simulation Results
Biomechanical Parameters
Motion Analysis

Fig. 4. Data flow and calculation methods

2.3 Data Processing

The movement required to gain ingress into a truck is a very complex one, as it involves
all four human interactors — both hands and both feet. As these interactors are used at
different times and for different lengths of time, the partial movements vary both intra-
individually and inter-individually. To perform a movement analysis based on biome-
chanical parameters, comparable data or comparable data sections have to be generated.
For this purpose, the overall process was divided into eleven sub-processes (Fig. 5), clas-
sified according to the kinematic data and the forces measured on the force plates. The
following figure presents an example of the keyframes and associated sub-processes.
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Fig. 5. Keyframes and sub-processes

After classifying the sub-processes, the calculated biomechanical parameters are
normalized and are then available for further evaluation. Figure 6 presents an example
in the form a graph of normalized knee angles at different step heights for two subjects.
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Fig. 6. An example illustration of the normalized knee angle of two subjects at varying step
heights
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2.4 Data Recording

Data recording is not only a very time-consuming process, it is also physically and
mentally demanding for the subject. The subject is required to enter the measurement
mock-up at least 120 times over a period of approximately seven hours and complete
twelve different measurement mock-ups. Each variation is repeated ten times. There are
several breaks, during which the measurement mock-up is modified and the test person
fills in a digital questionnaire. To exclude any effects of movement learning, the order
of the variations is randomized.

3 Data Clustering and Analyzation

After the data pre-processing step is complete, all ingress movement data are recon-
structed for further time-series clustering methods. These generally consist of several key
steps, including similarity calculations and the implementation of clustering algorithms
(Aghabozorgi et al. 2015).

It is apparent from the literature review that multiple methods of time-series simi-
larity calculation are available. These can be categorized into either shape-based mea-
surements or distance-based measurements. The distance-based method focuses more
on mathematical calculation and delivers the difference in the mathematical model of
the movement, while the shape-based method focuses more on the movement’s details
and features in particular areas over time. The aim of this study is to compare different
movements in detail and thus to deliver the key movement behavior for use in design
and development. This means that in our case, shape-based similarity measurement is
the more appropriate method.

Various research studies focus on time-series clustering, and there are multiple clus-
tering algorithms and frameworks that can be applied to the system. Clustering algo-
rithms are classified by mathematical model; they include hierarchical clustering, parti-
tioning clustering, model-based clustering, and density-based clustering, as presented in
the work by (Ergiiner Ozkog 2021). The partitioning clustering method has been widely
used in similar time-series clustering analyses and is therefore the method selected for
this study.

A clustering evaluation is required to analyze and compare all the methods. In addi-
tion, multiple configurations have to be set for clustering. A best practice involves com-
bining all optimum methods in each clustering step. Of all the evaluation methods, some
require external data, such as the true label of time-series data or the data’s predicted
label. However, such data is not available in this study, so only the internal clustering
evaluation tools can be applied to evaluate the system (Rousseeuw 1987).

The solution proposed in this study evaluates a movement on the basis of the similarity
index. Here, each new movement is compared with each reference movement. If the
movement is good, i.e., common in terms of the movement data already observed in the
system, it should be similar to one of the reference movements. If not, it is regarded
as a bad, i.e., unusual, movement as it can collide with the mechanism. All in all,
the evaluation succeeds in comparing the new movement with each of the reference
movements and analyzes whether or not it is similar to any of them (Cassisi et al. 2012).
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Figure 7 shows all the motions recorded for one body joint. These were segmented into
three main movements by clustering, as shown in Fig. 8.

Movement Data
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Fig. 7. Collection of various ingress movements for one configuration and one body part
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Fig. 8. After clustering, three clusters remain

4 Results

A mock-up for recording entry movements was constructed during the course of the
study, in which both the height and width of the steps could be varied. Their depth relative
to each other could also be adjusted. An adjustable door was also created to enable even
more realistic entry, allowing entry movements to be manipulated in different ways
and the comfort ranges of the test subjects to be exploited to the full. The extensive
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measurement setup enabled both joint angles and joint torques to be recorded for further
movement evaluation.

The movement data was correctly labeled and classified using advanced data analysis
methods such as clustering and correlation analysis. To achieve the goal, many proce-
dures were tested and compared. From the aspect of human factor engineering, each
index’s reference movement was individually analyzed according to the nature of each
index. In addition, surveys of the tests were conducted to ascertain subjects’ opinions as
to the convenience of a convenient. The aim is that each index should display different
limit configurations.

This study encompasses three major systems: database, clustering and evaluation
systems. In each system step, the configuration is optimized by different methods to set
the best configuration for the respective parameters.

The key platform for the database system is Access, which is used to collect the
input data for each individual index. Basic pre-processing tools are applied beforehand
to ensure that the data from the simulation (biomechanical parameters) are in the correct
format. Datasets are split and stored in different locations in the database and retrieved
for different purposes during system setup. In the next step, the system exports the data
for the clustering operation.

The clustering system uses the R environment, which analyzes and applies the data
for each individual index. The computation script is implemented and composed in
RStudio. Many different clustering approaches have been trialed for use in the method
comparison, based on the serval clustering evaluation index. The most outstanding result
for each index is delivered by the clustering strategy based on the “dtwclust” external
open-source package and raw scripting (Sardd-Espinos 2021). The best result of the
applied methods and configuration can vary in each time series data scenario. With the
aid of the evaluation index, the system is able to optimize the precise configuration for
an optimal method to be calculated. This optimized strategy sets different parameters in
a set of orders to find the best configuration. An additional system clusters the data as a
pre-processing method for outlier detection. In all, the data from each body part index
are clustered into three reference movements for further analysis.

The evaluation system also uses the R environment, which directly applies the clus-
tering results to calculate the reference data for the evaluation process. The evaluation
can currently be conducted by comparing the clusters with the new movement data using
a similarity index. The evaluation limitation parameter can be set by applying the concept
based on the convex hull theory. Thus, each index’s new movement data can be evaluated
in an R environment, and the result can be illustrated in the RStudio plotting interface.
In addition, all the relevant results can be obtained from the workspace and saved for
subsequent use. The system can be optimized using subjective methods, including feed-
back from testers regarding the movement involved. Other methods of evaluation may
deliver similar or better results, which can be applied to the system in future work.

5 Discussion

As many parameters are involved in the design of a truck and these parameters have
complex interrelationships, predicting motion and discomfort during entry and exit is a
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major challenge for manufacturers. With COE trucks in particular, the cab is located far
above the ground, so ascending the steps may produce a feeling of discomfort. There are
several studies that present quantitative methods of determining discomfort relating to
body movement or posture. These methods use kinetic or kinematic data to determine
the level of discomfort.

The data and correlations obtained from the study data are subsequently used to
create a mathematical model, which should be as simple as possible. It can draw on
kinematic data (joint angles) and dynamic data (joint moments) as a basis for evaluation.
This research is interdisciplinary and combines big data analysis with human factor
engineering. The study is still at an early stage, as no related advanced work exists.
The only studies available are either in the field of ergonomic engineering, focusing on
the subjective, step-by-step analysis of movement behavior, or else in the field of data
science, focusing on clustering in other scenarios. The application of clustering methods,
in this case time-series clustering, in analyzing movement data is a brand-new field of
research.

This field offers an immense research potential. The clustering system based on time-
series data can provide strong reference data showing the kinds of movement that are
the most common of all, resulting in a better and more human-friendly design concept.
This research is not limited to ingress motion but can also be applied to the analysis of
other movements. It can benefit from a big data clustering analysis resulting in a design
that better matches for common movement behavior and providing a more ergonomic
design solution.

In future work, there are still numerous research challenges that need to be overcome.
These are mainly related to the use of machine learning in data science and ergonomic
research, where the major research potential is located.

6 Conclusion

An objective evaluation of movement data related to vehicle entry is the research project’s
focus. The general aim of this study is to build and implement a cognitive computation
system to evaluate ingress movement data. It can be divided into two subsystems: the
time-series data clustering system and the time-series data evaluation system. Various
methodologies can be applied to carry out the cluster and evaluation operations. The
methods that deliver the best outcomes are determined as key methods and implemented
on the study’s core platform. The next step is to expand the data base and complete the
evaluation.
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Abstract. In this paper, we explore the use of numerical optimization
techniques to synthesize realistic human-like squat motions. For this pur-
pose, a two-step optimization-based synthesis scheme, inspired by whole-
body controllers from robotics, is proposed. In step I, a reduced set of
physically-relevant criteria is optimized to produce the state and torque
patterns with a joint-actuated model. Afterwards, muscle activities are
computed in step II with a muscle-actuated model. To validate the app-
roach, the synthesized kinetic and muscle activities of two squat strate-
gies obtained through the scheme are analyzed and compared to captured
movement and electromyographic data. The outcome shows that it is fea-
sible to synthesize human-like squats without motion capture data while
exhibiting several main features of the motor function strategies. However,
disparities related to the simple modeling of the actuators are observed.

Keywords: Human modeling - Realistic human-like movement
synthesis - Optimization

1 Introduction

Squat is one of the most popular and important exercises in physical rehabili-
tation to develop strength and power of the lower limbs [3,10]. In consequence,
squat simulation has been studied extensively in the literature. In [1], a real-
time estimation of lower limb and torso kinematics was developed with a single
inertial measurement unit (IMU) placed on the lower back. The planar IMU ori-
entation and vertical displacement were estimated and then used to compute the
joint angles of the lower limbs by means of Jacobian pseudoinverse matrix and
null-space decoupling. In [2], joint torques during squat motions were estimated
by using a simplified inverse dynamic model and motion capture data. In these
studies, the models were joint-actuated models, in which the muscles actuating
© Springer Nature Switzerland AG 2021
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a joint were lumped and represented by an equivalent joint torque. Thanks to
their simplicity and computational efficiency, skeletal models are commonly used
in human movement simulation [22]. On the other hand, there are some partic-
ularities of the human motor system strongly influencing the way we move that
cannot be accounted for using such models but can, to some extent, be reflected
through muscle-actuated models such as the unilateral nature (a muscle can only
pull) and the actuation redundancy [20]. For this reason, muscle-actuated mod-
els are largely developed and applied in the synthesis of human movements to
determine the causality between biomechanical principles and movements as well
as to predict the effects of changes in the musculoskeletal system. For example,
the synthesis of squat-to-stand motion by optimal control in [6] produced results
showing considerable activity of extensor muscles, which is a major feature of
squat movement. In [23], a muscle-actuated model of the lower limb was devel-
oped to predict the coordination of the muscles during a rising squat. Optimal
control was formulated to compute muscle activations with a minimum fatigue
criterion based on endurance time and muscle stress.

In our work, we propose to synthesize human-like squat movements by a
two-step optimization-based scheme which takes advantage of both the low com-
plexity of joint-actuated models and the characters of muscle-actuated models.
Step I of the scheme synthesizes the desired squat motions and the joint torque
patterns on a joint-actuated model via a reactive optimization-based dynamic
task controller. This approach draws inspiration from robotics [18] and has shown
interesting results for human-aware automated synthesis and optimization of col-
laborative robots [15]. In this step, one of our objectives is to find the minimum
number of tasks allowing to produce different strategies of human-like squat.
Step II is a post-processing procedure using the state and torque trajectories
obtained in step I to compute muscle activity patterns with a muscle-actuated
model. No motion capture data is required thanks to the optimization-based
reactive controller. Motor functional strategies are identified through the value
of the weighting coeflicients. To demonstrate our approach, we synthesize two
different strategies of human-like squat and evaluate the results with the motion
capture and electromyographic (EMG) data.

2 Human Models

The models, constructed with OpenSim [5], a physiologically-based simulator,
are two planar 4-DOFs models sharing the same skeletal structure. They consist
of the torso, two arms, the pelvis, the right leg and the right foot which is fixed
to the ground (Fig. 1). All the joints are revolute joints. The rigid-body dynamics
can be expressed in the Lagrangian form

M(q)v +c(q,v)+g(q) =T (1)

with g € R™, n the number of joints, the vector of joint angles, v the generalized
velocities, M the inertia matrix, ¢ the centrifugal and Coriolis effects vector, g
the gravity force vector and 7 the joint torques generated by actuators.
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The expression of the joint torques 7 depends on the model, particularly
the topology of the actuator system in consideration. Given the control input
vector u € R, n, the number of actuators, the joint torques produced on the
joint-actuated model by the torque generators can be formulated as

T=Su (2)

with S the selection matrix. As the torque generators apply torques proportional
to the control signals, the selection matrix .S is a diagonal matrix whose elements
are

Si,i = Tmazx,i (3)

with Ty,ee,; the maximum available torque of the it" torque generator. It is
worth noting that the range of the control inputs is [—1, 1], meaning the torque
actuators can generate both extension and flexion torques.

On the other hand, for the muscle-actuated model, the active movements are
generated by path actuators, which are basically tensionable ropes representing
muscles. The produced forces, proportional to the muscle activation a, create
torques around the joint axes.

T==S5a (4)

The selection matrix takes into account the moment arms of the muscles and its
elements are expressed as

S’i,j = Fmax,j di,j(q) (5)

with F,qz,; the maximum force of the 4t actuator and d; ;(g) the moment arm
with respect to (w.r.t) the i*” joint. Due to the spatial attachment configuration
of muscles, their moment arm is configuration dependent and calculated inter-
nally by OpenSim according to [21]. Since the muscle can only pull, the range
of the control inputs is [0, 1]. Nine muscles are implemented, among which six
are uni-articular and three are bi-articular. Specifically, the hip joint is flexed by
the iliopsoas (ILIO) and the rectus femoris (RF) and extended by the gluteus
maximus (GLU) and the hamstring (HAM). The knee joint is extended by the
vasti (VAS) and the RF, whereas its flexion is produced by the gastrocnemius
(GAS), the bicep femoris short head (BIFEMSH) and the HAM. At the ankle,
dorsiflexion is produced by the tibialis anterior (TA) and plantar-flexion by the
soleus (SOL) and the GAS respectively. The last two path actuators at the lum-
bar joint (blue) allow extension and flexion of the torso with respect to w.r.t the
pelvis.

3 Synthesis Scheme

The two-step synthesis scheme (Fig.2) starts by synthesizing the desired
squat motion on the joint-actuated model. The formulation of the reactive
optimization-based dynamic task controller is based on the works on the whole-
body control in [4,14,18], Specifically, we consider a human-like movement as
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Fig. 1. The muscle layout a) of the planar 4-DOFs models b) and the joint-actuated
model ¢). The muscle-actuated model has 9 muscles (path actuators): 6 uni-articular
(red) and 3 bi-articular (green). The blue path actuators in the layout actuating the
lumbar joint are not studied. The right foot is fixed to the ground. The joint-actuated
model shares the same skeletal structure with the muscle-actuated model. Please note
that the torque actuators are not represented visually. (Color figure online)

the outcome of performing multiple tasks of different priority simultaneously
in an optimized manner while respecting certain constraints. These tasks can
represent physically-relevant high-level objectives such as lifting the head, main-
taining balance, reducing joint torques and minimizing angular momentum (AM)
variation. In terms of inputs, step I requires task objectives such as head target
heights and zero variation of angular momentum as well as the duration of a
squat phase (the ascent phase or the descent phase as we consider them hav-
ing the same duration). At the end of step I, the trajectories of joint torques
and state (generalized angles and velocities) are obtained and inputed into step
II, where the post-processing procedure is carried out on the muscle-actuated
model. The muscle activations are then estimated by solving a double-objective
optimization problem. Below are the details of the steps.

3.1 Motion Synthesis

At each time step, the controller solves a multi-objective optimization formulated
based on the current state of the model. The control problem is formulated as

Ntask
argmin Y wifi(x) + wofo(x)
oo (6)
s.t Gx <h

Ax=b
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Target Step | State Step Il Muscle
objectives Motion synthesis trajectories Post-processing activities
hvef Ly Tmres Joint-actuated model q4,Vad Muscle-actuated model a
. T=Su — 3 T=>5a ——>
S1,1 = Tmaz,i Td Si,] = Fraz,j dij (q>
Phase . L ;
duration Reactive optimization-based Jt°".‘t té’“?“e Multi-objective optimization
dynamic task control rajectories

Fig. 2. The two-step squat movement synthesis method. Step I relies on the reactive
optimization-based dynamic task control to produce the desired movement and the
joint torques on the joint-actuated model. The task objectives are reaching head target
heights h,es, maintaining reference variation of angular momentum L., maintaining
center of mass set-point ,, r.y as well as respecting the duration of a squat phase.
Step 1I is a sequence of optimizations computing the muscle activity patterns a on the
muscle-actuated model.

fi is the cost function of the s, task expressed in terms of x, the optimization
variables. The smaller its value is, the better the task is performed. A global cost
function is then constructed as the weighted sum of all individual cost functions.
G and h represent to the equality constraint while A and b define the inequality
constraints. The chosen optimization variable vector is

v 1

Solving an optimization problem yields a control set of torque actuators and the
resulting generalized accelerations. At the end of the step I, we obtain the control
history of the torque actuators, hence the torque profiles and the resulting state
trajectory of the synthesized movement.

Head Vertical Displacement. We consider that a squat cycle consists of two
phases starting by the descent phase and finishing with the ascent phase, as
shown in Fig.3. The purpose of the task is approaching the controlled point
located at the top of the head towards the two target heights. For the ascent
phase, the target height 2 is achieved when the body stands up straight. For
the descent phase, the target height 1 is considered as the body lowers to the
minimum height. This position task is converted to an acceleration task by means
of task servoing [14]. The task performance indicator is formulated as

filx) =l h— %Ldes ||§ (7)

with h the acceleration of the controlled point. The desired acceleration is
expressed in Cartesian space through a PD controller

}ides = }iref + Kp(href - h) + Kv(href - h) (8)

with K}, and K, the position and the velocity gains, hAref, href and ﬁref the
target height, vertical velocity and vertical acceleration respectively. In case of
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Controlled point

Target

Target height 2

height 1

1 [ |
I
0% Descent phase 5'0% Ascent phase 1(;0%

Fig. 3. The squat cycle starts with the descent phase and finishes with the ascent
phase. Each phase has a target height for the controlled point of the head.

squat movements, we set hre =0, }ire ¢ =0 and h,.y to either target head 1 or
target head 2. To drive these errors to zero in a critically damped fashion, the
velocity gains can be chosen such as K, = 2,/K,. The vertical acceleration of

the controlled point is computed as h = (Jy & + Jyp 1) 01 O]T with J,,(q) the
Jacobian w.r.t the controlled point.

Maintaining Balance. To ensure the equilibrium of the system, we aim to
maintain the projection of the center of mass (CoM) close to a set-point &, yes
inside the convex hull of the foot-support area. As the model is planar, only
the coordinate z,, represented along the sagittal axis of the body of the CoM
ground projection is considered. The task performance indicator is formulated
as an acceleration task:

f2(X) =l &m — Em,des H% 9)
where the CoM acceleration can be computed as

. Sm . T
Tm = W zi:mi(l]m’i v+ Jm,i V) (10)

with J,,; the Jacobian w.r.t the CoM of the body it" and m; its mass, M =
>, m; the total mass of the system and S, = [1 0 0] the row vector to select
the component = of the whole body CoM position vector. The desired CoM
acceleration is expressed in Cartesian space through a PD controller

!;E.m,des = :i'm,'r'ef + K;n(mm,r’ef - xm) + K;r)n(fbm,ref - xm) (]-]-)

The reference acceleration &, ,.¢ and velocity &, r.r are set as null.
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Minimizing Angular Momentum Variation. The formulation of the task is
based on the work in [4]. The objective of the task is to improve balance stability.
The variation of angular momentum (AM) about the CoM of the whole body L
is controlled linearly . )

fs0) =l La— L |3 (12)

The desired AM variation is computed as
Lg=ky(L, - L) (13)

The current AM variation is expressed as
L=PJo+ (PJ+ P (14)

with J = [J] --- ng]T the concatenation of Jacobian matrices mapping gener-
alized velocities to angular velocities of the bodies, P = [I; - - - I,,] the concate-
nation of inertia matrices about the CoM of the bodies and n; is the number of
bodies in the model. We set the reference AM variation Ld =0.

Regularization Task. To narrow down the solution space, we add to the
cost function a regularization term. It’s a weighted sum of squared optimization
variables

Nopt

fo(x) = Z iX; (15)

with ngpy: the number of optimization variables. More details are in Sect. 4.1.

Posture Task. The objective o