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INTRODUCTION
The current immense impact of ICT on individuals can be particularly strong in areas such as
work and education. Both internet and computer systems have become an indispensable
component of working or learning assignments. When ICT is missing, team cooperation and
performance of certain tasks may be significantly limited. This has become especially clear
recently, in the face of COVID-19 pandemic and all the challenges it has brought into our
professional lives. Much of the workload had to be done virtually, forcing some employees and
students to master new technologies enabling them to communicate through virtual platforms
(e.g., Zoom or MS Teams) and to grasp the principles of digital and cyber safety at the same
time.
Apart from the obvious benefits, the implementation of new technologies carries certain
risks, which in the literature are described as ‘iParadox’ (Day, Barber, & Tonet, 2019). For
example, on the one hand, ICT allows flexibility in exchange of the information between
employees at any time of the day or night, but on the other hand, the employees feel obligated
to check whether someone has sent message to them more often. Another example of iParadox
is also the fact that technology helps co-workers or students and teachers keep in touch,
especially in the case of distance working or learning, but at the same time it can be a source
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of disruptive interferences and misunderstandings. Research shows that challenges related to
the use of ICT constitute an independent source of stress together with other organizational
stressors, such as lack of control, overload, boredom, and ambiguity (Day, Paquet, Scott, &
Hambley, 2012) and contribute significantly to predictable negative consequences, e.g.,
professional burnout (Barber & Santuzzi, 2015). Moreover, virtual work during the pandemic
and the high intensity and invasiveness of technology in our lives has resulted in heightened
levels of techno-overload and conflicts between private and professional life (Molino et al.,
2020).
Studies by work market analysts seem to indicate that organizations will not return to the
former pre-crisis working solutions even after the pandemic subsides. The technological trend
in ICT implementation which has recently emerged is here to stay (Savić, 2020). Virtual,
computer-based technology enabled many institutions to revamp their processes and reduce
costs (Thulin, Vilhelmson, & Johansson, 2019). The steep learning curve which employees had
to rush along due to the pandemic will now have to be undertaken due to economic reasons.
Therefore, increasing the awareness of how people react when learning new technologies
becomes an imperative, as does the affect on performance of the consequences of such
processes (technostress).
Although technostress is increasingly present in research, there is still a large gap to be
filled. Moreover, analysis of the research findings on this subject reveals several crucial
challenges. In the following sections, the selected research questions will address technostress
and the challenges associated with it.
The Problem is Not Just about Employees
The available concepts and research results on technostress focus mainly on the organizational
context. This phenomenon is well described from the perspective of employees and employers
and quite well so in the group of professional teachers (Amarilla & Vargas, 2019; X. Wang & Li,
2019). However, there are very few theoretical studies and research results explaining how
technostress affects the well-being and educational achievements of students. By definition, the
use of new technology should support the effectiveness of learning and increase student
achievements (Nami & Vaezi, 2018; Syvänen, Mäkiniemi, Syrjä, Heikkilä-Tammi, & Viteli,
2016). But is it really so? Moreover, it lacks reports on the relationship between attitude towards
ICT and technostress among teachers and attitudes and technostress among students. Therefore,
the question is how the way technology is percived by teachers affects attitudes and
technostress among students, especially in a situation when a new educational technology is
introduced in a given class. It is also important to determine whether individual attitudes of
teachers and students has an influence on the effectiveness of learning a new technology.
Perhaps this problem has not been sufficiently exposed so far because students often have
extensive knowledge of new technologies far in excess of the knowledge and skills of teachers.
However, this does not mean that students' use of technology is not stressful.
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Technostress Measurement Challenges
ICT properties which its users can experience such as overload, invasiveness and a compound
effect of threat and uncertainty justify using those categories as the basis for some of the most
popular technostress diagnostic tools (Ayyagari et al., 2011; Ragu-Nathan, Tarafdar, RaguNathan, & Tu, 2008; Wang, Shu, & Tu, 2008). It is worth noting however, that items assessing
technostress in these measures seem to be quite generic and refer to all IT technologies, instead of
specific devices or applications. Therefore, there is a need for modified versions of these tools to
diagnose perceived technostress in a more targeted way, and in reference to more specific
technological solutions (e.g., smartphones, Facebook). Moreover, most current methods
measuring technostress are self-assessment based (e.g. Gaudioso, Turel, & Galimberti, 2017;
Ragu-Nathan et al., 2008; Salanova, Llorens, & Cifre, 2013).
Considering stressor-strain approach, it is possible to conclude that most studies of
technostress are focused on stressors – stress inducing technology evaluation. There are very
few studies addressing properties of technology which lead to objective stress reaction in its
users. Riedl (2013) reviewed studies relating to autonomic and somatic nervous system
response as well as endocrinological system response to individual’s interactions with
computer. He concludes that negative technology user’s experiences result in heightened skin
conductivity, raised blood pressure, heightened heart rate, and raised stress hormones levels
(especially adrenaline and cortisol). Another significant effect he noticed was lowered
melatonin levels, which can disadvantageously impact immunological system. The above
mentioned reactions can result from one-off short-term problems, like shut down of a computer
system (Riedl, Kindermann, Auinger, & Javor, 2012) or continuous overload connected with
being involved in electronic mail system (Mark, Voida, & Cardello, 2012).
The approach rooted in diverse diagnostical methods can benefit the methodology of
technostress research in multiple ways, e.g., considering both the psychological (selfassessment) and physiological (stress hormone secretion) technostress measures at the same
time, helps to predict the task performance better than when each domain was studied
separately. However, as it was evidenced by Fischer and Riedl (2017), despite their undeniable
benefits, studies which use multiple measurements are extremely rare in technostress research.
A Multi-level Approach to the Analysis of Attitudes Towards ICT and
Technostress
The majority of studies on the determinants of technostress conducted so far focused on individual
factors, such as demographic variables, the sense of effectiveness in the field of ICT or personality
traits (Shu, Tu, & Wang, 2011; Srivastava, Chandra, & Shirish, 2015; Tarafdar, Tu, Ragu-Nathan,
& Ragu-Nathan, 2011). On the other hand, little research has been conducted to explain the role
of organizational climate in explaining the phenomenon of technostress and the effectiveness of
learning new technologies. A negative organizational climate has been shown to reduce
psychological security among team members and ultimately to increase stressful situations (Finne,
Christensen, & Knardahl, 2016). It should be expected that a similar mechanism occurs in the case
of high incidence of techno-stressors in the learning environment. Research by Turel and
Gaudioso (2018) shows that a positive leadership climate in the organization protects employees
from perceiving technology as stressful, and a competitive climate intensifies the negative effects
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of technostress. Ma and Turel (2019) proved that the level of technostress is related to
organizational culture perceived by employees as power distance. However, so far, the issue of
the climate of openness to ICT in the workplace or classroom and school has not been presented
in a comprehensive manner. Furthermore, thus far the phenomenon of technostress has not been
analyzed in a multi-level approach, i.e., the one in which technostress perceived by an individual
results not only from individual differences, but also from being part of a given entity (team,
organization, class, school).
According to the assumptions of concept of positive technology (Riva, Baños, Botella,
Wiederhold, & Gaggioli, 2012), technology can perform three positive functions in human life:
1) hedonistic (technology is used to generate pleasant experiences); 2) eudaimonic (technology
is supposed to support a person in achieving individual goals and self-realization); and 3) social
(technology helps improve relationships with other people or groups). Promoting these three
functions in an organization or school could help build a positive ICT climate, and thus support
technology efficiency among its users.
Technostress Coping Strategies
The strength of the relationship between the perceived techno-stressors and stress response, as
well as negative consequences, is determined to a large extent by more or less adaptive ways of
dealing with technostress (Gaudioso et al., 2017). Beaudry and Pinsonneault (2005) investigated
IT users coping strategies in reference to challenges arising from learning new computer
technologies. Pirkkalainen and his team (Pirkkalainen, Salo, Makkonen, & Tarafdar, 2017)
explored the efficacy of two main emotionally based coping strategies adopted in the IT
environment. Their research points out that emotionally based coping strategies may to some
extent mitigate tensions, but are not helpful in reducing technostress in the long run. Additionally,
Gaudioso, Turel, & Galimberti (2017) demonstrated that the stronger the technological distress
stemming from perception of ICT as overloading and invasive, the higher the propensity to
employ maladaptive coping strategies. Some knowledge of technostress coping strategies does
not go hand in hand with knowledge of the effectiveness of training and interventions to reduce
technostress. Longitudinal studies are particularly lacking.
Complexity of Situational Factors
Both context and the course of new technology learning may significantly impact the perceived
levels of technostress as well as the consequences of technology skills acquisition. One of the key
characteristics of the job is computer-related technology dependence (Karr-Wisniewski & Lu,
2010), which is the extent to which employees have to depend on computer technology to carry
out their tasks successfully. Shu, Tu and Wang’s studies (2011) evidenced that employees whose
dependence on computer-related technology was higher experienced higher levels of technostress.
On the other hand, Weinert’s and his team demonstrated that receiving instrumental support from
help desks while experiencing difficulties in new technology learning process (computer freeze)
effectively improves the level of task performance, lowers the user’s physiological arousal and
reduces burn-out resulting from technology use (Weinert, Maier, Laumer, & Weitzel, 2020).
Moreover, the same study indicated that emotional support (compassion and comofort) in this
stressful situation lowers only the physiological arousal, and does not affect the task performance
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level, or long-term technostress consequences. Nevertheless, the above-mentioned studies are still
rare. There are no complex research plans to illustrate the interaction of situational factors in
shaping attitudes towards ICT and technostress.

Long-term Consequences of Technostress
Technostress researchers present strong evidence to corroborate the claim that stressors stemming
from technology utilization (techno-stressors) impact employees in a meaningful way by evoking
stress reaction, reducing their sense of well-being and self-efficacy (Ayyagari et al., 2011;
Srivastava et al., 2015). Salanova and her team (Salanova et al., 2013) evidenced that a person’s
cognitive-emotional reaction to technology based negative experience entails anxiety, fatigue,
skepticism, and a general self-efficacy drop in reference to utilizing ICT. Technostress is believed
to reduce the ability to focus, the capability to form opinions, and to make the right decisions; it
may also increase sense of ambiguity (Aghwotu & Owajeme, 2010). These symptoms are likely
to affect one’s capabilities to analyze situations or find solutions. In other words, technostress can
significantly decrease levels of one’s cognitive functioning, which in turn would reduce the
technology-based task performance levels. However, explanation of the relationship between
perceiving technology as stressful and the effectiveness of acquiring the skills to use it is a gap in
scientific research that is yet to be filled. It remains unclear how perception of technologies
impacts learning of new technologies. On the one hand, tension stemming from perceiving them
as overloading, complex, invasive, uncertain, and threatening may lower the level of technological
task performance. On the other hand, however, occurrence of stressors may motivate a person to
find novel and creative ways to find new solutions for various efforts.
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Abstract: A growing body of research demonstrates that using technology can – despite
the obvious benefits – be associated with stress. The aim of this study was to explore how
perceived technostress while learning a new pro-healthy technology may be grounded in
dispositional anxiety, attitudes towards ICT (Information and Communication
Technologies), and the way technology is presented. Verifying the hypotheses, a study was
conducted with the participation of N = 1,037 individuals, in which the 'technology
presentation' was manipulated and selected individual differences were measured. As
expected, it was found that presenting the new technology in the form of a popular science
article was associated with the perception of this technology as more threatening and
overloading compared to the situation in which the technology was presented in the form
of a marketing leaflet with an unequivocally positive message. Moreover, it was shown
that people characterized by higher dispositional anxiety perceived the new technology as
more stressful in terms of examined categories of techno-stressors. Support was also found
for the hypothesis that attitudes towards ICT corelate to selected dimensions of perceived
technostress in regard to newly learned technology. However, the small extents of the
effect obtained in the study indicated the need to continue searching for substantial factors
that would predict technostress at the early stages of learning a new technology.
Keywords: technostress, dispositional anxiety, attitudes towards ICT, mobile technology.

©2021 Michał Olech, Paweł Jurek, & Hanna Brycz,
and the Centre of Sociological Research, Poland
DOI: https://doi.org/10.14254/1795-6889.2021.17-3.2
This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License.

197

Olech, Jurek, & Brycz

INTRODUCTION
Scientists have identified the technostress phenomenon as an adaptive challenge. Technostress
seen from that angle stems from one’s inability to seamlessly adapt to the demands of
implementation or operation of new technology processes. This can be ascribed to one’s
wrestling with cognitive and social challenges of handling new technologies (Brod, 1982; Shu,
Tu, & Wang, 2011; Tarafdar, Tu, Ragu-Nathan, & Ragu-Nathan, 2007). Although, it may seem
that the exacerbated intensity of technostress may stem from more generic beliefs about one’s
computer skills (Shu, et al., 2011), or the role of computers in society (Beckers & Schmidt,
2001), the most indicative source of technostress is one’s negative experience derived from
either learning or utilising some specific technological solutions. In this case, learning new
technology may be perceived as requiring a lot of effort or even threatening, and as such, quite
an overwhelming experience (Day et al., 2019). Information communication technologies
become a source of stress because they are complex, require fast and intensive learning (technocomplexity), effortful, ever-changing, force one to multitask (techno-overload), they abound
in technical glitches and faults, they may be a source of excessive control or negative treatment
(techno-threat), (for techno-creators overview see Ayyagari, Grover, & Purvis, 2011; Fischer,
Pehböck, & Riedl, 2019; Tarafdar et al., 2007).
Most research on technostress focuses attention on the conditions, symptoms and
consequences of this phenomenon in the workplace (Ayyagari et al., 2011; Ragu-Nathan,
Tarafdar, Ragu-Nathan, & Tu, 2008). In the occupational context, the main driver of
technostress is the pressure caused by the fear of not meeting expectations and not keeping up
with new technologies, which increasingly determine professional effectiveness. However,
technostress can be experienced in everyday life (La Torre, Esposito, Sciarra, & Chiappetta,
2019). Concerns about the use of new technologies may accompany learning the telephone,
computer or software used in non-work areas. However, to the best of the authors knowledge,
research on technostress in everyday life is still rare, especially in the context of the first
experiences with new technology. The current study fills the gap in this regard, considering
perceived technostress-creators while learning a new mobile application. This study also
contributes to the simultaneous consideration of individual and situational variables in
predicting perceived technostress.
The main aim of this research is to explore how dispositional anxiety, attitudes towards
ICT, and the way technology is presented affects perceived technostress while learning new
health mobile app. It is to explicate and test the role of psychological and contextual factors in
the perceived technology as stressful in non-work context. The intended aim of the research
was achieved through a study, where the presentation of a previously unknown health
application was manipulated, while demographic and individual variables were controlled.
Individual Differences and Perceived Technostress
The presumption that people would evaluate the same technology use experience in the same
way is quite limiting and biased. According to Lazarus and Folkman’s Transactional Model of
Stress (1987), different people will perceive the utilization of the same device or application as
challenging, threatening, or quite neutral for their wellbeing. Moreover, even if a person’s
evaluates particular ICT experience as threatening, their emotional reaction will be dependent
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on how they estimate their own coping potential in this context. Multiple studies evidence that
individual differences shape people’s technostress experience (for overview see Maier,
Laumer, Wirth, & Weitzel, 2019). Research by Lee and colleagues suggests that technostress
associated with excessive smartphone use is positively related to individual differences such as
external locus of control, social anxiety, materialism, and the need for touch (Lee, Chang, Lin,
& Cheng, 2014). Individual differences, and especially personality traits, may also moderate
the relationship between the presence of techno-stressors in the workplace and the job
performance. Despite the fact that perceiving technology as stressful is generally associated
with negative work outcomes, in the case of people who are highly open-to-experience and
extroverted, the presence of techno-stressors may be conducive to achieving positive work
results (Srivastava, Chandra, & Shirish, 2015). Previous reports indicate that the personality
trait of neuroticism is one of the key predictors of perceived technostress. Individuals high in
neuroticism perceive technological advances as threatening and stressful to their daily
functioning (Devaraj, Easley, & Crant, 2008; Krishnan, 2017). A particularly useful facet of
neuroticism for explaining susceptibility to technostress is dispositional anxiety, understood as
individual differences in the tendency to experience an emotion characterized by feelings of
pressure, worried thoughts and physical changes like increased blood pressure (see Costa &
McCrae, 1992). Dispositional anxiety can play a strong role in shaping cognitive processes
associated with human-technology interaction. Anxiety signals the presence of potential threat
and promotes responses that help individuals reduce their vulnerability to threat (Barlow,
1988), therefore we hypothesize that individuals high in dispositional anxiety would be more
likely to perceive new technology as stressful (hypothesis 1). Next reason to expect that anxiety
is associated with perceived technostress is that anxiety promotes pessimistic appraisals of
future events (Shepperd, Grace, Cole, & Klein, 2005) - anxious individuals typically anticipate
high levels of distress in response to an event threatening wellbeing or requiring adaptation.
A distinct category of protective resources shielding a person from technostress, is a set of
beliefs one has about IT technologies, including self-efficacy in ICT implementation (Shu et
al., 2011), as well as generic beliefs about the role of computers in human life and society
(Beckers & Schmidt, 2001). These beliefs, as key components of ICT attitude, directly
correspond with one’s assumptions about technology experiences. Positive attitude towards
ICT and high self-belief in regard to one’s practical abilities may on one hand diminish threat
reaction to it, and on the other, prompt adaptive coping strategies to handle new challenges
better. Thus, we hypothesize that individuals manifesting more positive attitude towards ICT
would be more likely to perceive the new technology as less stressful (hypothesis 2).
The Way New Technology Is Presented and Perceived Technostress
Although a lot of research has been conducted on the psychological, social and occupational
effects of technostress (for systematic reviews see Borle, Reichel, Niebuhr, & VoelterMahlknecht, 2021; La Torre, Esposito, Sciarra, & Chiappetta, 2019), research on relationship
between the way a new technology is presented and perceived stress-creators regarding this
technology is limited. However, it can be expected that the form of the first experience with
the new technology may be important in assessing the technology in terms of potential threat,
overload or complexity.
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When a new technology is introduced into use, information about its basic functionalities
begins to reach potential users. This information may be provided, inter alia, in writing, e.g.,
in the form of a brochure, short instruction or reports in the form of a popular science article.
The information presentation format, not only content of the message, shapes the first
impression of the recipient on the presented information (Kelton, Pennington, & Tuttle, 2010).
Information presentation format regards to the layout of the content (e.g., section breakdown),
graphics, and also the language. It is well known that the language of science can be exclusive,
which may be one of the obstacles to achieving one’s scientific literacy (Laugksch, 2000).
One of the main categories of material evaluation is its complexity, which in the case of
information on a new technology may be particularly important for shaping the first reaction.
Techno-complexity is believed to be one of the main sources of stress regarding first
experiences with new technology. Techno-complexity implies the amount of time and
cognitive (intellectual) effort exerted by an individual in order to understand and master new
technologies indispensable to perform work tasks successfully (Tarafdar et al., 2007). Technocomplexity manifests itself by the extent to which technology application instructions are
complicated, the multiplicity of its functionalities is high and concepts describing workings of
this technology are inaccessible. Whether one evaluates the new technology as cognitively
demanding depends on a large extent of its specific properties but can also be attributed to the
fact how this technology is being presented. Providing broad access to all the possible
information about the technology can highlight its complexity and thus increase technostress.
In order to reduce the perceived complexity of technology, it is advisable to present it in stages
and to simplify the information about how this technology operates. Additional aspect which
may lower the perceived complexity is the way of presenting the same information through
more attractive way using graphs, more accessible language, etc.
Also, the sense of threat posed by new technology may be caused by the way the
technology is presented. On the one hand, it may be a consequence of difficulties in
understanding the fundamental aspects of technology and thus people perceive it as invasive,
insecure or overly controlling. On the other hand, it may result from anticipating changes in
the immediate environment due to technological development (general attitude towards ICT).
The threat posed by new technology also results from the sense of insecurity a person faces
when he or she suspects that others may know more about new technologies than he or she
does (Tarafdar et al., 2007). As a result, people who perceive technology as threatening
perceive it as a risk of undesirable changes in their lives (e.g., having to give up the current
lifestyle, being excluded from social groups or rejected by an important person). Negative
connotations with a new technology may intensify in the case of receiving complex or
incomprehensible information about this technology, and weaken if this message is more
interesting and easier to assimilate.
Following the above, we expect that individuals who are presented with key, brief chunks
of information about this technology in the form of a leaflet (condition B) or a graphic
simplified instruction (condition C) will perceive this technology as less complex (hypothesis
3) and less threating (hypothesis 4) in comparison to individuals who will receive an excerpt
from the scientific text about this technology (condition A).
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METHODS
Participants
A total of N = 1,037 adults (including 741 women, 71% and 296 men, 29%) of the 1200 who were
initially contacted (response rate of 86%) participated in the study randomly assigned to one of the
three experimental conditions. The age of the respondents ranged from 18 to 78 years (M = 25.48,
SD = 11.05). Most of the respondents had secondary education (n = 665; 64%), while the remaining
persons had undergraduate (n = 91; 9%), graduate (n = 155; 15%), vocational or elementary
education (n = 126; 12%). More than half of the respondents still attended high school or university
(n = 551; 53%), the other persons were employed (n = 243; 23%), were employed and continued
their education at the same time (n = 194; 19%) or did not work nor continued education (n = 49;
5%). The description of the study sample, broken down into three experimental conditions, is
presented in Table 1.
Table 1. Sample Composition across Three Experimental Conditions.
Experimental
condition A
(n = 323)

Experimental
condition B
(n = 369)

Experimental
condition C
(n = 345)

Female

232 (72%)

281 (76%)

228 (66%)

Male

91 (28%)

88 (24%)

117 (34%)

M = 25.19; SD = 10.80

M = 25.83; SD = 11.52

M = 25.39; SD = 10.79

Variable
Sex

Age
Education
vocational or primary

44 (14%)

47 (13%)

35 (10%)

secondary

206 (64%)

239 (65%)

220 (64%)

undergraduate or graduate

73 (22%)

83 (22%)

90 (25%)

student

170 (53%)

205 (56%)

176 (51%)

employee

73 (23%)

88 (24%)

82 (24%)

learning and working

65 (20%)

59 (16%)

70 (20%)

leisured

15 (4%)

17 (4%)

17 (5%)

Educational/Professional status

Note. Total sample N = 1,037.

Procedure
The study was conducted via an internet platform. Participants received a link to the survey by
e-mail. After clicking on the link, each respondent was asked to answer demographic questions and
complete a set of questionnaires measuring attitudes towards ICT and personality traits (see
Measures section). In the next step, the subjects were randomly assigned to one of the three
experimental conditions. In condition A participants were asked to read a short popular science
article about the new health mobile application 'Felicit'. In condition B participants red a marketing
flyer about the same application, and in condition C, participants were given to read an excerpt
from the instructions on how to use the same health app, as in previous conditions. In particular
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conditions, the content of the information was of the same volume, with a similar amount of text
(about 1 page). The descriptions also contained all the key information about the application, they
only differed in form (see Appendix A). Then, each participant, regardless of the condition, took a
knowledge test measuring the level of knowledge of 'Felicit', and then answered the questions of
the questionnaire measuring technostress related to this application (see Measures section). The
study was conducted as part of a broader research project approved by the Ethics Committee of the
Institute of Psychology at the University of Gdańsk (No. 9/2021).
Measures
A new measure of perceived technostress related to learning a new health technology was
developed, describing major stress-creating conditions already identified in previous research. We
used an item set inspired by the Technostress Creators Inventory (TCI) developed by Ragu-Nathan
et al. (2008) and its adaptation to mobile technologies (Westermann, 2017). The original scales
conceptualize technostress as being manifested in the five dimensions: techno-overload (too much),
techno-invasion (always connected), techno-complexity (difficult), techno-insecurity
(uncomfortable), and techno-uncertainty (too often and unfamiliar), (Tarafdar et al., 2011, p. 117).
However, for the purposes of adjusting the measure of given new health mobile technology (not
technology at all), we chose 14 fitting items, the wording of which was additionally modified. In
developing the new scale, we focused on three categories of techno-stressors: overload (e.g., ‘This
technology would make my life even more complex and challenging’), complexity (e.g., ‘It would
take me a long time to learn this technology’), and threat as mix factors being a source of negative
consequences for everyday life (e.g., ‘This technology would be violating my personal life’).
Respondents answered using a Likert scale from 1 to 5 (1 = strongly disagree, 5 = strongly agree).
The results of the validation study using the modified tool supported three-factor structure are in
press (for more details see Olech & Jurek, 2022).
The Attitudes towards Information Communication Technologies Scale (AS-ICT) was
used to assess participants’ attitudes towards technologies. It is a scale that consists of 23 items
measuring 4 dimensions of attitudes towards ICT, i.e.: ICT utility (e.g., 'Using new information
communication technologies improves quality of life', 'Without information communication
technologies, there would be no social and economic progress'), lack of ICT harmfulness (e.g.,
'Internet and information technologies do more harm to society than good' (reversely coded),
'New technologies are primarily tools for manipulating people and spreading fake news'
(reversely coded), ICT attractiveness (e.g. 'Using the Internet makes me happy', 'The
development of information technology makes life more comfortable for all people'), ICT selfefficiency (e.g. ‘I feel comfortable using ICT devices such as a computer, smartphone or tablet',
'I freely use electronic forms payments, e.g., internet transfers, payment by phone’).
Respondents used a scale from 1 to 5 (1 = strongly disagree, 5 = strongly agree). The
psychometric properties of the scale are presented and described in the technical manual (Olech
& Jurek, 2022).
To assess dispositional anxiety, the 'Anxiety' subscale (part of the Neuroticism scale) was
used from the Revised NEO Personality Inventory (NEO-PI-R) by Costa and McCrae in the
Polish adaptation of Siuta (2009). The 'Anxiety' subscale consists of 8 items (e.g., ‘I am often
worried that something might go wrong’) answered on a five-point Likert scale. The reliability
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and validity of NEO-PI-R, including its facets, have been well documented in the literature
(e.g., Costa & McCrae, 1992).
Age, gender and education were considered as possible confounding variables. These
variables were selected due to previous research suggests that they may impact the individual’s
perception of technology (La Torre, De Leonardis, & Chiappetta, 2020; Tarafdar, Cooper, &
Stich, 2019).

RESULTS
All calculations were prepared using the R environment (R Core Development Team, 2020).
Means, standard deviations, internal consistency and intercorrelations (r-Pearson) for variables
examined in the study are presented in Table 2. As shown, associations between dispositional
anxiety and three techno-stressor categories were week or not significant. Correlations between
attitudes towards ICT and perceived technostress dimensions were mostly significant but lower
than .30.
Table 2. Descriptive Statistics and Alpha Coefficient for Variables Examined in the Study.
Variable

M

SD

1

2

3

4

5

6

7

1/ Dispositional anxiety

3.30

.82

(.83)

2/ ICT self-efficacy

4.24

.73

.11**

(.77)

3/ Lack of ICT harmfulness

3.16

.73

-.09

.26**

(.81)

4/ ICT utility

3.59

.67

-.09*

.39**

.31**

(.71)

5/ ICT attractiveness

3.87

.72

-.02

.63**

.32**

.54**

(.78)

6/ Techno-threat

2.86

.99

.20**

-.09

-.28**

-.08

-.11**

(.84)

7/ Techno-complexity

2.25

.84

.06

-.30**

-.21**

-.11**

-.27**

.44**

(.83)

8/ Techno-overload

2.61

.87

.15**

-.13**

-.25**

-.05

-.12**

.67**

.57**

8

(.75)

Notes. N = 1,037; *Bonferroni-adjusted p-values at 0.05, **Bonferroni-adjusted p-values at 0.01. Alpha
coefficients are given diagonally (in brackets).

Next, we conducted a set of multiple linear regressions, predicting the three techno-stressor
categories while learning new app by a way of presenting technology and individual
differences, controlling for gender, age and education level. For all tested models, the
assumptions for linear regression were verified. For this purpose, the Shapiro-Wilk normality
test of residuals was performed. For techno-threat and techno-overload models, the test
confirmed the normality of the residual distribution at the level of p < 0.010 (respectively:
W = 0.997, p = 0.029; W = 0.998, p = 0.230). In the case of the techno-complexity model, the
Shapiro-Wilk normality test showed a non-normality of residual distribution (W = 0.983,
p < 0.001). However, inspection of quantile-quantile plot showed slight deviations of residuals
from the normal distribution. In addition, for each model the error scatter plots were analysed,
which confirmed the fulfilment of the assumptions about the linear character of the relationship
between the variables and the homoscedasticity of the error distributions.
As seen in Table 3, significant positive associations between dispositional anxiety and
three techno-stressor categories still held even after controlling for the attitudes towards ITC
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as well as demographic variables. Thus, it supports the hypothesis 1 that individuals with higher
dispositional anxiety perceive new technology as more stressful, i.e., more threatening (β = .15,
p < .001), more complex (β = .09, p < .01) and more overloading (β = .16, p < .001).
Table 3. Regression Coefficients for Tested Models.
Predictor

Techno-threat
B
SE
Beta

[95% C.I.]

Intercept
Demographic variables
Gender (male)

3.81***

.29

-.10

.07

-.05

[-.23, .03]

Age

-.01
-.07

.01

-.01

.09

-.03

-.05

.11

-.02

-.36***

.07

-.09

.08

.07

-.06

Model summary
Adjusted R2

-.05

-.01

.01**
-.13
-.21*

-.02
.01

.04

.15

.09**

.01

.10

-.04

-.23***

.08

-.07

-.28

-.15***

.10

-.11

.05

.10*

.06

-.01

-.04

-.16**

.04

.06

.02

.01

.09

.08

-.11

.10

-.15

.06

-.07

.06

.04

.03

.16

.05

-.04

.04

-.24

.05

.09

.05

.00

.01*
-.18*
-.29**

-.12*
[-.24, -.01]

.06

.00

.08
[-.04, .20]

.03

.09

.16***
[.10, .22]

.05

-.18

-.05
[-.14, .04]

.04

-.13

-.26***
[-.33, -.19]

.05

.08

[.01, .19]

.06

.25

[-.48, -.10]

[-.23, -.08]

.05

2.87***

[-.33, -.03]

[-.31, -.12]

.04

[95% C.I.]

[.00, .01]

[.03, .15]

.06

Techno-overload
B
SE Beta

[-.07, .15]

[-.12, .12]

[-.02, .18]

ICT attractiveness

.06

[-.14, .10]

[-.44, -.28]

ICT utility

-.03

[-.40, -.02]

[-.16, .06]

Lack of ICT harmfulness

.25

[-.28, .02]

[.11, .25]

ICT self-efficacy

3.53***

[.00, .01]

[-.24, .11]

Education (undergraduate or
-.05
graduate)
[-.27, .17]
The way technology is presenting
Leaflet (compare with scientific -.19**
paper)
[-.33, -.05]
Simplified instruction (compare
-.13
with scientific paper)
[-.27, .01]
Individual differences
Dispositional anxiety
.18***

[95% C.I.]

[-.14, .08]

[-.01, .01]

Education (secondary)

Techno-complexity
B
SE Beta

.11*
[.02, .20]

.05

-.13

-.01

[-.16, .06]

[-.26, -.06]

[-.10, .10]

.11***

.13***

.09***

Notes. N = 1,037; *p < 0.050; ** p < 0.010; *** p < 0.001.

It was also found that the stronger belief in ICT low harmfulness the less threatening is the
newly learned mobile technology (β = -.28, p < .001), less complex (β = -.13, p < .001) and
less overloading (β = -.24, p < .001). Further, results presented in Table 3 show that stronger
beliefs about ICT self-efficacy and ICT attractiveness are related to perceiving the new
technology as less complex (β = -.18, p < .001 and β = -.13, p < .01 respectively). However, no
correlation with these dimensions of attitude towards ICT and techno-threat and technooverload was noted. Additionally, beliefs in ICT utility marginally were related to technocomplexity (β = .08, p < .05) and techno-overload (β = .09, p < .05), but in direction contrary
to those predicted in hypothesis 2. In conclusion, the results only partially supported for the
hypothesis put forward in this respect.
Finally, results presented in Table 3 show that the way new technology is presented
affected perceived technostress but marginally and only in terms of techno-threat (β = -.09,
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p < .01) and techno-overload (β = -.07, p < .05). As predicted, getting to know the new
technology through a popular science article increases the perceived technostress compared to
the situation in which the new technology is presented in the form of a marketing leaflet. The
latter serves also as experimental manipulation check.
Since not all effects in the tested models were significant, in the next step the models
containing only significant predictors were repeated. Examination of normality of the residuals
distribution provided similar results for all three tested models as previously (techno-threat:
W = 0.996, p = 0.014; techno-complexity: W = 0.983, p < 0.001; techno-overload: W = 0.998,
p = 0.208). As can be seen in Table 4, after the omitting nonsignificant terms, regression
coefficients are almost identical when compared to the previously reported results.
Table 4. Regression Coefficients for Tested Models after Omitting Nonsignificant Terms.
Predictor

Techno-threat
B
SE
Beta

[95% C.I.]

Intercept
Demographic variables
Age

3.59***

.18

–

–

–

Techno-complexity
B
SE Beta

[95% C.I.]

3.51***

.25

.01**

.01

.10

[.00, .01]

Education (secondary)

–

–

–

-.13

–

–

.08

-.07

.07

-.09

–

–

2.76***

.22

.01**

.01

.11

.08

-.11

.09

-.16

.06

-.07

.06

.05

.03

.15

–

–

–

-.27***

.03

-.24

.04

.07

–

–

-.19*
[-.34, -.04]

.10

-.10

[-.40, -.02]

-.31**
[-.49, -.12]

–

–

-.12*
[-.24, -.01]

.07

-.07

–

–

–

.08
[-.03, .20]

.03

.16

[.12, .25]

ICT self-efficacy

-.21*

[95% C.I.]

[.00, .01]

[-.28, .02]

Education (undergraduate or
–
graduate)
The way technology is presenting
Leaflet (compare with scientific -.18**
paper)
[-.31, -.04]
Simplified instruction (compare
-.13
with scientific paper)
[-.27, .01]
Individual differences
Dispositional anxiety
.19***

Techno-overload
B
SE Beta

.09**

.03

.09

[.03, .16]

–

–

-.21***

.15***
[.09, .21]

.05

-.18

.04

-.13

[-.31, -.12]

Lack of ICT harmfulness

-.37***

.04

-.28

[-.44, -.29]

ICT utility

–

-.15***
[-.23, -.08]

–

–

.10*

[-.34, -.20]

.05

.08

[.01, .19]

ICT attractiveness

–

–

–

-.16**

.09*
[.02, .16]

.05

-.14

–

[-.26, -.06]

Model summary
Adjusted R2

.11***

.13***

.09***

Notes. N = 1,037; *p < 0.050; ** p < 0.010; *** p < 0.001.

It should be emphasized that although the direction of a significant part of the relationships
between the studied variables was consistent with the hypotheses and these relationships were
statistically significant, the regression coefficients are low, so they should be interpreted with
great caution. This concern is supported by the analysis of Adjusted R2 values for each model
tested, which indicates that these models explain between 9 and 13 percent of the variance of
the three perceived techno-stressor categories
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DISCUSSION
We conducted the current study to explore associations between individual differences
(dispositional anxiety, attitudes towards ICT), the way new technology is presented
(presentation format of information about technology), and perceived technostress while
learning this technology. Specifically, we examined how people perceive techno-threat,
techno-complexity, and techno-overload while learning about a new mobile app they haven't
used before. As expected, it was found that people characterized by higher dispositional anxiety
perceived the new technology as more stressful in terms of all three examined categories of
techno-stressors. It was also found that people with more positive attitudes towards ICT (they
see it as less harmful) perceived newly learned technology as less stressful. The other
dimensions of attitudes towards ICT turned out to be irrelevant for predicting the perceived
technostress (except techno-complexity) while learning a new technology at the early stage.
Finally, it was found that presenting the new technology in the form of a popular science article
was associated with the perception of this technology as more threatening and overloading (but
not complex) compared to the situation in which the technology was presented in the form of
a marketing leaflet with an unequivocally positive message.
Although most of the hypotheses were supported by the results obtained, it should be noted
that the effect sizes are small and the models explain the marginal variance of the perceived
technostress. There are at least two reasons for a weak relationship between dispositional
anxiety, attitudes towards ICT, and perceiving the new technology as stressful indicated in the
current study. First, a person's reaction to a given technology is primarily driven by their
individual experience of using it. Although, it may seem that the exacerbated intensity of
technostress may stem from personality and more generic attitudes towards ICT, the most
indicative source of technostress is one’s negative experience derived from either learning or
utilising some specific technological solutions (Day et al., 2019). Only encountering technical
difficulties or experiencing negative consequences of the operation of technology (task
overload, task pressure, interpersonal misunderstandings, etc.) has the potential to evoke clear
emotional and physiological reactions that are signals of technostress. Learning about
technology in a theoretical rather than practical manner as arranged in the present study may
not be a sufficient impetus to elicit an arousal that detects individual differences in responding
to the new technology.
Secondly, the context of using the technology seems to be the key factor for experiencing
technostress. In work-related conditions, the usage of technologies is often mandated,
employee have no option other than to use them. In private life, the use of ICT serves to meet
a different kinds of need, the satisfaction of which usually makes it possible to choose between
different technological solutions available. Besides, individuals can typically stop using a
technology when they perceive technostress, which obviously does not change the fact that
individuals also perceive stress when using IT privately (La Torre et al., 2019). However, the
technostress antecedents and its harmfulnes may be different depending on the context of use.
In our study, the exposed mobile application had a potential use in personal life, in the field of
monitoring the user's health. The participants of the study did not face the necessity to use this
technology, which probably contributed to an emotionless assessment of this mobile
application.
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The obtained results support the concept of individual and situational determinants of the
perception of new technologies, despite the fact that in the current study small effect sizes were
received. At the same time, finding weak relationships between individual differences, the form
of technology presentation and technostress in the initial stages of encountering new
technology can contribute to planning future research. It can be assumed that the potential
perception of technology as a source of stress develops only in the phase of using the
technology. Then, not only unique experiences, but individual differences may play a greater
role. Thus, cautiously, due to rather low effects size, we suggest the process of learing new prohealthy app implemented in a smooth, positive way. Descriptions how to use the app might
indicate the simplicity of a given technology, its affability and utility.

LIMITATIONS OF THE STUDY
The first limitation of the study are rather low effects sizes. This unbales us to generalize the
results on the whole population of Poles. The research however seems to be the first step
towards creation of the new manner of implementation new pro-healthy apps. Literature on
Virtual Environment (VE) shed light on vast majority of clinical approach to rehabilitation and
therapeutic practises, immersed in Virtual Reality (VR) (Wojciechowski, Wiśniewska,
Pyszora, Liberacka-Dwojak, & Juszczyk, 2021). The contemporary development requires new,
good tools for creative and positive VT implementation.
Second, we designed a study in which learning about a new technology was based on
written materials (early phase of contact with technology), while examining technostress may
be more rationale when using new technology. Only when trying a new application or device,
the user has the opportunity to experience negative emotions related to the difficulties
encountered (Day, Barber, & Tonet, 2019). Thus, it is necessary to design experiments in which
the participants could face the necessity to actually use new ITC solutions.
Finally, the use of technology in everyday life should be developed in future research.
Until now, technostress researchers mainly have focused on experiences of using technology
in work or education context, where the choice of users is limited (they must learn a new
technology in order to fulfill their responsibilities). We still don't know much about the
technostress that accompanies the use of technology in everyday life. Here, the type of pressure
exerted may have a different character, e.g., related to belonging to a social group or selfpresentation. There is a need to extend research to include such determinants of humantechnology interaction.
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Abstract: In the era of a rapidly aging European society, the demand for proven clinical
decision support systems, links health observations with medical knowledge in order to
assist clinicians in decision making is constantly growing. An increasing problem for this
type of systems is not only the size of the processed data sets but also the heterogeneity of
these data. Clinical forecasting often requires processing of both numerical data and
multi-category data which are temporal. The conducted research has shown that a good
solution to this problem may lie in the use of temporal inference, the ant-based clustering
algorithm, rough sets, and fuzzy sets. The experiments used a real set of medical data
representing cases of a disease that significantly reduces a woman's quality of life. Each
case of uterine myoma disease (which affects more than 50% of women over the age of 35)
is represented by more than 140 heterogeneous features. An incorrect decision about the
type of surgery (thermoablation or surgery) not only affects female fertility but also the
high risk of complications. Therefore, the solution discussed in this paper may turn out to
be extremely important.
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INTRODUCTION
The fast growth in the amount of available information collected in an electronic form and the
development of digital data acquisition and recording technologies means that the techniques
of exploring and discovering knowledge in data are used in an increasing number of fields.
However, this requires an interdisciplinary approach. The domain data must be properly
understood before the essential features of the available data set can be selected. Only then we
can start coding, normalizing, exploring and analysing data. The data mining becomes a key
tool for the competitive advantage of companies in terms of discovering patterns and
dependencies, constructing analytical models, assessing the degree to which models fit the data
and interpreting the results. It also revolutionizes all areas related to the quality of human life,
primarily in terms of protection and improvement of human health. Therefore, in medicine, the
demand for data analysis tools that use automatic and semi-automatic methods to identify and
describe patterns, trends, or relationships in data is growing more than ever. However, this is
associated with many difficulties. The basic problem is that the collected data resources have
many incomplete features. The data are heterogeneous because they include not only numerical
values (integer and real values) but also categorical values and multi-categories. In addition,
the data require the application of various fields of data science due to the need to process
multidimensional data structures, including irregularly sampled processes with space-time
dependencies. The results of the research on available medical databases, which were recently
published in The Lancet Digital Health (Wen et al., 2021) clearly show the problem of the lack
of complete data. According to the authors, machine learning algorithms, that are to help in the
early detection of dangerous diseases (e.g. skin cancer), learn from incomplete databases.
Consequently, their effectiveness cannot be guaranteed. This has also been confirmed in other
studies (Daneshjou, Smith & Sun, 2021; Pawlowski, 2019). In addition, the available medical
data resources include multidimensional heterogeneous data structures (in the form of time
series, numerical data, categorical data and image files). It is a significant challenge in terms
of correct data preprocessing, so that the processed data resources can be used effectively
(Thirumahal, Sadasivam, 2020; Ren, Lu, Wang, 2018). The correct approach to machine
learning requires the analysis of data structure and relationships, development or selection of
an appropriate model of inference, as well as visualization and interpretation of the obtained
results. Therefore, the analysis and inference are carried out using both quantitative and
qualitative methods. This approach takes into account linear, nonlinear, discrete and continuous
models, including data reduction algorithms, feature extraction, data discretization, decision
rule generation, neural network models, frequency analysis models, and many statistical
analysis tools and models. However, most of them work well when dealing with a large number
of samples, a small amount of missing data and multi-criteria data. In any other case (SalcedoBernal, Villamil-Giraldo, Moreno-Barbosa, 2016; Dhillon & Singh, 2019), a different method
is used that will allow the achievement of satisfactory results (relating to an acceptable error
value at the output). These include solutions using fuzzy sets (Vlamou, Papadopoulos, 2019)
or rough sets (Burney & Abbas, 2015). They allow inference based on heterogeneous data sets,
but require complete data sets. Therefore, in the opinion of the authors of the article, the
appropriate approach to the problem may be the use of an ant-based clustering algorithm and
flow graphs. The ant-based clustering algorithm is an example of the algorithm that does not
require specifying the expected number of clusters. This is a significant advantage as compared
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to the most frequently used: K-means algorithm, hierarchical algorithms or Gaussian Mixture
algorithm (Su, Dy, 2007). The approach presented in the article was tested on a real medical
data set.
The analytical process of knowledge discovery to support decision-making always
requires proper data preparation (Tripathi, Muhr, Brunner, Jodlbauer, Dehmer & EmmertStreib, 2021; Alnoukari & El Sheikh, 2012). Therefore, data validation, cleansing, re-encoding
and variable selection are performed. The data encoding process includes transformation,
cleansing and data quality assessment. Feature fields with missing data must be properly
completed or marked. The next step is to select the features for analysis, because not all
variables will be meaningful or valuable in the proposed solution. In addition, all data should
be normalized. A data set prepared in such a way can be processed by an appropriate decision
inference algorithm. This is shown in Figure 1.
Algorithms and models

Data source

Data acquisition

•
•
•
•

data reduction
feature
extraction
rule induction

Data preparation and
data preprocessing
•
•
•

Results evaluation
•
•
•

calibration
simulations
visualization

Decision Support
System

coding
structuring
normalization

Figure 1. Data processing model for forecasting purposes.

The decision support system based on the mechanisms of relational analysis of the
aggregated features of the available data set is a solution expected in many fields of medicine.
One of them is gynaecology. No proven solution to the problem of predicting the effectiveness
of thermoablation of fibroids treatment has been developed so far in this medical field.
Currently, the qualification of the patient for the treatment of thermal ablation of fibroids is
based on a gynecologist's consultation with a radiologist. However, the research conducted has
shown (Lozinski, Filipowska, Gurynowicz, Pyka, Ciebiera, 2020) that it is not always the right
decision. Uterine fibroids are benign tumours of the female reproductive organs (De La Cruz
& Buchanan, 2017). They affect even every fourth woman of childbearing age. The patient is
usually referred for removal of the uterine body or the entire uterus in the event of heavy
bleeding, abdominal pain and anaemia. However, it is associated with the loss of female
fertility. The ultrasonic thermoablation treatment is a hope for its preservation. The ultrasonic
thermoablation is a non-invasive procedure (Kalamarz, Zagrobelna & Pyziak, 2017) that has
only been used in gynaecology for several years. It uses a 3-Tesla device. The energy of the
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focused ultrasound beam generated by this device is precisely directed from ultrasound or
magnetic resonance imaging. The high-frequency ultrasound wave causes a temperature
increase in the range of 60-100 degrees in the target tissue, protein denaturation and tumour
degradation as a result. However, the ultrasonic thermoablation treatment is very expensive.
The decision about the positive qualification of the patient for the procedure of ablation is now
made by doctors on the basis of 4 features selected from a set of over 140 features representing
the detailed results of diagnostic tests. The analysis usually concerns only such features as: the
location of the myoma, its relation to the environment, the thickness of the adipose tissue and
the type of myoma according to the Funaki classification (Sainio, Saunavaara, Komar, Mattila,
Otonkoski & Joronen, 2021). However, the available literature (Lozinski, Filipowska,
Gurynowicz, Pyka & Ciebiera, 2020; Verpalen, Anneveldt, Nijholt, Schutte, Dijkstra, Franx,
Bartels, Moonen, Edens & Boomsma, 2019) and the analysis of the available control results
of 218 patients after 6 and 12 months show that this approach is only associated with an
accuracy of 25% to 35% (Lozinski, Filipowska, Gurynowicz, Pyka, Ciebiera, 2020). Therefore,
we have created and next evaluated an IT system of decision support for the problem defined
above.
The proposed approach is related to the analysis of data containing information obtained
before the procedure and 3 and 6 months after the thermoablation procedure. The data
collection procedure results from the standard medical procedure adopted by the physicians in
the considered medical problem. It is possible to achieve valuable knowledge by building a
flow graph in which nodes represent specific clusters determined on the basis of features related
to a given temporal information. The use of data collected by physicians does not give
satisfactory results in qualifying patients for thermoablation. Hence, there is a need to use
machine learning tools to extract knowledge from data. Each node represents a specific time
event and information about the affiliation of each processed data vector to a specific group of
objects with similar characteristics. Therefore, data sets related to significant temporal features
must be clustered in advance in order to create a flow graph. This is due to the fact that vectors
are created in different feature spaces describing patients at distinguished moments in time.
Which features appear at each stage depends on the medical procedure determined by
physicians. Therefore, there is no one feature space considered in all stages. The rationale
behind the clustering and flow graph approach is the desire to link two perspectives in the
inference problem under consideration: a spatial perspective (clustering in feature spaces) and
a temporal perspective (information flow over time represented by a flow graph). The
metaheuristic ant-based algorithm was used due to multidimensional data structures, missing
data and the inability to indicate the number of result groups for this purpose. The authors of
the article did not find other solutions allowing for effective inference from incomplete
multidimensional data.
The data set used in our study was obtained thanks to cooperation with a medical clinic. It
contains 145 heterogeneous features (including integer, real, categorical and multi-category
values) and 218 data records. Each of the 218 data vectors represents a separate patient with
severe symptoms of uterine fibroids. The data set was initially processed and then divided into
3 subsets (with different features), representing respectively the test results necessary to make
a decision about thermoablation treatment and its implementation, the results of control tests
performed 3 months after the procedure and the results of control tests performed 6 months
after the procedure. The data feature interdependencies are determined by physicians on the
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basis of adopted medical procedures and the medical knowledge available. The first of the
processed data subsets is the data set of medical test results before the thermal ablation
procedure. These data include blood counts, ultrasound, detailed medical history, history of
diseases, history of pharmacological treatment, measurements of the size of each detected
myoma and detailed gynecological diagnostics. This set consists of 91 unique features. The
second collection concerns the results of the patient's control test, 3 months after the procedure.
It consists of 29 different features from those in the first data set. These data include the results
of ultrasonography performed 3 months after the thermoablation treatment, post-treatment
NPV and magnetic resonance imaging. The last subset of data processed is a set of another 25
unique features. They represent the patient's control test results 6 months after the thermal
ablation procedure. The physicians define the range of the patient's control test at each stage.
Therefore, there does not exist any fixed relationship between features from particular
collections. There is only a relationship resulting from the physician's decision in regard to the
scope of the tests. All non-numeric feature values (including categorical values) in the above
data sets have been encoded as numerical data. The one-hot encoding method was used for this
purpose and then the data was normalized. One-hot encoding is a process in data processing
that is applied to categorical data in order to convert it into a binary vector representation.
Individual values of such a vector can then be represented as a sequence of features. An
exemplary (1 of 218) input data vector of a data subset is shown below:
[1.0;1.0;1.0;0.27586;0.4;0.96753;0.0;0.0;0.0;0.0;0.0;0.0;0.058823;1.0;0,0;0.0;0.0;1.0;1.0;1.0;
1.0;0.0;1.0;0.0;0.0;0.0;1.0;0.0;0.0;0.0;0.0;0.0;0.0;0.0;1.0;1.0;0.00151;0.68582;0.67677;0.480
78;0.21003;0.027399;0.362076;0.009971;0.17734;0.01397;0.350981;0.00491;0.33333;0.626
16;0.55652;0.56140;0.27447;0.6875;0.0;0.0;0.8;0.24137;0.0;1.0;0.84347;0.62385;0.60629;0.
40255;0.0;0.0;0.0;0.0;0.0;0.0;1.0;0.0;0.0;1.0;0.0;0.0;0.0;0.46341;0.0;0.03678;0.23990;0.4243
3;0.325;0.23529;0.27234;0.10455;0.64285;0.44;1.0;1.0;0.42307;2.0]
The subsets were clustered and a flow temporal inference graph was built. There are many
algorithms for grouping a set of objects in such a way that objects in the same group are more
similar to each other than to those in other groups (Singh, Srivastava, 2020). The division can
be made according to data types (e.g. numbers, text data, images, etc.), the mechanism of
generating clusters (deterministic and probabilistic algorithms) or the method of obtaining
clusters (hierarchical and flat algorithms). Unfortunately, many traditional clustering
algorithms have many disadvantages. They are primarily computationally inefficient because
they work well for a small number of features of grouped data. They are also sensitive to
outliers. At this point, it is important to refer to (Handl, Knowles, Dorigo, 2003), where the
authors discuss the advantages of using the ant-based clustering algorithm over other clustering
algorithms. Among other things, the authors draw attention to the following facts: (i) the nature
of the ant-based algorithm makes it fairly robust to the effects of outliers within the data, (ii)
ant-based clustering has the capacity to work with any kind of data that can be described in
terms of symmetric dissimilarities, and it imposes no assumption on the shape of the clusters it
works with. Moreover, other clustering algorithms often also require a priori information about
the number of expected clusters. However, heuristic algorithms deal with these problems well.
One of them is the ant-based clustering algorithm (Boryczka, 2008; Pancerz, Lewicki, 2012).
The flow graph is a suitable tool to model information flow in case of heterogeneous
domains. As it will be shown in the next sections, we cannot treat our problem in terms of time
series analysis, because we do not deal with the same quantities changing in time.
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METHODOLOGY
Algorithm of Ant Collective Intelligence in the Task of Data Clustering
The ant-based clustering algorithm (Boryczka, 2008; Pancerz, Lewicki, 2012) is a populationbased algorithm in which subsequent generations of virtual ant are looking for good quality
solutions. It was created on the basis of observation of the ability of ants to stack the bodies of
dead ants (Deneubourg, Goss, Franks, Sendova-Franks, Detrain & Chretien, 1991). Its basic
operating principle relates to the ability of the agent (ant) to pick up, transport and drop items.
The possibility of picking up and dropping an element is determined by the probability. The
value of the probability depends on the neighbouring elements in the available search space.
Ants prefer to pick up objects that are isolated or adjacent to different objects. Moreover, they
tend to drop objects that are in the vicinity of similar objects. Objects are grouped within the
explored area as a result of this approach. The Ant-based clustering algorithm does not use the
phenomenon of leaving a pheromone trace. Moreover, the size of the ant (agent) population
does not have a large impact on the algorithm's performance.
The ant-based clustering algorithm was used first to group the first set of objects, then to
group the second set of objects, and after that to the third set. The first data set was a set of
patient test results prior to the uterine myoma ablation procedure. This set consists of 218 data
vectors. Each vector represents a different patient and it is described by 91 unique features.
Each of the values of the processed features (after carrying out the coding and normalization
process) was a numerical value. Each vector of this set consists of the same number of features,
which give information on: past thermoablation, operations, contraindications (that we know),
patient's age, weight, height, number of births, number of miscarriages, obstruction of the
fallopian tube, anovulation, partner's sperm, date of first myoma detection, heavy menstruation,
anemia, HB before the procedure, intermenstrual bleeding, abdominal pain, painful
menstruation, painful intercourse, pressure on the bladder, pressure on the rectum, attempts to
treat fibroids or fibroids, as well as laparoscopy data, ultrasound data, detailed information on
the size of each detected myoma and information about its position. The second set of data was
the results of the patients' control tests performed 3 months after the thermoablation procedure.
Data vectors of this set were represented by attributes corresponding to such features as: change
in the volume of the myoma, position in relation to the uterus, position in relation to the
abdominal cavity, length of the myoma, width of the myoma, volume of the myoma visualized
using ultrasound, menstrual bleeding, bleeding between periods, soreness of menstruation, the
patient's well-being, NPV, quality of life, Funaki classification of myoma size change, the
degree of hardness of the lower abdomen, evaluation of the pressure on the bladder, parameters
of ultrasound examination with contrast and MRI parameters. This set was also converted into
numerical values after the coding and normalization process. These features (apart from the
contrast ultrasound) also represented the third data set. The third set of data was the results of
the patients' control tests performed 6 months after the thermoablation procedure. Each of the
three sets listed above consisted of 218 data vectors. The expected result of grouping each
object of the first, second and third data set was the information about the cluster number in
which the object was placed. In general, there is no requirement that the feature sets defined at
each stage are related to each other. The physicians define the range of the examination at each
stage. In the extreme case, the patient may be described by a completely different set of features
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at each stage. The only determinant is the fact that these features allow physicians to determine
the condition of the patient at a given time for the selected disease entity.
Objects representing the input data vectors (recordset) were randomly placed in space (in
the form of a toroidal grid) in the initialization phase. The number of agents (ants) was set to
the same value as the number of data vectors processed (218). Each agent has been associated
with a different object and placed on the grid at random coordinates. The next step was to
iterate for a given value. Experiments showed that the best results were obtained for a value
equal to 500. Each agent moved randomly around the grid picking and dropping the data
objects. The decision of dropping an object depended on the calculated probability value. The
probability of dropping an object was given by a formula:
Pd (oi ) = {

1, if f(i) ≥ 1
1
f(i)4.

,

else

where:
– Pd (oi) is the probability of dropping object oi,
– f(i) is a modified version of Lumer and Faieta’s neighbourhood function (Lumer,
Faieta, 1994).
The neighbourhood function f(i) was given by formula:
1
𝑑(𝑖, 𝑗)
𝑑(𝑖, 𝑗)
∑ [1 −
] , 𝑖𝑓 𝑓 > 0 𝑎𝑛𝑑 (1 −
)>0
2
𝛼
𝛼
𝑓(𝑖) = {𝛿
𝑗

0,

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

where:
– d(i, j) is the dissimilarity (Euclidean distance) between a pair of objects (oi, oj),
– α is a factor that defines the scale for dissimilarity,
– δ2 is a neighbourhood size (δ2∈{9;25}).
A modification of the Lumer and Faieta algorithm was applied here in order to improve
convergence due to the fact that the problem under consideration concerns the grouping of data
in the context of knowledge discovery. The algorithm without a modified version of Lumer
and Faieta’s neighbourhood function was less efficient (Pancerz, Lewicki, 2012).
The similarity function was computed on the basis of the Euclidean distance. The agent left the
object where it currently was on the grid in case of decision to drop an element. He searched
for a new object to pick up at the next step. It was related to the probability function defined
by formula:
1,
𝑖𝑓 𝑓(𝑖) > 1
1
𝑃𝑝 (𝑜𝑖 ) = {
,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝑓(𝑖)2.
where:
– Pd (oi) is the probability of picking object oi,
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– f(i) is a modified version of Lumer and Faieta’s neighbourhood function.
8 unambiguously distinguishable clusters were obtained for each grouped data set. The number
of clusters is determined automatically, without any interference in the analysis. They were
numbered from 0 to 7. The process of grouping the first data set gave the following result:
[2;1;1;2;1;2;1;1;5;1;1;2;4;1;2;1;6;5;5;1;1;5;2;2;2;2;2;5;1;1;5;5;2;1;1;2;5;2;2;4;1;1;2;2;2;2;4;2
;2;1;2;2;2;2;5;1;2;1;2;2;4;4;2;2;1;2;4;1;2;5;2;2;2;2;5;4;5;2;1;1;2;5;2;1;4;2;2;6;4;4;1;4;4;2;5;2
;1;1;1;6;0;1;1;2;2;4;4;2;4;2;5;5;1;1;1;4;4;2;1;1;5;2;1;0;2;4;2;6;6;6;4;1;2;6;2;6;2;6;1;2;6;4;6;6
;6;0;0;6;0;0;7;0;0;0;0;0;7;5;0;7;7;0;0;6;0;0;7;7;0;0;0;0;0;0;0;7;7;3;7;7;7;7;3;7;3;3;3;3;3;3;3;3
;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3;3].
It means that the first object of first data set belongs to the cluster number 2, the second object
belongs to the cluster number 1, etc. They are values of features at the first time point of the
flow graph presented in this article.
The process of grouping the second data set gave the following result:
[4;4;7;1;7;4;2;2;7;5;1;1;5;4;1;1;6;7;4;7;5;5;7;2;4;1;1;5;1;5;7;7;1;1;1;1;7;1;7;5;2;1;2;5;4;1;5;5
;2;2;1;1;5;1;4;1;1;5;1;1;7;1;1;5;0;5;1;2;1;1;1;1;7;5;7;2;5;1;5;1;7;1;1;5;2;1;5;6;2;7;0;2;1;5;1;1
;1;5;2;4;3;7;5;1;1;7;1;5;1;1;1;7;7;1;0;1;1;0;6;2;1;1;1;6;7;2;7;6;6;5;1;2;0;6;1;6;7;4;7;4;4;5;5;5
;6;5;5;6;3;0;0;0;3;3;6;2;6;0;3;6;2;6;0;4;0;6;3;4;3;0;0;3;3;0;6;3;0;3;0;4;0;0;0;0;0;0;0;3;0;3;0;3
;0;0;0;0;0;3;0;3;0;3;0;3;0;3;0;0;0;0;3;0;3;3;0;6;0;3].
They are values of features at the second time point of the flow graph.
The process of grouping the third data set gave the following result:
[2;2;1;3;7;2;3;7;3;1;2;2;3;2;3;3;4;7;2;1;1;7;2;7;2;3;2;1;3;2;3;1;3;1;1;3;2;1;2;1;1;3;1;3;2;3;2;1
;7;2;3;3;3;1;2;7;3;3;3;3;7;3;3;1;3;1;3;7;2;3;3;3;1;2;1;3;1;3;1;3;7;3;3;3;2;1;1;0;7;2;3;7;3;3;3;3
;1;3;2;5;6;2;3;1;3;2;3;1;7;3;3;3;7;2;3;3;3;3;3;7;3;3;7;6;7;3;1;5;0;4;3;1;7;4;3;5;7;5;7;2;5;3;4;5
;4;6;6;0;6;6;5;0;6;6;4;6;6;7;6;0;6;0;0;5;0;0;5;5;0;0;0;6;0;0;0;5;5;6;5;5;0;0;6;0;4;0;5;4;0;4;0;4
;5;4;0;4;0;4;0;4;0;0;0;6;5;6;0;4;0;6;6;5;5;5;0;0;4;6].
They are values of features at the third time point of the flow graph.
These results were used to create a temporal flow graph.

Reasoning with Rough Set Flow Graphs
We assume that data sets used to generate rough set flow graphs (Pawlak, 2005) consist of data
in tabular forms. From the mathematical point of view, we can treat such entities as information
systems (cf. (Pawlak, 1991)). Formally, an information system IS is a quadruple:
𝐼𝑆 = (𝑈, 𝐴, {𝑉𝑎 }𝑎∈𝐴 , 𝑓)
where:
– U is the nonempty, finite set of objects,
– A is the nonempty, finite set of attributes,
– {𝑉𝑎 }𝑎∈𝐴 is the family of nonempty sets of attribute values,
– 𝑓: 𝐴 × 𝑈 → ⋃𝑎∈𝐴 𝑉𝑎 is the attribute function such that 𝑓(𝑎, 𝑢) ∈ 𝑉𝑎 for each 𝑎 ∈ 𝐴 and
𝑢 ∈ 𝑈.
A special case of an information system is a decision system in which two classes of
attributes (the so-called condition attributes and decision attributes) are distinguished, i.e., 𝐴 =
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𝐶 ∪ 𝐷, where C is the nonempty, finite set of condition attributes, D is the nonempty, finite set
of decision attributes. We often consider a decision system with one decision attribute, i.e.,
𝐷 = {𝑑}.
Any information system can be presented as a data table. Columns of the table are labelled
with attributes from the set A, rows are labelled with objects from the set U, and entries of the
table are values of the attribute function f assigning to each attribute 𝑎 ∈ 𝐴 and each object 𝑢 ∈
𝑈, a value of a on u.
In the approach presented in this paper, we consider an information system
𝐼𝑆 = (𝑈, 𝐴, {𝑉𝑎 }𝑎∈𝐴 , 𝑓} in which a set A of attributes is ordered in time, i.e., 𝐴 = {𝑎𝑡 : 𝑡 =
1, 2, … , 𝑚}. The subscript t can be treated as the time point identifier. We assume that the time
space is discrete. Such an information system will be called a temporal information system.
The values of attributes can represent different entities, for example, results of
measurements, observations or calculations. In the approach presented in this paper, the values
of attributes represent clusters of objects, i.e., each value is a cluster identifier.
Figure 2 shows a general idea of acquiring input data. At the beginning, input data consist
of objects (in our case, patients) described by sets of features specified in a given time space.
Hence, for each object, its temporal characteristic is obtained as it is shown in Figure 2. In
general, we can distinguish m time points of interest from the point of view of the problem
under consideration. They can be time points when the objects are examined, observed, tested,
measured, etc. As it is described later, 𝑚 = 3 in our considered problem.

Figure 2. Temporal characteristic of a given object (general).

At each selected time point in a time space, we describe the object by a fixed set of features.
It is not necessary for an object to be described by the same sets of features at each time point,
i.e., the sets of features can differ both qualitatively and quantitatively. For example, in medical
domain, different sets of examinations may be performed or different states may be identified
in different situations (e.g., preliminary examinations, check-ups) for a given patient.
Sometimes, the check-ups can be more thorough, sometimes less. This can be due to
established procedures, capabilities, etc.
Generally, the sets of features considered for objects can be either identical, partly
overlapping, or entirely different. The approach presented by us is independent of a particular
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situation and it can be used in any of those situations. This is due to the fact that the clustering
procedure is made separately over each feature space defined at a given time point. It is worth
noting that, at the feature space level, we cannot treat our approach in terms of time series
analysis. A time series concerns the same quantities changing in time.
In our approach, we have selected three time points:
1. Before the thermoablation procedure (at this time point, 91 selected features
describe patients).
2. 3 months after the thermoablation procedure (at this time point, 29 selected features
describe patients).
3. 6 months after the thermoablation procedure (at this time point, 25 selected features
describe patients).
Moreover, the fourth time point has been added. It can be identified as evaluation of the
cure rate. The attribute corresponding to this time point is a decision attribute (i.e., d in a
decision system definition). Therefore, we are dealing formally with a decision system as it
was defined earlier. A fragment of a temporal information system (including 7 patients) created
for the considered data set is shown in Table 1.
Table 1. A fragment of a temporal information system presented in a tabular form.

Attribute a1 Attribute a2 Attirbute a3 Decision attribute (d)
2
4
2
high
1
4
2
medium
1
7
1
low
2
1
3
medium
2
4
2
low
1
2
3
medium
5
7
3
medium
Attributes 𝑎1 , 𝑎2 , and 𝑎3 correspond to the three time points, which were mentioned earlier,
respectively. Values of these attributes are cluster identifiers extracted on the basis of proper
feature spaces describing patients. Attribute d is a decision attribute. For this attribute, a simple
interval clustering has been performed and three clusters marked with low, medium and high
cure rate, respectively, have been determined. The cuts for determining intervals were as
follows: 0.36 and 0.63. These cuts divided the whole range of values of the decision attribute
(that is from 0.0 to 1.0) into three intervals corresponding to linguistic labels: low, medium,
and high, respectively. For example, the meaning of the first row is as follows. The object
(patient), considered in this row, has been assigned by the clustering procedures to the
following clusters: 2 (at time point 1), 4 (at time point 2), 2 (at time point 3), and high (for
decision).
It is worth noting that, at the cluster space level (as, for example, shown in Table 1), we
cannot perceive our approach in terms of time series analysis. In this case, we are not dealing
with the same quantities varying over time. Each cluster space can be determined over a
different feature space. Therefore, the domains (the sets of values) of attributes in a temporal
information system cannot be equated with each other.
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One can see that, in general, we can assign a linguistic description to each cluster identifier,
which is important, for example, from the point of view of medical diagnosis.
Any sequence < 𝑣1 , 𝑣2 , … , 𝑣𝑘 >, where 𝑣1 ∈ 𝑉𝑎𝑗 , 𝑣2 ∈ 𝑉𝑎𝑗+1 , ..., 𝑣𝑘 ∈ 𝑉𝑎𝑗+𝑘−1 , 𝑗 =
1,2, … , 𝑚, and 𝑗 + 𝑘 − 1 ≤ 𝑚, is called an episode (over the sets of values of attributes) in a
temporal information system 𝐼𝑆 = (𝑈, 𝐴, {𝑉𝑎 }𝑎∈𝐴 , 𝑓}. Two episodes < 𝑣1 , 𝑣2 , … , 𝑣𝑘 > and <
𝑣′1 , 𝑣′2 , … , 𝑣′𝑘 > are adjacent if and only if either 𝑣1 = 𝑣′𝑘 or 𝑣𝑘 = 𝑣′1 . In our approach,
episodes are defined over sets of clusters. Basically, one episode is a sequence of cluster
identifiers (see Figure 3).

Figure 3. An episode defined over sets of clusters.

In Figure 4, a general scheme of the proposed procedure to build a flow graph and extract
episodes is shown. As a result of the procedure, we obtain the episodes, which can be used to
make temporal inference about characteristics of objects. In the first step, we determine sets of
clusters of objects. The clusters are extracted with respect to feature spaces defined at selected
time points. In this step, the ant-based clustering algorithm can be used as it was described in
the previous section. As a result of this step, we obtain an information about cluster identifiers
to which objects have been assigned in each feature space selected for a given time point. This
information is arranged as a temporal information system defined earlier. On the basis of this
system, the so-called rough set flow graph is built. Figure 5 shows the proposed procedure
applied to data taken into consideration by us.
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Figure 4. A general scheme of the proposed procedure to build a flow graph.

Figure 5. The procedure applied to data taken into consideration.
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Information flow distribution is the kind of knowledge that can be helpful in solving
different problems appearing in data analysis, especially, if we deal with temporal data, i.e.,
results of observations or measurements are ordered in time, (cf. (Pancerz, Lewicki,
Tadeusiewicz, & Warchol, 2013)). In the literature, different approaches based on flow graphs
were proposed. The fundamental one, called flow networks, was proposed by L.R. Ford and
D.R. Fulkerson (Ford & Fulkerson, 1962).
Rough set flow graphs were defined by Z. Pawlak (Pawlak, 2005) as a tool for reasoning
from data. Let 𝐼𝑆 = (𝑈, 𝐴, {𝑉𝑎 }𝑎∈𝐴 , 𝑓} be a temporal information system with 𝐴 = {𝑎𝑡 : 𝑡 =
1,2, … , 𝑚}. A rough set flow graph corresponding to IS is a tuple:
𝑅𝑆𝐹𝐺(𝐼𝑆) = {𝑁, 𝐵, 𝑐𝑒𝑟, 𝑠𝑡𝑟, 𝑐𝑜𝑣},
where:
• 𝑁 = 𝑁𝑎1 ∪ 𝑁𝑎2 ∪ … ∪ 𝑁𝑎𝑡 is the set of nodes such that for each 𝑎 ∈ 𝐴:
𝑐𝑎𝑟𝑑(𝑁𝑎 ) = 𝑐𝑎𝑟𝑑(𝑉𝑎 ), i.e., each node in 𝑁𝑎 corresponds exactly to one attribute value
from 𝑉𝑎 ,
• 𝐵 ⊆ 𝑁 × 𝑁 is the set of multi-labelled directed branches, where each branch
(𝑛, 𝑛′ ) ∈ 𝐵, where 𝑛 ∈ 𝑁𝑎𝑖−1 , 𝑛′ ∈ 𝑁𝑎𝑖 , and 𝑖 = 2,3, … , 𝑡, is labelled with three values:
o 𝑐𝑒𝑟(𝑛, 𝑛′ ) =
o 𝑐𝑜𝑣(𝑛, 𝑛′ ) =
o 𝑠𝑡𝑟(𝑛, 𝑛′ ) =

𝑐𝑎𝑟𝑑({𝑢∈𝑈:𝑓(𝑎𝑖−1 ,𝑢)=𝑣 ∧𝑓(𝑎𝑖 ,𝑢)=𝑣 ′ }

,

𝑐𝑎𝑟𝑑({𝑢∈𝑈:𝑓(𝑎𝑖−1 ,𝑢)=𝑣}
𝑐𝑎𝑟𝑑({𝑢∈𝑈:𝑓(𝑎𝑖−1 ,𝑢)=𝑣 ∧𝑓(𝑎𝑖 ,𝑢)=𝑣′ }
𝑐𝑎𝑟𝑑({𝑢∈𝑈:𝑓(𝑎𝑖 ,𝑢)=𝑣′}
𝑐𝑎𝑟𝑑({𝑢∈𝑈:𝑓(𝑎𝑖−1 ,𝑢)=𝑣 ∧𝑓(𝑎𝑖 ,𝑢)=𝑣 ′ }
𝑐𝑎𝑟𝑑(𝑈}

,

,

such that n corresponds to 𝑣 ∈ 𝑉𝑎𝑖−1 and n’ corresponds to 𝑣′ ∈ 𝑉𝑎𝑖 .
These three values 𝑐𝑒𝑟(𝑛, 𝑛′ ), 𝑐𝑜𝑣(𝑛, 𝑛′ ), and 𝑠𝑡𝑟(𝑛, 𝑛′ ) are called certainty, coverage,
and strength of the branch (𝑛, 𝑛′ ), respectively. One can see that 𝑐𝑒𝑟(𝑛, 𝑛′ ) ∈ [0,1],
𝑐𝑜𝑣(𝑛, 𝑛′ ) ∈ [0,1], and 𝑠𝑡𝑟(𝑛, 𝑛′ ) ∈ [0,1] for each n and n’. These coefficients assigned to
each branch play an imporant role in reasoning from data. One can see that formulas
determining certainty and covering refer to Bayes’ rules. Hence, rough set flow graphs can be
used as an interesting tool to perform resoning processes.
The algorithm for creating a temporal rough set flow graph corresponding to a temporal
information system can be described as follows:
1. At the beginning, an empty set N of nodes and an empty set B of directed branches are
created.
2. For each attribute a in the set A of attributes of a temporal information system, for each
value v of a, the node corresponding to v is created and added to N.
3. For each pair of nodes corresponding to values of adjacent attributes in a temporal
information system, a branch linking these nodes is created and added to B.
4. For each branch, three labels associated with it are calculated on the basis of formulas
given earlier (see definitions of certainty, coverage, and strength).
It is worth noting that, in case of a rough set flow graph built on the basis of a temporal
information system, each layer of nodes in the graph corresponds to values of attributes
determined for a given time point.
The rough set flow graph obtained for the considered data set is shown in Figure 6 (this
graph is extracted from a fragment of a temporal information system shown in Table 1). Each
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horizontal layer includes nodes corresponding to clusters obtained for a given time point. Each
node is marked with the attribute name and the cluster identifier. Each branch is described by
three coefficients: certainty (cer), coverage (cov), and strength (str) mentioned earlier.

Figure 6. A fragment of the rough set flow graph.

The final goal of the presented approach is to find significant episodes over the sets of
clusters. Discovering such episodes can be made by the approach using the ant-based clustering
algorithm as it was shown in (Lewicki & Pancerz 2020). The main goal of the ants is to carry
episodes and concatenate them into longer episodes. We can say that the longer the episode,
the more information it gives to us. The longer episode represents the longer path of possible
states of objects in consecutive time points.
The ant-based algorithm can be described as follows.
1. At the beginning, the episodes, each consisting of one cluster, are created.
2. A given ant picks up randomly one of the episodes and carries it.
3. An episode can be dropped by the ant next to another episode if these episodes are
adjacent. Then a new episode is created by concatenating these two episodes
together. The probability of concatenation depends on the certainty of the new
episode.
It is worth noting that to determine the certainty of the new episode created during the
clustering procedure, we can use a special class of functions, called triangular norms (known
especially from fuzzy set theory) due to the fact that 𝑐𝑒𝑟(𝑛, 𝑛′ ) ∈ [0,1] for any nodes n and n’.
Triangular norms can be either t-norms or t-conorms (see (Klement, Mesiar & Pap, 2000). In
general, the certainty of the new episode e is a triangular norm T of the certainties of the
concatenated episodes e’ and e’’, i.e.:
𝑐𝑒𝑟(𝑒) = 𝑇(𝑐𝑒𝑟(𝑒 ′ ), 𝑐𝑒𝑟(𝑒 ′′ )).
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Moreover, we can use strength or coverage coefficients instead of a certainty coefficient.
The rough set flow graph from Figure 6 with a distinguished episode is shown in Figure
7.

Figure 7. A fragment of the rough set flow graph with a distinguished episode.

The fragment of the set of episodes extracted by means of the ant-based algorithm (in
which a minimum t-norm was used to determine certainties of created episodes during the
clustering procedure) is as follows:
a2=3 -> a3=6 -> d=high
a3=4 -> d=high
a2=7 -> a3=7 -> d=medium
a1=1 -> a2=1 -> a3=3 -> d=medium
a3=5 -> d=high
a3=0 -> d=high
a1=4 -> a2=2 -> a3=2 -> d=low
a2=2 -> a3=1 -> d=medium
a1=2 -> a2=1 -> a3=3 -> d=medium
a1=0 -> a2=0 -> a3=7 -> d=medium
a1=4 -> a2=2 -> a3=2 -> d=medium
a2=4 -> a3=2 -> d=medium
a1=7 -> a2=6 -> a3=3 -> d=medium
a1=4 -> a2=2 -> a3=3 -> d=medium
a1=5 -> a2=5 -> a3=3 -> d=medium
Let us consider episode:
a2=4 -> a3=2 -> d=medium
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In the considered data set, this episode is supported by the patients included in Table 2. Having
this information, we can move to description of clusters: 4 (at time point 2) and 2 (at time point
3) and analyse values of features taken into consideration in these time points.
Table 2. A fragment of a temporal information system including patients supporting episode a2=4 -> a3=2

-> d=medium

Attribute a1 Attribute a2 Attirbute a3 Decision attribute (d)
1
4
2
medium
1
4
2
medium
5
4
2
medium
2
4
2
medium
2
4
2
medium
The effectiveness of the algorithm was validated using the ten-fold cross validation
approach. In each iteration, nine parts were used in the training stage to create a rough set flow
graph and to generate significant episodes using the ant-based clustering. One part was used to
determine actual certainties of the episodes found in the training stage. Next, we calculated:
the average value of actual certainties of the episodes, the average value and the standard
deviation for differences between the actual certainties of the episodes and the predicted
certainties (determined in the training step) of the episodes.
The presented algorithm has the polynomial time complexity. One can see that the brute
force search of the entire space of episodes leads to the exponential time complexity on account
of a number of attributes in a given temporal information system.
The extracted episodes can be used in reasoning processes. Each episode can be seen as
rules delivering information flow between particular layers corresponding to time points in a
given time space. In contrast to the classical classification problem, the presented approach
makes it possible to gain information about the possible successions of states between stages
defined in a given time space. Such successions of states are expressed by episodes. Therefore,
not only reasoning on final decisions is possible. The local temporal inference is also available.

Software Tool
Creation of rough set flow graphs and extraction of episodes using the ant-based clustering
algorithm have been implemented in our software tool called Classification and Prediction
Software System (CLAPSS), see (Pancerz, Lewicki & Sarzynski, 2019). It is a tool developed
for solving different classification and prediction problems using, among others, some
specialized approaches based mainly on fuzzy sets and rough sets. The tool is equipped with a
graphical interface (see Figure 8). The ant-based clustering procedure for extracting episodes
can be parametrized by the user as it is shown in Figure 9. The user can set the number of ants
and the number of iterations. Moreover, one can select one of the triangular norms from the
sets of the most known t-norms and t-conorms (minimum/maximum, algebraic/probabilistic
product, Lukasiewicz, Einstein, Hamacher, Fodor, drastic).
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Figure 8. The GUI of CLAPSS.

Figure 9. Parametrization of the ant-based clustering procedure for extracting episodes.

An information or decision system (particularly, a temporal information system) can be
loaded into CLAPSS from files recorded in several formats. The tool accepts popular text
formats of data tables used in other data mining and machine learning tools, i.e., WEKA (Hall
et al., 2009), RSES (Bazan & Szczuka, 2005) and the XML format used in ROSETTA (Ohrn,
Komorowski, Skowron & Synak, 1998). CLAPSS enables the user to export the created rough
set flow graph to the DOT format used in the Graphviz tool (Ellson, Gansner, Koutsoos, North
& Woodhull, 2004) as well as to the PNG format. Inputs and outputs in CLAPSS are shown in
Figure 9. One can see interoperability of CLAPSS with other software tools.
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Figure 10. Inputs and outputs in CLAPSS.

The fragment of a temporal information system presented in Table 1, recorded in the
internal CLAPSS format, looks like this:
TABLE Uterine_myoma
a1 a2 a3 d
integer integer integer string
condition condition condition condition
2 4 2 high
1 4 2 medium
1 7 1 low
2 1 3 medium
2 4 2 low
1 2 3 medium
5 7 3 medium

DISCUSSION AND CONCLUSIONS
Many classical medical decision problems are reduced to classification problems based on sets
of feature vectors describing patients. In the paper, we have shown the approach based on
temporal information about patients. Results of diagnostics during the treatment process (multistage in many cases) can be used to model temporal information flow and to perform temporal
inference. It is possible due to separation of features determined at different stages of treatment.
Moreover, many classical medical decision problems are focused on the construction of
the most accurate classifiers or classifier ensembles. In this case, the main goal is to obtain the
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best quality of the classification of patients. Accurate classification is a significant problem,
but other important issues considered in medical diagnosis are: explanation of decisions made
for new patients and imitation of human diagnostic procedures by computer tools. Then,
solving a classification problem is not the only goal. The diagnosticians also strive to
understand, among other things, the structure of the decision problem, interdependencies
between particular stages of treatment, etc. As it has been presented in the paper, extracted
episodes have a human readable form that can be used in reasoning processes. Our software
tool (CLAPSS) enables the users to analyse medical decision problems. The models in the form
of rough set flow graphs, as well as extracted episodes, enrich the problem analysis, and
ultimately the diagnosis.
In our approach, we have used the ant-based clustering algorithms which are capable of
dealing with the data with a poorly known structure. It is important in case of dozens of features
describing patients. As the example, the problem of the thermoablation procedure in treatment
of uterine myoma disease has been considered. However, in the paper, we have shown a general
scheme for the modelling of the decision problems in case of multistage treatments. The
presented approach fits into the general problems considered in data mining called sequence
mining or temporal data mining (cf. Dong & Pei, 2007; Mitsa, 2010).
The presented approach differs from the approaches to discovering frequent episodes. We
can indicate the following significant differences:
1. The frequent episodes are considered as collections of events that occur relatively close
to each other in a given partial order (cf. (Mannila, Toivonen & Verkamo, 1997)).
Particularly, serial and parallel episodes are considered. In our approach, we consider
only ordered sets of attribute values describing objects of interest.
2. Our approach is focused on certainties of sequences, not on their frequencies of
occurrence. In our approach, we are interested in information flow between elements
of episodes (coefficients associated with branches, linking nodes in rough set flow
graphs). If the frequencies of occurrence are considered, the coexistence of elements
in episodes is taken into account.
The presented approach differs also from the approaches to clustering episodes. Classical
clustering procedures implement the so-called vertical clustering (episodes are clustered to
build groups of episodes). In our approach, a clustering procedure implements the so-called
horizontal clustering. Shorter pieces of episodes (starting with one-element episodes) are
concatenated to build longer ones (according to given criteria).
One of our directions for further research is to apply fuzzy flow graphs to the considered
and other medical decision problems. Creation of fuzzy flow graphs and extraction of episodes
using the ant-based clustering algorithm have been also implemented in our software tool
(CLAPSS), see (Pancerz, Lewicki & Sarzynski, 2019). Moreover, an important issue is to use
a domain knowledge to improve solving decision problems (see for example (Bazan, BuregwaCzuma & Jankowski, 2013)). The domain knowledge can have different forms. One of them
has the form of ontologies. Linking ontologies with attribute values in temporal information
systems was considered in (Pancerz, 2016).

231

Lewicki, Pancerz & Puzio

REFERENCES

Alnoukari, M., & El Sheikh, A. (2012). Knowledge discovery process models: from traditional to agile modeling.
In Business Intelligence and Agile Methodologies for Knowledge-Based Organizations: Cross-Disciplinary
Applications (pp. 72-100). IGI Global.
Bazan, J. G., Buregwa-Czuma, S., & Jankowski, A. W. (2013). A domain knowledge as a tool for improving
classifiers. Fundamenta Informaticae, 127(1-4), 495-511.
Bazan, J. G., & Szczuka, M. (2005). The rough set exploration system. In Transactions on Rough Sets III (pp. 3756). Springer, Berlin, Heidelberg.
Boryzczka, U. (2008). Ant clustering algorithm: Intelligent information systems. Kluwer Academic Publishers.
Burney, A., & Abbas, Z. (2015). Applications of rough sets in health sciences and disease diagnosis. Recent
Researches in Applied Computer Science, 8(3), 153-161.
Daneshjou, R., Smith, M. P., Sun, M. D., Rotemberg, V., & Zou, J. (2021). Lack of Transparency and Potential
Bias in Artificial Intelligence Data Sets and Algorithms: A Scoping Review. JAMA dermatology, 157(11),
1362-1369.
De La Cruz, M. S. D., & Buchanan, E. M. (2017). Uterine fibroids: diagnosis and treatment. American family
physician, 95(2), 100-107.
Deneubourg, J. L., Goss, S., Franks, N., Sendova-Franks, A., Detrain, C., & Chrétien, L. (1991, February). The
dynamics of collective sorting robot-like ants and ant-like robots. In From animals to animats: proceedings
of the first international conference on simulation of adaptive behavior (pp. 356-365).
Dhillon, A., & Singh, A. (2019). Machine learning in healthcare data analysis: a survey. Journal of Biology and
Today's World, 8(6), 1-10.
Dong, G., & Pei, J. (2007). Sequence data mining (Vol. 33). Springer Science & Business Media.
Ellson, J., Gansner, E. R., Koutsofios, E., North, S. C., & Woodhull, G. (2004). Graphviz and dynagraph—static
and dynamic graph drawing tools. In Graph drawing software (pp. 127-148). Springer, Berlin, Heidelberg.
Ford, L. R., & Fulkerson, D. R. (2015). Flows in networks. Princeton university press.
Hall, M., Frank, E., Holmes, G., Pfahringer, B., Reutemann, P., & Witten, I. H. (2009). The WEKA data mining
software: an update. ACM SIGKDD explorations newsletter, 11(1), 10-18.
Handl, J., Knowles, J. D., & Dorigo, M. (2003). On the Performance of Ant-based Clustering. HIS, 105, 204-213.
Kalamarz, P., Zagrobelna, M., & Pyziak, L. (2017). Focusing ultrasounds beam. Physics for Economy, 1, 15-26.
Klement, E. P., Mesiar, R., & Pap, E. (2000). Families of t-norms. In Triangular Norms (pp. 101-119). Springer,
Dordrecht.
Lewicki, A., & Pancerz, K. (2020). Ant-based clustering for flow graph mining. International Journal of Applied
Mathematics and Computer Science, 30(3), 561-572.
Lozinski, T., Filipowska, J., Pyka, M., Baczkowska, M., & Ciebiera, M. (2021). Magnetic resonance-guided highintensity ultrasound (MR-HIFU) in the treatment of symptomatic uterine fibroids—five-year
experience. Ginekologia Polska. doi: 10.5603/GP.a2021.0098.
Lumer, E. D., & Faieta, B. (1994, July). Diversity and adaptation in populations of clustering ants. In Proceedings
of the third international conference on Simulation of adaptive behavior: from animals to animats 3: from
animals to animats 3 (pp. 501-508).
Mannila, H., Toivonen, H., & Verkamo, A. I. (1997). Discovery of frequent episodes in event sequences. Data
mining and knowledge discovery, 1(3), 259-289.

232

The temporal inference with the use of ant-based clustering algorithm and flow graphs in the problem of
prognosing complications of medical surgical procedures

Mitsa, T. (2010). Temporal data mining. CRC Press.
Øhrn, A., Komorowski, J., Skowron, A., & Synak, P. (1998). The ROSETTA software system. Rough Sets in
Knowledge Discovery, 2, 572-576.
Pancerz, K. (2016). Paradigmatic and syntagmatic relations in information systems over ontological
graphs. Fundamenta Informaticae, 148(1-2), 229-242.
Pancerz, K., Lewicki, A., & Tadeusiewicz, R. (2012, July). Ant based clustering of two-class sets with well
categorized objects. In International Conference on Information Processing and Management of
Uncertainty in Knowledge-Based Systems (pp. 241-250). Springer, Berlin, Heidelberg.
Pancerz, K., Lewicki, A., Tadeusiewicz, R., & Warchoł, J. (2013). Ant-based clustering in delta episode
information systems based on temporal rough set flow graphs. Fundamenta Informaticae, 128(1-2), 143158.
Pancerz, K., Lewicki, A., & Sarzyński, J. (2019, June). Discovering Flow Graphs from Data Tables Using the
Classification and Prediction Software System (CLAPSS). In International Joint Conference on Rough
Sets (pp. 356-368). Springer, Cham.
Pawlak, Z. (1991). Rough sets: Theoretical aspects of reasoning about data (Vol. 9). Springer Science & Business
Media.
Pawlak, Z. (2005). Flow graphs and data mining. In Transactions on rough sets III (pp. 1-36). Springer, Berlin,
Heidelberg.
Pawlak, Z. (2005, August). Rough sets and flow graphs. In International Workshop on Rough Sets, Fuzzy Sets,
Data Mining, and Granular-Soft Computing (pp. 1-11). Springer, Berlin, Heidelberg.
Pawlowski, C. (2019). Machine learning for problems with missing and uncertain data with applications to
personalized medicine (Doctoral dissertation, Massachusetts Institute of Technology).
Ren, S., Lu, X., & Wang, T. (2018, March). Application of ontology in medical heterogeneous data integration.
In 2018 IEEE 3rd International Conference on Big Data Analysis (ICBDA) (pp. 150-155). IEEE.
Sainio, T., Saunavaara, J., Komar, G., Mattila, S., Otonkoski, S., Joronen, K., ... & Blanco Sequeiros, R. (2021).
Feasibility of apparent diffusion coefficient in predicting the technical outcome of MR-guided high-intensity
focused ultrasound treatment of uterine fibroids–a comparison with the Funaki classification. International
Journal of Hyperthermia, 38(1), 85-94.
Salcedo-Bernal, A., Villamil-Giraldo, M. P., & Moreno-Barbosa, A. D. (2016). Clinical data analysis: An
opportunity to compare machine learning methods. Procedia Computer Science, 100, 731-738.
Singh, S., & Srivastava, S. (2020). Review of Clustering Techniques in Control System: Review of Clustering
Techniques in Control System. Procedia Computer Science, 173, 272-280.
Su, T., & Dy, J. G. (2007). In search of deterministic methods for initializing K-means and Gaussian mixture
clustering. Intelligent Data Analysis, 11(4), 319-338.
Thirumahal, R., & Sadasivam, G. (2020). Data integration techniques for healthcare – a comprehensive survey.
International Journal of Computer Sciences and Engineering Open Access.
Tripathi, S., Muhr, D., Brunner, M., Jodlbauer, H., Dehmer, M., & Emmert-Streib, F. (2021). Ensuring the
robustness and reliability of data-driven knowledge discovery models in production and
manufacturing. Frontiers in Artificial Intelligence, 4, 22.
Verpalen, I. M., Anneveldt, K. J., Nijholt, I. M., Schutte, J. M., Dijkstra, J. R., Franx, A., ... & Boomsma, M. F.
(2019). Magnetic resonance-high intensity focused ultrasound (MR-HIFU) therapy of symptomatic uterine
fibroids with unrestrictive treatment protocols: A systematic review and meta-analysis. European journal of
radiology, 120, 108700. doi: 10.1016/j.ejrad.2019.108700.

233

Lewicki, Pancerz & Puzio

Vlamou, E., & Papadopoulos, B. (2019). Fuzzy logic systems and medical applications. AIMS neuroscience, 6(4),
266.
Wen, D., Khan, S. M., Xu, A. J., Ibrahim, H., Smith, L., Caballero, J., ... & Matin, R. N. (2021). Characteristics
of publicly available skin cancer image datasets: a systematic review. The Lancet Digital Health.

Authors’ Note
All correspondence should be addressed to
Arkadiusz Lewicki
Faculty of Applied Computer Science
University of Information Technology and Management
Sucharskiego Str. 2, 35-225 Rzeszow, Poland,
alewicki@wsiz.edu.pl
Human Technology
ISSN 1795-6889
https://ht.csr-pub.eu

234

ISSN: 1795-6889
https://ht.csr-pub.eu

Volume 17(3), December 2021, 235–260

ADDED VALUE OF MOTION CAPTURE TECHNOLOGY FOR
OCCUPATIONAL HEALTH AND SAFETY INNOVATIONS
Slawomir Winiarski

Dorota Molek-Winiarska

University School
of Physical Education in Wroclaw
Poland

Wroclaw University
of Economics and Business
Poland

Barbara Chomątowska

Tomasz Sipko

Wroclaw University
of Economics and Business
Poland

University School
of Physical Education in Wroclaw
Poland

Mykola Dyvak
Faculty of Computer Information Technologies
West Ukrainian National University
Ukraine
Abstract: Ergonomic principles in production assembly and manufacturing operations
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or health-related disorders objectively. The target group consisted of 62 factory employees
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INTRODUCTION
Occupational health and safety interventions using a great variety of technologies (like VR, AI
and bots) are becoming more and more valid. They are being used by many manufacturing
corporations to protect workers against accidents, minimising as well as eliminating monotony,
repetitive tasks, and working with heavy loads (Zhang et al., 2021). Nonetheless, the European
Agency for Safety and Health at Work (EU-OSHA), the International Labour Organisation,
and the WHO have been calling for a reduction in the increasing number of occupational health
problems and new psychosocial risks in recent years. According to ESENER-31, the most
frequently identified risk factors are repetitive work, dealing with demanding customers, and
lifting or moving heavy loads. Moreover, the results of research conducted and reported by
EU-OSHA (2019) have shown that the physical, organisational, and psychosocial factors
contribute to the development of many work-related health problems faced by workers.
Currently, the rising problems pertain to work-related musculoskeletal disorders (WRMSDs).
WRMSDs concern workers in all sectors and occupations. Not only do they have a negative
effect, but they also lead to high costs for businesses and society in general. Of all workers with
a work-related health problem in the EU, 60% identify WRMSDs as their most serious issue2.
Various examples of WRMSDs are diagnosed among employees: upper limb, lower limb, and
back WRMSDs. The most common types of WRMSDs reported by workers are backache and
muscular pains in the shoulders, neck, and upper limbs; muscular pains in the lower limbs are
reported less often. Bearing in mind the multifactorial nature of WRMSDs, it is crucial to
skilfully plan and conduct health and safety (H&S) interventions. Firstly, they should be
holistic, integrated, and based on preventive and protective measures (e.g., the provision of
ergonomic equipment, encouragement of regular breaks for people in uncomfortable working
positions, and rotation of tasks to reduce repetitive movements). At this point, it is worth paying
attention to the growing role of using technology in this area.
Besides, a prolonged standing position with the trunk motionless for an extended period
may increase intervertebral stress (Gallagher & Callaghan, 2015) as well as thoracic and
lumbar intradiscal pressure (Liebsch & Wilke, 2021; Polga et al., 2004). Moreover, this posture
has been associated with the idiopathic viscoelastic deformation of lumbar tissues (Solomonow
et al., 2003). Alterations in spinal curves may also affect the development of lower back pain
(Oakley et al., 2005; O’Sullivan et al., 2017), Measurement of the fluid pressure in the
intradiscal cavity shows the level of pressure changes during different daily life or working
postures . It has been revealed, standing posture (with inclined trunk) may produce relatively
higher disk pressures (by around 50%) than a seated upright posture, attributing to the fact that
the line of gravity for the upper body acts farther away from the instantaneous centre of
rotation. Several other vital applications of biomechanical analysis may be named. The lifting
guidelines suggested by the National Institute of Occupational Safety and Health (NIOSH)
employ the biomechanical criteria of a maximum acceptable compressive loading on the
vertebral unit in setting the maximum load that an individual can safely lift. This
recommendation includes some physiological and biomechanical factors for evaluating loading
of the human body grounded on the physical limitations as a result of the strength or posture
of the body (Barim et al., 2019; Fox et al., 2019; Waters et al., 1993). These involve: the
variability in size and shape of the human body, the variability in types and range of
movements, the mass and shape of handling object, frequency of lifting (repetitive hand or arm
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movements increases both the dynamic joint loading and the metabolic energy cost), forward
and upward reach (static loading, increased LBP risk), working at very high speed, carrying or
moving heavy loads, control at the endpoint of the loading, asymmetry of lifting, coupling of
the load, etc. Other safety guidelines are found in designing different types of equipment, tools,
or workstations to utilise the midrange of motion of body segments optimally. Existing
WRMDs databases have documented the maximum forces that can be applied at various limb
positions and body postures. These databases may be used to manage or supervise the amount
of work output depending on the worker's posture without inflicting any form of harmful
musculoskeletal loading. For example, the maximal two-handed mass /weight that can be
transported repetitively by a male in a standing position is 10 kg (for the low-risk category,
OCRA Index of 1) or 20 kg (for the high-risk category, OCRA Index of 3) (EN 1005-5, ISO
11228-3) but also depends on the frequency of repetitions (from 0 to 15 lifts per minute
according to ISO 11228-1). High forces are associated with lifting relatively heavy objects to
high levels, while the weight of the handled objects is often the main predictor of high loads
and musculoskeletal forces (Skals et al., 2021). Any job requiring an individual to perform
such a task should be designed in conformity with this criterion for avoiding worker discomfort
and the possibility of WRMDs or injury. Such databases are limited in population size and
scope and need to be expanded to include the specific working population or movement tasks
under consideration (Karwowski & Marras, 2003).
In addition, several studies have found a relationship between spinal curves and ventilatory
responses. A systematic study comparing lumbopelvic kinematics in people with and without
low back pain (LBP) revealed no difference from asymptomatic people concerning the angle
of lumbar lordosis or the angle of the anterior tilt of the pelvis in a standing position. However,
people did show differentiation in terms of the lumbar spine's range of motion in all directions,
its velocity, and worsened proprioception during movement relocation (Laird et al., 2014).
There is also strong evidence that the size of motor variability in a healthy subject affects the
prognosis for contracting pain and fuels the idea in occupational health that movement variation
decreases the risk of developing MSDs (Srinivasan & Mathiassen, 2012). If movements are
repeated more similarly, it would be more likely that the same soft tissues receive large doses
of exposure. Increased movement and posture variability would thus modify tissue loads from
repetition to repetition, distribute stresses more equally among tissues, and thus reduce the
cumulative load on any particular tissue (Srinivasan & Mathiassen, 2012). The idea that a
significant motor variability may have a protective role in preventing chronic MSDs has been
proposed by Mathiassen, Burdorf, et al. (2003); Mathiassen, Möller, et al. (2003) and supported
by Côté (2012), Madeleine, Mathiassen, et al. (2008) and Madeleine, Voigt, et al.(2008). Some
researchers also indicate a strong link between WRMSDs (mainly LBP) and the task or
movement asymmetry (Beaucage-Gauvreau et al., 2019; Kim & Zhang, 2017; Mehta et al.,
2014). Increases in nonsagittal plane movement (lateral or twist) will usually accompany more
asymmetric loads since the weight is located away from the midline of the sagittal plane,
causing the individual to twist and bend sideways.
Health and safety (H&S) interventions are divided into three categories, according to their
goals: primary—identification of causes and their subsequent elimination or reduction;
secondary—supporting employees’ ability to cope with the existing overload, teaching them
appropriate techniques and skills; tertiary—psychological or medical intervention when the
impairment or disease is already appearing (De Angelis et al., 2020; Nielsen & Randall, 2015;
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Sinclair et al., 2010). The first goal is achieved through interventions at the organisational level,
where more general solutions are implemented. The other two are the interventions focused on
improving an individual’s functioning, and they are named individual-level interventions
(Dalgren & Gard, 2013; Richardson & Rothstein, 2008; Schabracq et al., 2004). Interventions
focused on improvements in human work in manufacturing processes are based mainly on
ergonomics (Bhattacharya & McGlothlin, 2011), but they are also related to many scientific
fields such as physiology, physiotherapy, biophysics, occupational psychology, and
occupational health (Karimi et al., 2020; Skals et al., 2021; Taibi et al., 2021). In this study, we
want to combine the knowledge from those fields to add the value of motion capture technology
into an in-depth analysis of human work. This is why the goal of the present study is to assess
workplace movements at machining or assembly workstations, to state protective measures
(through observation), and to identify and evaluate risk factors of health-related events
(analytic study). A high level of work exposure with a combination of extreme angle values,
body part loads, asymmetry of movements, high velocity of arms or extremally low movement
variability could pose additional, biomechanical risk factors in work-related musculoskeletal
disorders. Which is why we could establish evidence-based recommendations to improve H&S
procedures and implement tailored programmes to avoid musculoskeletal problems or
impairments.

METHODS
Participants’ Inclusion Criteria
All measurements were made in a workplace environment in a plant of an automotive
multinational corporation (MNC).
All participants were full-time employees working on the same shift. The variation in job
tenure was moderate (0.5–40 years, mean = 12.3). The research included 26 employees (41.9
± 9.6 years of age, body mass: 79.9 ± 13.6 kg, height: 1.76 ± 0.07 m) working in manufacturing
on 12 devices and 36 employees (35.5 ± 9.5 years of age, 69.2 ± 13.3 kg, 1.69 ± 0.10 m)
working in assembly areas on nine devices. The inclusion criteria were a minimum experience
age of six months at the workstation, maximum age of 60 years, and no history of pain
concerning the musculoskeletal system that could influence the range or speed of movements.
Manufacturing (MWE) and assembly (AWE) workstations are evaluated against work-related
risk factors every three years. During the evaluations, the following “ergochecks” (preliminary
mapping of potential risks in workplace environment) are performed: (1) the identification of
high-risk factors using the company’s tailored risk assessment checklist (2) repetitive
movements evaluations (ISO 11228-3 norm and the OCRA method in the risk assessment), (3)
carrying, pushing and pulling objects (ISO 11228-1 and ISO 11228-2 norms), (4) lifting loads
one-handed (EN 1005-2 norm) and two-handed (NIOSH norm). The company uses internal
norms for all factory units. Mainly, they refer to load evaluation of hand, arm and fingers.
According to the company's Health and Safety management and quality auditors, the MWE
and AWE workstations are of low risk (green zone according to OCRA Index), but still, from
the workers perspective, the participants were exposed to risk factors associated with
WRMSDs (Bernard, 1997), such as (A) repetitive tasks involving cyclical flexion, extension,
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abduction and rotation of joints, (B) static posture, with flexed, abducted and extended arms,
(C) strenuous work during production cycles, (D) lifting movements, (E) awkward positions
with non-neutral trunk postures, trunk flexion, rotation and torsion. The research project was
approved by the company’s H&S division and supported by the human resources department.
The biomechanical procedure complied with the Declaration of Helsinki regarding human
experimentation. The study was also approved by the Rector’s Committee for Research Ethics
of Wroclaw University of Economics and Business (case no. 33/2020). After receiving all
relevant study information, the participants signed informed consent, including permission to
publish the data anonymously.
Measurement Set-Up and Procedure
All parameters were registered using an MR3 myoMuscle Master Edition system
(myoMOTION™, Noraxon, Scottsdale, AZ, USA). The myoMOTION system consists of a set
of 16 inertial motion units (IMUs) using inertial sensor technology. Based on fusion algorithms,
the information from an IMU sensor (3D accelerometer, gyroscope, and magnetometer) is
transformed to measure the 3D rotation angles (yaw-pitch-roll, also called navigation angles)
of each sensor in absolute space. The inertial sensors were located on the body of the study
employee to record the accelerations according to the myoMotion protocol described in the
instruction manual. Previous research has checked and demonstrated the scientific validity and
high accuracy of the IMU system in angle determination (±0.4 deg. for static and ±1.2 deg for
dynamic analysis) (Bańkosz & Winiarski, 2021; Teufl et al., 2019). It is alleged that inertial
motion capture technology is low cost and more potable than markerless optical technology,
but the system’s accuracy must be assured (Karatsidis et al., 2016; Yunus et al., 2021).
The research strictly followed the International Society of Biomechanics’
recommendations on definitions of joint coordinate systems for reporting human joint motion
and intersegmental forces and moments during human motion (Derrick et al., 2020; Wu et al.,
2002, 2005; Wu & Cavanagh, 1995). Primarily, the inertial motion capture system employed
a 16-segmental biomechanical model of the human body, Euler angles for determining the
position and orientation of the segments in 3D measurement space, and the medical angles for
describing the 3D movement after decomposing into three orthogonal planes of motion. All
registrations were carried out in the manufacturing or assembly area of the company. Special
care was taken during the acquisition to avoid sources of bias and confounding by eliminating
nonworking movements or actions (e.g., stuck components, unplanned breaks, reaching for a
bottle of water). No magnetic field interference or cross-talk artefacts from operating
equipment were noticed as affecting the recording result.
IMU sensors were attached with elastic straps and self-adhesive tape so that the sensor’s
y-coordinate corresponded to the frontal horizontal axis and the z-coordinate to the sagittal
horizontal axis of the body part (Figure 1). The sensors were placed according to the
myoMotion protocol described in the manual. At the beginning of the measurement, each
participant was checked, and the system calibrated according to the factory recommendations.
The maximal sampling rate for a given sensor was 100 Hz per sensor for the whole 16-sensor
set. We used system-build fusion algorithms and Kalman filtering (digital bandpass FIR filter).
This approach allowed direct access to all unprocessed IMU sensor data for further
computations.
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Figure 1. The measurement set-up with the computer workstation and locations of the sensors on the

worker’s body.

The standardised machining tasks involved (Figure 2): picking up four pieces at a time
(three pieces in one hand and one piece in the other) from a metal container, clearing metal
chips from the clamping base, attaching the pieces to the clamping device, starting the
deburring process, placing the pieces in the engraving machine, starting the marking
(engraving) cycle, visual inspection of the correctness of the operations carried out and, finally,
placing the pieces on the hanger. Handling and operating the pieces at the machine was done
single-handedly; picking up and moving on to the subsequent process was done two-handedly.
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The weight of the handled component was about 520 g before the operation and 380 g after the
operation.
The standardised assembly tasks (assembling the spring-piston unit) involved the
following (Figure 2): picking up the spring from the spring pack container (with left hand) and
the piston from the piston box (right hand), placing the spring pack vertically in the centring
sleeve, and the piston on the spring pack, visual inspection of the correctness of the operations
carried out and, finally, moving the spring-piston unit towards the next assembly slot. The
weights of the assembled components were from around 100 to 400 g.
The repetitive tasks of all the workers were monitored during a 30 min observation period
by an experienced technician utilising the same procedure.

Figure 2. A sequence of production activities at the machining (above) and assembly workstation (below).

[Used with permission]

The production company employed ergonomic standards for studied workstations. Mainly,
the working process is assessed at least every 3 years (“ergochecks”) according to the following
physical criteria: (1) identification of high-risk factors using tailored risk assessment checklist
(2) repetitive movements (ISO 11228-3 norm and the OCRA method in the risk assessment),
(3) carrying, pushing and pulling objects (ISO 11228-1 and ISO 11228-2 norm), (4) lifting
loads one-handed (EN 1005-2 norm) and two-handed (NIOSH norm). Besides, the company
uses internal norms for all factory units. Mainly, they refer to load evaluation of hand, arm and
fingers. What is more, all measurements mentioned above were established in relation to EN
and ISO norms, including the characteristics of participants’ work, especially repetitive
handling for high frequency (EN 1005-5 and ISO 11228-3), carrying, pushing and pulling
objects and force limits (EN 1005-3 and ISO 11228-2 norms) lifting loads one-handed (EN
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1005-2 norm ISO 11228-1). The references to ergonomics norms mentioned above were
conducted throughout the measurement collection.
The data collected during the measurement were pre-processed by reviewing and
discarding incorrectly recorded records (1 case). Each record was then verified against the
workstation manual.
Data Processing
Workers' performance during professional activities (working operations) at the workstation
was characterised comprehensively by different assessment levels and concerned, particularly,
the measurement of mobility, (bio)energetics of movement, and inertial loads of involved body
parts. Biomechanical and statistical calculations aimed to select the most relevant variables that
are easy to interpret and could serve to clarify the research goals. All derived formulas
conformed with classical mechanics and biomechanical standards on reporting human
movement. Additionally, as mentioned above, the chosen variables correspond to general
norms devoted to assessing risks for repetitive tasks, working postures, and force limits for
machinery operations.
The production cycles of each employee were characterised by the number of cycles and
the cycle time [in s]. The time at which the worker reached for the component was chosen as
the beginning of the cycle.
The mobility of the employees for machining or assembly workstation employees were
characterised separately by measuring angular displacements of the main body parts involved
in the work, in particular: movement of the pelvis, lower back (loins), upper trunk (thorax),
shoulder complex (links the upper arm to the axial skeleton at the thorax), upper arms, and
arms connected by elbow joints. Following the International Society of Biomechanics’
recommendations for the reporting of human joint motion (Bańkosz & Winiarski, 2020, 2021),
the following angles (measured in degrees) were chosen for both sides and sampled every 0.01
per cent of cycle time (Figure 3), in particular:
• for the pelvis—pelvic tilt: forward (positive) or backward (negative) movement of the
pelvis (with respect to the global coordinate system) in the sagittal plane; pelvic obliquity:
upward (positive) or downward (negative) movement of the pelvis in the frontal plane;
pelvic rotation: internal (positive) or external (negative) movement of the pelvis in the
transversal plane
• for the lower trunk—lumbar flexion-extension: anterior (positive) or posterior (negative)
movement of the loins in the sagittal plane; lumbar lateral flexion: movement of the loins
to the left (upward) or right (downward) side in the frontal plane; lumbar internal-external
rotation: internal (positive) or external (negative) movement of the loins in the transversal
plane
• for the upper trunk: thoracic flexion-extension: anterior (positive) or posterior (negative)
movement of the thorax in the sagittal plane; thoracic lateral flexion: movement of the
thorax to the left or right side in the frontal plane; thoracic internal-external rotation:
internal (positive) or external (negative) movement of the thorax relative to the global
coordinate system in the transversal plane
• for the shoulders: left/right shoulder flexion-extension: anterior (positive or posterior
(negative) movement of the humerus relative to the thorax in the sagittal plane; left/right
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•

shoulder abduction-adduction: abduction (positive) or adduction (negative) of the humerus
relative to the thorax in the frontal plane; left/right shoulder internal-external rotation:
internal (positive) or external (negative) rotation of the humerus in the transversal plane
for the elbows: left/right elbow flexion-extension: positive (flexion) or negative
(hyperextension) movement of the forearm relative to the humerus along the transversal
axis

The movement of hands with respect to forearms had to be excluded in the study due to
the presence of protective gloves that would significantly interfere with the installation of the
IMU sensor and could influence the production cycle. Similarly, the employees' standing
posture determined that the analysis of the movement of the lower extremities has been omitted.
The following parameters were chosen to characterise the mobility graphs: maximum value
(Max), minimum value (Min), the median value of angular position (median) together with
cycle variation characteristics—interquartile range (IQR, for skewed distributions) and
coefficient of variation (CV = standard deviation/mean). Movements characterised by extremal
(Min or Max) median angle values, asymmetry of movements (mainly excessive tilts from the
neutral position or side differences) or extremally low or high movement variability
characterised by the CV were considered as a potential risk symptom in work-related
musculoskeletal disorders (WRMDs).

Figure 3. Angular values (temporal angular trajectories) characterising the movements of the tested joints.

The energetics of movements was characterised by the total mechanical energy (TME)
expenditure and the average mechanical power (rate of change in TME). The total mechanical
energy (TME) comprises of the instantaneous potential energy (PE) and instantaneous kinetic
energy (KE) of the resultant centre of gravity (CoG) of the body, according to equation (Eq.1):
𝑃𝐸(𝑡) = 𝑀 ∙ 𝑔 ∙ ℎ𝐶𝑜𝐺 (𝑡)
{
(Eq. 1)
1
2 (𝑡) },
𝐾𝐸(𝑡) = 2 ∙ 𝑀 ∙ 𝑣𝐶𝑜𝐺
where M is the total body mass [in kg], g = 9.81 [m.s-2] is the gravitational constant, ℎ𝐶𝑜𝐺 (𝑡) is
height of the CoG [in m], and 𝑣𝐶𝑜𝐺 is resultant speed of CoG [in m.s-1]. The velocity of the
CoG was computed by integrating the triaxial information from the accelerometers (Figure 4).
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For the calculation of instantaneous PE, only an increase in the height of the CoG (CoG
amplitude) was considered so that the minimum values of PE and KE were equal to 0. The
TME was the sum of total PE and total KE over the whole measurement period considered.
Finally, the energy values were normalised against time to compare the values to tabulated data
and expressed per minute of work, forming the average mechanical power [in joules per minute
of work].
Similarly, parameters like Min, Max, Median, IQR and CV were chosen to characterise
the energetics of movements. Extremal (Min or Max), median values, or extremally low/high
energy cost variability were considered a potential risk symptom of WRMDs.

Figure 4. Acceleration values (3D signals from triaxial accelerometers).

At the last stage of data processing, the variables characterising inertial loads of the body
parts were determined. In the case of linear movements, inertial loads were defined as the
product of mass and resultant linear acceleration and in angular movements as the product of
moment of inertia and angular acceleration, according to Eq. 2.
𝐿𝑜𝑎𝑑𝑙𝑖𝑛𝑒𝑎𝑟 = 𝑀 ∙ |𝑎̅|
{
},
(Eq. 2)
𝐿𝑜𝑎𝑑𝑎𝑛𝑔𝑢𝑙𝑎𝑟 = 𝐼 ∙ |𝜀̅|
where M is body mass [in kg], I is moment of inertia [in kg.m2], |𝑎̅| is the resultant linear
acceleration [in m.s-2], and |𝜀̅| is resultant angular acceleration [in rad.s-2].
For this purpose, an estimation of the mass and length of each body segment was
performed for each individual (Figure 5), using inertial coefficients according to (de Leva,
1996). Ultimately, characteristics of body parts involved the relative mass ratio (total weight *
mass ratio), the relative position of the centre of mass on the long axis (segment length * length
ratio) and the principal radii of inertia coefficients (de Leva, 1996; Derrick et al., 2020). The
triaxial accelerations of the IMU sensors placed on different parts of the body (blue squares in
Figure 1) were determined (in particular on the pelvis, lower back (lumbar) spine, upper
(thoracic) spine, left/right upper arm, left/right forearm) and measured in one-thousandths
(milli) of the earth’s acceleration (mG).
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Finally, the parameters Min, Max, median, IQR and CV were chosen to characterise the
inertial loads of main body parts involved in work. Extremal (Min or Max), median values or
extremally low / high variability in the inertial loads were considered as a potential risk
symptom in WRMDs.

Figure 5. The three degree and 16 body parts model for the determination of segment mass and length.

Statistical Calculations
Statistical calculations were performed using Statistica 13.1 (TIBCO Software Inc.). The
normality of the distribution of continuous variables (for each extracted variable in each test
group) was tested by the Shapiro-Wilk test. Nonnormal variables were reported as median and
± interquartile range (± IQR). The IQR, also called the midspread, is a measure of statistical
dispersion around the median, equal to the difference between upper and lower quartiles (IQR
= Q3−Q1). The Mann-Whitney U test was used to assess the differences between machining
(MWE) and assembly (AWE) workstation employees (with the  = 0.05 level of significance)
based on the normality test results. MWE and AWE workstations appear similar in terms of
standing posture and work characteristics (common is the job rotation) but may significantly
differ in activity, workload or energy cost. The statistical power was sufficient to detect the
described differences. Especially for the extracted data, the partial η2 effect size was found to
be between 0.68 and 0.88. In addition to the median value, the Min, Max, and CV were
averaged for all employees and devices. The descriptive analysis included repeatability
analysis employing the Coefficient of Variation (CV). The following interpretation for the
movement variability based on the CV was adopted: CV < 50% was considered as low
variability/diversity (and high repeatability); 50% < CV < 100% as moderate variability; CV >
100% as high variability (and low repeatability).
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RESULTS
Production Cycles
Descriptive analysis of production cycles, including the number of cycles and cycle time
duration [in s] for both the machining workstation employees (MWE) and assembly
workstation employees (AWE), is provided in Table 1.
Table 1. Descriptive Analysis of Production Cycles Characterised by the Median Value (Med) and
Interquartile Range (± IQR), Min, Max, and Coefficient of Variation (CV) for Both Machining and
Assembly Workstation Employees (MWE and AWE).

Variable
Number of
cycles [/]
Cycle time
[s]

Machining workstation employees

Assembly workstation employees

Med ±IQR

Min

Max

CV (%)

Med ±IQR

Min

Max

CV (%)

5.8±2.3*

2

17

43.1*

18.1±5.2

15

38

33.3

201.2±96.6*

28.4

375.2

53.0*

12.7±4.4

8.1

30.4

34.7

Note. * denotes changes statistically significant at <0.05

The work of those in the MWE group was characterised by a smaller number of production
cycles (from 2–17; 5.8 on average) but a longer time of cycles (201.2 s). Those in the AWE
group had more cycles (from 15–38; 18.1 on average), but it was compensated for by a shorter
cycle time (12.7 s). The work on assembly positions was significantly more repetitive (less
variable).
Mobility
Descriptive analysis of mobility characterising angular displacements of the main body parts
involved in the work, for both the MWE and the AWE is presented in Table 2.
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Table 2. Descriptive Analysis of Mobility. Joint Angles [in degrees] for the Movement of Different Body
Parts Characterised by the Median Value (Med) and Interquartile Range (±IQR), Min, Max and Coefficient
of Variation (CV) for Both Machining and Assembly Workstation Employees (MWE and AWE).

Elbow

Shoulder

Thorax

Loins

Pelvis

Body
Angle [deg]
parts
Pelvic
tilt
Pelvic
obliquity
Pelvic rotation
Lumbar
flex-ext
Lumbar
lateral flex
Lumbar
rotation
Thoracic
flex-ext
Thoracic
lateral flex
Thoracic
rotation
LT Shoulder
flexion
RT Shoulder
flexion
LT Shoulder
abduction
RT shoulder
abduction
LT shoulder
rotation
RT shoulder
rotation
LT Elbow
flexion
RT Elbow
flexion

Machining workstation employees
Med ±IQR
Min
Max
CV (%)

Assembly workstation employees
Med ±IQR
Min
Max
CV (%)

1.9*±2.8

-8.0*

24.9*

211.5

0.1±2.9

-5.7

10.3

6.7

-0.8±2.0

-13.6*

13.7*

30.5

-0.7±3.1

-6.9

6.5

264.0

-0.1±1.2

-21.1*

21.2*

250.3

0.0±3.0

-12.8

12.8

990.8

5.7±6.1

-4.6*

29.3*

59.9

5.5±2.5

1.0

11.6

53.2

0.2±3.8

-10.6

12.2*

163.7

1.2±2.2

-3.1

6.2

58.2

1.4±5.5

13.7

17.2*

82.9

1.7±2.4

-4.1

6.7

37.4

1.3±3.1

-12.2

13.2*

67.4

1.3±2.6

-5.0

6.1

22.5

0.0±3.9

-11.3

13.7*

230.3

-0.7±2.1

-5.7

3.6

21.7

2.9*±6.7

-16.7

20.3*

97.7

-1.6±3.3

-8.6

5.7

17.8

16.4±18.8

-20.3

71.5*

133.6

12.1±16.4

-10.8

55.4

169.5

23.5±19.4

-13.3*

77.0

90.8

18.3±13.2

-9.4

63.3

48.2

8.4±12.3

-30.3*

58.6

198.8

12.1±11.5

-7.1

44.9

124.1

6.5*±7.6

-45.4*

66.1*

163.9

12.3±12.4

-11.1

47.9

502.5

-43.9±16.3

-95.4*

3.2*

70.3

-39.1±12.3

-68.3

-8.7

34.4

-50.8±16.5

-102.3*

0.2

36.1

-38.4±15.1

-70.8

-0.9

53.0

32.3*±16.4

-14.2*

92.2

96.9

57.3±19.1

5.9

87.6

53.0

33.1*±15.5

-14.9*

94.0

83.0

51.5±18.8

1.2

86.5

47.1

Note. * denotes changes statistically significant at <0.05

Movement of the pelvis, assessed in three movement planes, was characterised for both
the MWE and AWE groups by a relatively symmetrical pattern (median angle values close to
neutral position or Min/Max values evenly distributed), except pelvic tilt for the MWE, which
was significantly tilted to the front by 1.9 deg. Movement of the pelvis for MWE was
characterised by a statistically significant higher range (Max–Min) than for the AWE group.
Variation in those movements was from low (for the fore-aft tilt of AWE and left-right
obliquity of MWE) to high (pelvic tilt and rotation of MWE and pelvic obliquity of AWE) and
even very high (for pelvic internal-external rotation of AWE).
The movement of the lower trunk (loins) was somewhat asymmetrical for both the MWE
and AWE groups. On average, the loins were forwardly flexed (anteriorly tilted) by around 5.5
deg. from their neutral position (both groups). Besides, the range of these asymmetrical
movements differentiated the two groups. The range of all movements for the MWE group was
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significantly higher than for the AWE group. The variability in these movements was relatively
moderate except for side flexion (obliquity) for the MWE group, which was high.
A similar pattern was observed for the movements of the upper trunk (thorax). Movements,
especially rotational, were asymmetrical. On average, the thorax was internally rotated by 2.9
deg. for MWE and externally rotated by 1.6 deg. for AWE. Similarly, the range of thorax
movements was higher for the MWE than for the AWE group. There was moderate variability
and repeatability of thoracic movements. Similarly, the thoracic lateral flexion for the MWE
group was the most variable (and the least repetitive).
Movements of arms in the shoulder joint were assessed independently for the left and right
sides in three planes of motion. The median angle values were far from the neutral (zero)
values, which suggests they were persistently used throughout the whole working process. The
median shoulder flexion value for the MWE group was higher than for the AWE group, both
for the right and left sides, but the differences are insignificant mainly because of the high
variation in these movements. What could also be seen is that the AWE group’s upper arm was
abducted more than that of the MWE group for both sides. Both groups had their shoulders
externally rotated (more than 38 deg. for MWE and more than 44 deg. for AWE on both sides).
Again, the range of movements was significantly higher for the MWE group with variation
from moderate to very high, especially for the shoulder abduction angle.
The elbow joint was at 30 deg. of flexion for the MWE and 55 deg. of flexion for the AWE
group throughout the whole observation period, ranging from 90 deg. for the AWE to 105 deg.
for the MWE group. The differences were statistically significant. The repeatability of these
movements was moderate—higher for the AWE than for the MWE group.
Energetics of Movements
The energetics of movements was characterised by the total mechanical energy (sum of
instantaneous kinetic and potential energy) and the average mechanical power (rate of change
in TME). The results of the calculations are presented in Table 3.
Table 3. Descriptive Analysis Of The Energetics Of Movements. Instantaneous Mechanical Energy And
Total Mechanical Work During the 30 min Observation [in kJ] Characterised by the Median Value (Med)
and Interquartile Range (±IQR), Min, Max and Coefficient of Variation (CV) for both Machining and
Assembly Workstation Employees (MWE and AWE).

Machining workstation employees

Assembly workstation employees

Variable

Med ±IQR

Max

CV (%)

Med ±IQR

Max

CV (%)

Instant. Potential
Energy [J]
Instant. Kinetic
Energy [J]
Total Mechanical
Energy [kJ]
Average Power
[J/min]

786.7*±13.8

801.8*

15.0

613.6±12.7

618.6

12.4

0.1±0.3

12.2*

266.3

0.1±0.2

2.5

152.9

141.62±19.40

345.95*

87.9

110.42±18.10

211.31*

78.8

5634.3±557.8

6807.2

189.6

4394.1±19

5676.5

94.8

Note. * denotes changes statistically significant at <0.05
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The instantaneous potential energy (PE) depended on an individual’s mass and body height
and was normalised to body length. Due to a larger amplitude of the CoG, the PE was also
larger for MWE group by 170 J on average. The minimal value of the instantaneous PE and
KE was equal to 0 and was omitted from the table. The KE was dependent on the speed of the
CoG but had a low contribution to the total energy (compared to PE)—maximally only 12.2 J
(for MWE) or 2.5 J (for AWE). There were almost no differences between the groups, which
is why the total energy expenditure (during the 30 min of work) was 141.6 kJ (for MWE) and
110.4 kJ (for AWE) or 5634.3 J/min (for MWE) and 4394.1 J/min (for AWE) on average. The
highest values of the average power (P) reached 6807.2 (for MWE) or 5676.5 (for AWE) and
were statistically significant. The variance of the results was low (for the values of PE) and
rather high or very high for the values of KE, TME, and P.
Inertial Loads of Body Parts
Descriptive analysis of mobility characterising inertial loads of different body parts involved
in the work for both the MWE and AWE is presented in Table 4.
Table 4. Descriptive Analysis of the Inertial Loads of Main Body Parts Involved in Work Characterised by

the Median Value (Med) and Interquartile Range (±IQR), Min, Max and Coefficient of Variation (CV) for
Both Machining and Assembly Workstation Employees (MWE and AWE).
Machining workstation employees Assembly workstation employees
Med ±IQR

Max

CV (%)

Med ±IQR

Max

CV (%)

Pelvis load [N]

14.7±13.3

79.0

92.8

10.2±7.3

75.1

72.9

Loins load [N]

15.1±10.3

69.3

83.9

11.0±7.6

66.3

71.0

Variable

Thorax load [N]

15.7±9.0

73.2

78.7

11.4±7.7

69.2

69.3

LT Upper arm load [N]

29.8±21.2

181.6*

91.9

27.2±19.7

135.8

86.1

RT Upper arm load [N]

34.5±14.9

173.0*

75.2

33.7±21.5

151.7

79.4

LT Forearm load [N]

39.5±16.7

193.3*

85.7

37.5±23.7

161.3

82.6

RT Forearm load [N]

40.7±28.3

284.6*

95.5

38.5±32.5

263.0

83.2

Note. * denotes changes statistically significant at <0.05

All inertial load values for each segment of the MWE group tended to be higher than for
the AWE group, but the differences were statistically insignificant due to the high deviation in
the results. The inertial load was based on the resultant acceleration of each segment. That is
why the minimal value (0) was omitted from the table. The lowest values of inertial load were
noticed for the lower body parts, owing to small acceleration. Although the mass of these
segments is relatively high, the overall load is relatively low. The highest median values of
inertial loads (40 N) were noticed for the MWE group’s forearm movement (right side).
However, some workers achieved values of up to 285 N due to high acceleration and
deceleration periods in forearm movement. The variance of the results was moderate, ranging
from 71% to 95%
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DISCUSSION
According to the United States Bone and Joint Initiative (USBJI), the US national action
network of the Global Alliance for Musculoskeletal Health, adults in the workplace reported
nearly 364 million lost workdays due to different musculoskeletal conditions—more than any
other chronic health condition (Lezin & Watkins-Castillo, 2018). Repetitive motions, such as
twisting, pushing, lifting, pulling, prolonged sitting or standing, unhealthy posture, and
vibrations, can cause or aggravate musculoskeletal disorders (Antwi-Afari et al., 2017; Lezin
& Watkins-Castillo, 2018). Several ergonomic risk assessment methods have been developed
to improve the prevention, diagnosis, or treatment of musculoskeletal conditions and identify
risk factors to make measurable improvements in the work environment. Among these
methods, observational methods based on objective measurement in the work environment are
among many ergonomic assessment tools to evaluate ergonomic risk factors that have gained
high recognition (Antwi-Afari et al., 2017; Nunes, 2009). Motion capture is a powerful tool
used in many applications for human motion capture, ranging from the entertainment industry
to medicine and sports.
The motion capture system in our study assessed the mobility of different movements and
the energy cost and loads of different body parts at assembly or machining workstations.
Briefly, the most startling findings were as follows: the asymmetrical and countermovement
positioning of the pelvis with respect to the loins and whole trunk for AWE induces twists and
stresses that could produce lumbar intradiscal pressure; the median angle values of the pelvis
were far from neutral (zero) values, which suggests they are persistently used throughout the
whole working process; the movements of the upper limbs and trunk were characterised on
average by noticeably low angular velocities; the change in kinetic energy was relatively small;
and the highest values of accelerations were registered with a strong predominance of right
upper-limb movements. The accelerations of the pelvis, loins, and thorax were relatively small.
The highest range of movement for the pelvis was noted for pelvic rotation (31 deg.). Pelvic
movements were relatively symmetrical (~0 deg. with small intersubject deviation from the
median). The highest range for the loins (lower trunk) was spotted for the flexion-extension
movement in the sagittal plane (18 deg.) and lateral flexion in the frontal plane (19 deg.) with
an asymmetrical pattern (median position around 2–5 with moderate intersubject deviation).
The thorax (upper trunk) was used in all planes: in the sagittal plane with a range of 16 deg., in
frontal with a range of 15 deg., and mainly in the transversal with a range of 22 deg., on average.
The movements were reasonably symmetrical with moderate (for the thorax flexion-extension
and lateral flexion) or high (for the rotation) variability. These findings imply a high risk of
work-related problems in the pelvis and lower trunk due to asymmetrical positions and
excessive rotation. However, the findings revealed relatively no risks for the thorax.
The typical, normative pelvis, loins, and thorax values are hardly used in the ergonomic
assessment. The motion capture method gives a broader perspective on human performance
analysis, work-related musculoskeletal disorders, and injuries assessment. Our study noted the
highest dynamic range of movement in the shoulder and elbow joints (Table 2). The range for
shoulder flexion-extension was around 75 deg., around 65 deg. for abduction-adduction, and
from 75 to 82 deg. for rotation with a high predominance of right upper-limb movements. These
ranges correspond to 36% (for shoulder abduction-adduction) or 55% (for shoulder rotation)
of the normative range of movement (50 percentile) when compared to normative joint
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movement ranges for males and females aged 20-44 (Soucie et al., 2011; Stubbs et al., 1993).
Also, the elbow flexion-extension was of the order of 90–95 deg., with a high predominance
of the right. To be noted is the asymmetrical positioning of the pelvis with respect to loins for
the AWE group. Pelvis and loins were rotated internally (with median position 1.7 ± 2.4 with
min -4.1 to max 6.7 deg.) and thorax rotated externally (median -1.6 ± 3.3, min -8.6 to max 5.7
deg.). The difference was around 3.5–10.0 deg., on average. This compensation mechanism for
prolonged asymmetric conditions could lead to low back pain. Furthermore, the median angle
values were far from neutral (zero) values, which suggests they are persistently used throughout
the whole working process. Both groups had their shoulders externally rotated (more than 38
deg. for MWE and more than 44 deg. for AWE on both sides) which is common in manipulative
hand movements and power grasping tasks (Jafari et al., 2018). The variation in these
movements, especially during flexion-extension and abduction-adduction on the left side, was
high or very high, suggesting high upper-limb involvement. Additionally, the symmetry
between sides often exceeded the assumed 10% level, which further indicates a possible risk
of musculoskeletal overload.
Findings from this in-depth analysis suggest the need for a redesign of the workstation and
production system. Regarding norms for manual handling tasks (Ciriello & Snook, 1999;
SHOAF et al., 1997; Snook & Ciriello, 1991), both AWE and MWE hold an upper limb too
long in an extended position, especially for shoulders and elbows. Most of the registered
deviations from neutral (standing) position for the trunk fell into either Green or Yellow
preferred Zones for angular measurements of range of motion (ROM) as defined by Chaffin et
al., 2006 and Woodson et al., 1992 (adopted by Openshaw & Taylor, 2006). According to the
trunk ROM limits upper bands for the second, Yellow Zone should not exceed 25 deg for back
flexion, 10 deg for back extension, 10 deg for lateral bend or 25 deg for back rotation, which
corresponds to the lumbar flexion-extension, lumbar lateral flexion or lumbar rotation in our
study. Some of the MWE workers (with extremal ROM values of around 29 deg of lumbar
flexion or 12 deg of lumbar lateral flexion) fell into the third, Red Zone posing a potential
WRMSD risk factor. Findings from the motion capture system may be used both as a
replacement and complement to standardised ergonomic assessment tool as RULA (Rapid
Upper Limb Assessment).
Maintaining proper body posture and movement during work is essential! The human
pelvis supports the abdomen's contents while also transferring weight from the spine to the
lower limbs. The lower and upper joints work together to decrease the force transferred from
the ground to the spine and upper extremities during movement. During working manoeuvres,
the shoulder girdle structures are designed primarily for mobility, allowing both to move and
position the upper limbs through a wide range of space and the greatest range of motion for
any joint. In a systematic review by Swain et al. (2020), a consensus was established for the
absence of an association between exposure to prolonged or occupational standing, sitting,
bending, and twisting, awkward postures, and low back pain (LBP). The evidence was
conflicting for the other physical exposures examined, including sagittal spine curvatures,
prolonged or occupational standing, awkward postures, bending and twisting movements of
the spine, components of heavy physical work, and whole-body vibration (Swain et al., 2020).
When considering meta-analyses alone, consistent, significant, and positive associations were
demonstrated between maintaining flexed and awkward postures and LBP (Griffith et al.,
2012). Acute, nonspeciﬁc LBP, which is not attributable to a recognisable or known speciﬁc
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pathology, can lead to subacute or even chronic low back pain (Burton et al., 1995). The
strategy for finding a cause of the nonspecific low back pain is problematic; it is crucial to
understand the functional lumbar spinal unit. Several methods have been developed to diagnose
WRMSDs. Most of them are based on job surveys and surveillance techniques (Kroemer et al.,
2018; Marras & Karwowski, 2006). As suggested in the literature (Garg & Kapellusch, 2009),
this method might assess and predict WRMSDs risks better than questionnaire-based methods
(Buckle & Jason Devereux, 2002; Garg & Kapellusch, 2009).
The information on energy transfer (Table 3) during operation is also invaluable. A person
at rest has a constant energy consumption—a basal metabolic rate (BMR) expended in a neutral
environment. An adult man requires, on average, about 1700 kcal (7000 kJ) and a woman about
1400 kcal (5900 kJ) per day (Hills et al., 2014). With work, depending on its intensity, the
energy requirements of the body increase. The net energy cost in our experiment was related
to the component lifting (and the change in potential energy, PE) and the development of
angular velocities at the joints (kinetic energy, KE). The KE was dependant on the speed and
had a low contribution to the total energy (compared to PE). In summary, the total energy
expenditure (during the 30-min observation) was 5634.3 J/min (for MWE) or 4394.1 J/min (for
AWE) on average, with the highest values for the average power reaching 6807.2 J/min (for
MWE) or 5676.5 (for AWE). According to Lehmann's chronometric-tabular method, values in
the range 3350–6280 kJ per shift for men and 2930–4187 per shift for women correspond to a
moderate degree of work severity (Haggarty et al., 1997; Hills et al., 2014; Pałęga, 2019). The
mean values in our measurement corresponded to the moderate level of work, but some of the
workers (with Average Power of around 6800 J/min) fell into the severe work category posing
a potential WRMSD risk factor.
This paper also presents a conceptual model of the interaction between the body parts and
external factors influencing the musculoskeletal system (biomechanical load) during
operations (Table 4). The main body parts' load was related to the moment of inertia and speed
rate measured by the accelerometers. The extremal values of inertial loads were registered for
the forearms (around 280 N) and the upper arms (~180 N), with a strong predominance of right
upper-limb movements. The pelvis, loins, and thorax accelerations were relatively small, and
did not influence the outcome loads. Regrettably, there are no corresponding EN or ISO norms
concerning inertial loads. EN 1005-3 involves isometric forces (static loads), which could serve
as a baseline for our measurements. E.g., it refers to forces of arms and forearms with values
between 50-75 N, or the isometric force capacity limits (for actions for professional use) of
225-275 N during pushing and pulling with trunk support (EN 1005-3, 2002). By using the
proposed biomechanical model, following quantitative verification, the relevance of this
information to industry consists of providing safety levels that can result in improved work and
protection for workers against WRMSDs. Intense physical workload, such as pushing, pulling,
lifting, carrying, or manipulating a heavy load, is a common task leading to the development
of WRMSDs (Limbong & Widajati, 2021; Pistolesi & Lazzerini, 2020; Roman-Liu, 2013).
Particular tasks, like lifting and handling patients, especially with physical effort (Doda et al.,
2020), also posed risks for the low back. However, even light manual work at an assembly line,
such as packing small objects, etc., which mostly involves using upper limbs for repetitive
tasks with a static load on the back, also causes musculoskeletal disorders (Bosch et al., 2007;
Fu et al., 2019). Many systematic reviews have confirmed that repetitive and forceful upper-
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limb movements are risk factors for developing WRMSDs (Hanvold et al., 2019; Hulshof et
al., 2021; van der Windt, 2000).
Based on the data analysis, it can be concluded that human movement analysis makes it
possible to determine the level of somatic (physical and physiological) well-being. It accurately
determines the level of load on the joints during the performance of activities at the
workplace—its objective—and allows for the study of many variables. However, it is difficult
to determine on the basis of this methodology whether we are dealing with overload in relation
to the daily functioning of a person. The questionnaire method, which is the subjective opinion
of the person being examined, complements a biomechanical examination. Undoubtedly, the
use of both methods is most desirable and would allow for a comprehensive study of the level
of well-being within the organisational environment. To a greater extent, these methods make
it possible to create a forecast of the future state and recommendations for work ergonomics
and work environments. Activities of this type also illustrate the need for interdisciplinarity in
conducting scientific research.
Finally, it is worth noting that the various ergonomic workstation research tools, injury
risk, or WRMSD, do not examine human movements comprehensively – in terms of all
possible body parts or movements. For example, ranges of arm movements are carefully
examined (RULA - Rapid Upper Limb Assessment), or the main parts and movements of the
entire body (REBA - Rapid Entire Body Assessment) in terms of the selected neck, trunk, arms,
legs and wrists positions or adjustments. Whereas the motion capture system objectively
monitors all movements in terms of their amplitude, variability, symmetry and frequency,
estimates segmental loads and energy cost, which is undoubtfully an added value of the motion
capture technology for occupational health and safety innovations.
Limitations of the Study
The investigators took exceptional care to avoid sources of bias and confounding in their
studies by eliminating movements unrelated to the studied work tasks. Still, a few movement
artefacts may have remained when analysing long stretches of work associated with
unpredictable interruptions or incidents during production and the work process.
Although characterised as having three degrees of freedom, the trunk's movements are
quite constrained at a single vertebral level. The lumbar and thoracic areas of the vertebrae
allow the trunk to flex and extend, but this plane of movement is limited in the middle thoracic
portion of the vertebrae. Similarly, the rotation of the trunk occurs primarily in the thoracic
regions because the lumbar region has limited movement potential in the horizontal plane. It is
only the combination of all vertebral segments that allow the 3D movement produced by the
spine. Moreover, the concept of total mechanical work based on the movement of the CoG
does not characterise the work of different body parts.
The inertial load was calculated based on the central moment of inertia of a body part
(along the central rotational axis) and involved only the body part without considering the
weight of the handled component, which varied during the machining/assembly process. In this
simplification, the mass of a component was negligibly small compared to the mass of a body
segment. Studies investigating risk factors for the development of WMSD should report in
detail the exposure levels. Individual risk factors associated with WMSD should be considered.
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CONCLUSIONS
The analysis of ergonomics of human motion at work helps in improving workstations'
ergonomics, increases workers’ and organisational productivity, and may enrich H&S
procedures. Human movement analysis makes it possible to determine the level of somatic
(physical and physiological) well-being. The most valuable findings of the study, associated
with risk symptoms in work-related musculoskeletal disorders, were the following:
• countermovement positioning of the pelvis with respect to loins for a prolonged duration,
which could lead to back pain
• combination of median angle values and excessive body part load suggest overuse of joints
throughout the whole working process
• the variation in movements, especially during flexion-extension and abduction-adduction
on the left side, was high or very high, suggesting high upper-limb involvement
• low variation in movements of the pelvis, loins, and thorax suggests static posture during
operations
• a strong predominance of right upper-limb movements

IMPLICATIONS FOR RESEARCH
As shown, the IMAS gives a wide variety of variables that could be measured and investigated
in a workstation during everyday tasks. It allows H&S specialists and ergonomists to plan and
organise work in accordance with healthy workplace standards. In terms of health and safety
risk factors, the IMAS also enables in-depth analyses to reduce or even eliminate them. The
results allowed us to generate recommendations for HR, H&S, and ergonomics procedures.
Firstly, the method and findings might help improve workstation ergonomics, increase
workers’ and organisational productivity, enrich H&S procedures, and improve automation on
production lines. Firstly, job rotation and methods-time measurement (MTM) might be
improved. Secondly, health interventions, including physiotherapeutic exercises to prevent
asymmetry and spine-related diseases, should be implemented. Finally, a company received
detailed instructions on how to improve workstation ergonomics, including an in-depth
analysis of workers’ movements during manual handling, which can be used to complement
the standard ergonomic procedures to avoid or reduce forceful exertion, awkward postures, and
repetitive motion.

ENDNOTES
1. European Survey of Enterprises on New and Emerging Risks (ESENER), 2019, 45,420
establishments, EU 28 countries+ Iceland, North Macedonia, Norway, Serbia and Switzerland
2. Eurostat, Labour Force Survey ad hoc module ‘Accidents at work and other work-related health
problems’ (2013).
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Abstract: Already before the pandemic, digitally mediated collaborative work and
communication were perceived as challenging. We investigate the attitudes towards
emerging technologies and for transforming practises in workplaces. The focus lies on
understanding the readiness for appropriating emotional tracking on presence and
support for collaboration. The research-based design framework allowed to combine the
various perspectives of the transdisciplinary team. Methods included participatory
design, design thinking, contextual inquiry and prototype testing for enhancing presence
while working with shared objects in video conferencing to explore the appropriation of
tools. The findings revealed four indications: 1) awareness of interlocutors’ presence
during synchronous communication is crucial. 2) Emotion and behaviour tracking
raises concerns about privacy and personal control over what is displayed to others, and
technology could be simpler non-distracting the work at hand. 3) The prototype was
found to enhance the feeling of presence without disturbing work at hand, and 4)
appropriation requires a step-by-step approach.
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INTRODUCTION
Communication and collaboration through digital technologies are necessary aspects of
almost all types of work. Not surprisingly, communication through digital technologies is still
perceived to be unsatisfactory. For instance, it takes too much effort to make sense if the
others are attentive and present, especially when the participants do not know each other well
enough. Remote communication hinders collaborative work as participation in the work is
not displayed evenly to all. (Hannola, Richter, Richter, & Stocker, 2018). The solutions thus
far have not adequately solved the challenge of presence in a way that maintains
concentration on the work.
Prominent perspectives into the subject can be grouped into a technology-dominant angle
studying features which enable or support, for instance, participants’ feeling of other
participants’ presence and practice, and an experience-dominant angle investigating
requirements of how to support collaboration and communication during work. Various
research areas, for instance, Human-Computer Interaction (HCI), Computer-Mediated
Communication (CMC), Computer Supported Cooperative Work (CSCW), and cognitive
neuroscience, have explored the challenges associated with digital communication and
collaboration tools.
In this article, we approach the issues of presence, awareness, and support for
collaboration from a transdisciplinary perspective. Our team consists of design researchers
with expertise in co-design and design thinking, technology-enhanced work and learning
research, and researchers in the field of cognitive neuroscience. Thus, the framework we use
is broad, and it includes the fields of HCI, CMC, CSCW and cognitive neuroscience. CSCW
has discussed various aspects of collaboration, from Grudin’s (1994) group work and social
dynamics to Stahl’s (2016) recent studies on intersubjectivity and group cognition. CMC,
similarly, has been digging into issues on digital, remote, and synchronous communication
from Boon and Holmes (1991) discussing the dynamics of interpersonal trust to Biocca,
Harms, & Burgoon (2003) on theory and measurement of social presence. HCI began with
awareness features (Gutwin & Greenberg, 1998) and advanced into complex presence
measures (Froese, Iizuka, & Ikegami, 2014), borrowing ideas from cognitive neuroscience.
We also have first-hand experience designing some of the first awareness features into
computer-supported learning and working in various international projects (e.g., Netpro1).
However, digital tools have improved, and research on how presence is observed and
experienced, including topics such as the relationship between inter-brain synchronisation
(Balters, Mayseless, Hawthorne, & Reiss, 2021), has increased recently. We complement the
new neuroscientific findings by looking back and including research-based design studies to
understand the current needs and attitudes in workplaces. It seems that we are in a paradigm
shift on what learning and working means. This disruptive transformation is partially initiated
by digitalisation – using emerging tools such as algorithmic systems that are proposed to be
implemented in all parts of life. The pandemic has been accelerating this tendency (Trenerry
al., 2021).
Our objectives for the research were to understand if there is a change in the hindrances
of collaboration and communication in remote work due to the forceful introduction of
emerged technologies and digitalisation. The workplace sectors were based on the Business
Finland project HUMEX Quantifying Human Experience for Increased Intelligence Within

262

Are you there?

Work Teams and in the Customer Interface. Most sectors can be categorised as knowledge
work, e.g., legal, insurance, development, design and marketing companies/customer
services, and the construction sector at the decision-making level.
We used research-based design methods to investigate the current workplace hindrances
and benefits of emerging technologies. The research-based design allows us to combine the
different disciplines and real context on workplaces providing a thicker description of the
current change, attitudes towards the new technologies and potential transformation of work
cultures.
Our research is based on the hypothesis H1: there is a need to use algorithmic systems on
generating emotional and behavioural data for tools that enhance, support and scaffold the
digitally mediated collaborative work
During the research process, it became clear we had to narrow our hypothesis into (H2):
Simplify the tools used for collaboration in the work setting
a) the feedback of the presence of other interlocutors must be as simplified as possible so
that it can be perceived at a glance or with peripheral vision and
b) the workers must feel that they are in control of what is presented to the other
interlocutors.
Next, we go through the previous research on the framework of HCI, CMC, CSCW and
contrast these with current findings on cognitive neuroscience. We start with older research to
build the background of what is known and could be used for new approaches. After which,
we describe the methods, data collection and analysis. From there, we move to the findings
and results.
BACKGROUND ON COMMUNICATION AND COLLABORATION THROUGH
DIGITAL TECHNOLOGIES
This section discusses research that has allowed us to tackle new difficulties of appropriating
new tools and practises for digitally mediated communication and collaboration.
The crucial features of digitally mediated communication are visibility of interlocutors’
actions to guide interactions and seeing that others are present and available for
communication, which affects communicative behaviours and accountability. Previous
research has focused on improving turn-taking (Anderson, Beard, & Walther, 2010),
enhancing situation-, work-, social- and self-awareness (Dourish & Bellotti, 1992; Gross,
2013) and identifying relevant non-verbal communication cues (Cameron & Webster, 2005;
Kruger, Epley, Parker, & Ng, 2005) or on evoking affective interdependencies (Salminen et
al., 2018). Part of the awareness is to understand that I and others are receptive to
communication (Gutwin & Greenberg, 1998). Quan-Haase, Cothrel, and Wellman (2005)
investigated online communication, and they explained the underlying needs for successful,
digitally mediated communication and collaboration. The four needs are a) The interlocutors’
task interdependencies, their history of collaboration and informal socialising support the
success of communication during collaborative work; b) Visibility results in awareness when
the interlocutors know each other or share experiences; c) Increasing social cues works well
when the interlocutors are acquainted with each other and have established trust; and d) The
roles the interlocutors possess make a difference: lower-status employees feel a need to
answer timely, and higher status employees expect responses within a short time.
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Recently, the focus has been on future technologies in HCI. Mueller, Maes, and Grudin
(2019) referred to as Human-Computer Integration (HInt). The HInt is divided into three
classes on their ability to provoke different types of awareness in humans: on-, off- and inbody. Off-body is technology situated in the environment around the body and is not
physically attached to the body. The on-body is technology existing on the surface of the
body (such as wearables or hand-held devices), and the in-body is a technology that exists
internally within the body (such as ingestible devices) (Mueller, Maes, & Grudin, 2019).
These technologies are seen to provide to their “wearers” various benefits; for instance, offbody provides the familiar sensor information for checking the weather, location, and speed.
These are often used in recreational and work practises alike. The on-body technology may
be most known by health applications such as monitoring sleep patterns, heart rate and blood
sugar levels. Lastly, in-body technology is often unthought-of but well-known since it
includes pacemakers, hearing aids, eyesight improvements, and new technology such as
memory aids and stress management. All of these known so far aim to help, support and
make life easier by knowing oneself and one’s behaviour, namely one’s habits. However, the
arousal information is not often used for enhancing empathy or collaboration or for
interpersonal communication, but monitoring stress levels, for being calm, strong, social and
smart, for instance, with mental health smartphone apps (Bakker, Kazantzis, Rickwood, &
Rickard, 2016; Peake, Kerr, & Sullivan, 2018).
Although many communication tools provide rich media such as emojis, audio and video
notes, and video conference features, people still need to adapt their communication and
work styles to the possibilities and limitations of what the current technology supports
(Koskinen, Zimmerman, Binder, Redstrom, & Wensveen, 2013; Zhao, Lampe, & Ellison,
2016). As a result, achieving successful collaboration in workplace settings requires
participants’ attention and effort to overcome technological limitations. According to wellknown works of Trigg and Bødker (1994) and Schmidt and Bannon (1992), achieving better
tools requires that the tools evolve with use, meaning the tools support appropriation,
customisation and tailoring culture as well as provide affordances for adaptation. In this
article, the interest lies in determining how attitudes towards computer-mediated interactions
have changed for synchronous communication and collaboration in a work context and
whether this knowledge can be used to co-design tools that evolve along with the use. It is
relevant to ascertain how automated tracking of interlocutors’ behaviours and emotions can
impact workers’ perceived use of computer-mediated communication tools. For instance,
Dourish (2003) has aptly stated that tools change practises, and modified practises change
what is expected from the tools, meaning that the tools and systems should evolve with use
while being situated in the intersection of technical design and social practice. Therefore, the
mismatch between the flexible, mutable and evolving practises contrary to the predefined,
rigid, resistant tools creates a gap between the practises and technological possibilities, called
the ‘socio-technical gap’(Ackerman, 2000; Törpel, Pipek, & Rittenbruch, 2003). Wulf et al.,
(2015) underline that appropriation is a complex process, it takes long, and the practises
undergo changes during the process. The complexity of the appropriation process is due to
the many different societal levels where the newly designed artefacts connect to the known,
and unknown social practises. Social practises are not abstract but embodied and routinised,
which means the practises are intertwined with the environment and form habits (Wulf et al.,
2015). Ramstead, Veissière, and Kirmayer (2016) described how normative practises built on
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the immersive participation of the agent in a social context are seen to regulate joint attention
and shared intentionality. Knowing the habits of action and context will aid in supporting
appropriation because it allows us to design tools and scaffolding for changing the habits
(Fiore & Wiltshire, 2016).
Due to the differences between what technology can do and how people act and develop
practises, it is essential to investigate how people anticipate the future, what they expect from
technology and what they feel that they are willing to appropriate to transform existing
digitally mediated collaborative practises at work.
Considering the advances in emotion tracking technologies and the positive impact that
these technologies are expected to bring, in this study, we explore the way potential users feel
about emotion tracking tools in workplace contexts and what is expected from these
technologies. One of these technologies to consider is the ones measuring arousal. Arousal
tracking is in focus because it is increasingly integrated into the tools offered to workers.
Arousal refers to a physiological state that denotes energy and activation, associated with
being awake, alert and ready to respond. In the dimensional models of emotions, high levels
of arousal are related to emotions such as surprise, while emotions such as sadness are
associated with low arousal levels (Bhattacharjee et al., 2018).
Sensor-based technologies monitor arousal by collecting data on the changes in heart
rate, blood pressure or skin conductance to estimate the level of alertness of a person’s
physiological states (Gravina, Parastoo, Ghasemzadeh, & Fortino, 2017). These are
increasingly used in natural situations, for instance, to measure heart rate variability changes
using T-shirt integrated sensors and visualisations of heartbeat (Wikström et al., 2021).
From previous research, one of the focus areas that we listed as potential is awareness,
also called presence. The terms awareness and presence are sometimes used interchangeably.
Awareness is divided into actions about the others involved, context, and content. Other areas
emphasise the feelings or emotions, showing empathy, agreement, understanding and support
for habit-forming or changing practises. The above areas can be tackled with various
technologies, e.g., sensors and algorithmic systems, that have different intrusion aspects that
previous and current technologies use. The novel technologies are thought to support work,
and work practises (for instance, knowledge work and understanding the feelings of coworkers or clients). As the work sectors available for the research have various aims and
practises, our first task was to narrow the scope by understanding the current situation and the
envisioned future.
We present a case study that follows the research-based design approach to identify the
main challenges that digitally mediated interactions have on synchronous communication and
collaboration in work contexts. The following section will describe the process, methods, and
analysis we used.
RESEARCH-BASED DESIGN: CONTEXTUAL INQUIRY, PROTOTYPING,
DATA AND ANALYSIS
The study has three parts: part A contextual inquiry and getting acquainted with the previous
studies for creating the design hypothesis (see Figure 1, empirical-study part); and part B,
where prototypes are designed and implemented for testing the hypothesis (fig.1,
prototyping). We have also outlined a beginning of the future study part C – appropriation,

265

Bauters, Pejoska, Durall, Saarikivi, Wikström, Falcon & Martikainen

where the actual use at workplaces is studied longitudinally. All three parts have many
iterations of data collection and analysis.
H1: Initial research hypothesis was that there is a need to use algorithmic systems on
generating emotional and behavioural data for tools that enhance, support and scaffold the
digitally mediated collaborative work. Algorithmic systems can provide recommendations,
suggestions and sometimes interpretations based on various data collections.
H2: After part A, we had to simplify our hypothesis to be: Simplify the tools used for
collaboration in the work setting
H2 was divided into two parts:
a) the feedback of the presence of other interlocutors must be as simplified as possible so
that it can be perceived at a glance or with peripheral vision and
b) the workers must feel that they are in control of what is presented to the other
interlocutors.
Study part A explores whether and how tracking interlocutors’ physiological affective
and arousal states could improve computer-mediated collaboration and communication and
what types of attitudes people have towards the new technologies. During part B, we
developed potential prototypes with the participants based on the findings. At the beginning
of part C, the design prototypes were tested with the participants from the companies.
Drawing on the prototype testing, we propose the design implications that promote design
decisions and chosen methods.

Figure 1. The figure presents the whole process of the design from contextual inquiry (part A), design,

prototyping (part B) and a short study on appropriation, (part C) the methods used and the related
outcomes.

We followed the constructive design approach (Koskinen et al. 2013) based on
prototyping, frequent iterations, and encouragement for developing the prototypes (Mackay,
2000). The prototypes were developed iteratively involving representatives in all stages of the
design process (Mattelmäki, 2006) for ensuring that digitally mediated communication and
collaboration systems meet the participants’ needs and researchers’ aims. In particular, we
adopted research-based design, which is influenced by co-design (Sanders, 2003) and the
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user-centred design tradition (Stewart & Shamdasani, 2014). It is critical to involve artefacts
called probes during the design process (Pirinen, 2016). Facilitators provide probes in focus
groups and workshops to the participants, thus allowing them to express their expectations of
digitally mediated collaboration challenges with tangible objects. Using artefacts early in the
design process allows participants to try out and suggest potential usage practises. This
practice enables us to detect the direction in which tools might need to evolve during actual
usage. The process supports using empirically grounded conceptualisations (Wulf et
al., 2015).
We selected the participants to represent different economic sectors such as software
development, construction, marketing, insurance and advertising, and digital legal services.
The companies’ role was to provide a research context. The companies were future-oriented,
executing knowledge work and using various digital tools. The selection of the companies’
participants aimed to gather as wide as possible representative worker base covering various
tasks from service, design, management, and execution. The selection was inspired by
including extreme participants following the design thinking methodology. We sent messages
or discussed with the company representatives to acquire the best variation between workers
in each company). In total, we had 30 participants (16 female and 14 males, see Table 1).
Table 1. All participants in the contextual inquiry, prototyping and appropriation.

Sector

Female/male

Novice–expert

Design/marketing
Development
Insurance/customer service
Legal services
Construction
Total

7 females/ 3 males
3 females /5 males
4 females/ 4 males
1 female/ 1 male
1 female/1 male
30

full range
full range
full range
leader/ expert
middle management / novice

Part A) Contextual and Empirical Research
During the design process of part: A) contextual and empirical research, we used various
methods and techniques for prompting conversations about digitally mediated work
challenges and attitudes towards emotional tracking in the work context. We carefully chose
all the methods and techniques to provide in-depth and thick description knowledge from the
field. As mentioned, the process was cyclic with data collection and analysis. The chosen
techniques were observations, focus groups, workshops, and theme interviews to ensure that
attitudes and practises could be made tangible.
In this phase, we facilitated two focus group sessions, four workshops, two interviews
and background benchmarking were used to collect data. The data included video data, notes
and design artefacts (see Table 2, and for the whole process, Figure 1). We investigated the
attitudes towards emotion tracking, how the participants see it could enhance their work,
current practises and what is not working at work when it comes to digitally mediated
collaboration and communication. The focus groups and workshops were formed from
different sectors. The focus groups allowed us to find overlaps in the work and attitudes.
These were the guiding themes that directed the design of workshops and interviews.
The outputs of focus groups were then validated in workshops using inspiration cards
and journey maps. The cards provoked discussion on tools in use, collaboration in distance
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work, customer service challenges, communication issues, practises that work and do no
work. We designed six cards in total (see Figure 3 for examples). Journey maps were on 1)
Community building through instant messaging; 2) Showing engagement (presence) in an
online focus group using video-conferencing (audio, no video); 3) Supporting shared
understanding among groups using online video-conferencing (audio, no video construction
field work2 (see Figure 3 for example). These kinds of reused outcomes are called tangible
outcomes and provide better iteration of the research process and design). In this part A, the
participants came from insurance and legal service/company, development, design,
marketing, and construction. Female and male division overall in part A. was 13 males and
14 females. The count does not add to 30 (see Table 1, where all participants of part A B C
are counted) nor to the beyond 30 in Table 2 as some participants took part in more than one
focus group or workshop. The number of participants is not enough to make broad
generalisations but indicative suggestions for similar types of knowledge and service types of
works. Through the methods and outputs, we answer to the
H1, there is a need to use algorithmic systems on generated emotional and behavioural
tools to enhance, support and scaffold the digitally mediated collaborative work.
Table 2. Table 2 presents the methods, participants, data collection and analysis methods during the
contextual inquiry (part A). The participant number does not add to 30 because some participants attended
more than once to provide continuation.

Method

Participants

Focus
groups (2)

Design/marketing (2),
development (1) &
construction (2) &
insurance (1); legal
company (1) people
(7 on each
workshop)

2h

Notes, video &
audio recording,
outcomes of the
activities

Synchronising
practises
(synchronous hand
clapping), sketching
and games

Workshops Design/marketing (1(4)
2), development (1)
& insurance (0-1);
legal company (1)
people (3-4 per each
focus group)

2h

Notes & video
recording

Inspiration cards &
scenarios

Interviews
(2)

Development (1) &
insurance (1)
company

Length Data collection Techniques &
materials used

Analysis methods
Qualitative analysis
using design thinking
techniques, such as
canvases, templates
and journey maps, to
organise the data &
artefacts. Spatial and
physical organisation
jointly by researchers
belong to design
thinking analysis
methods

1 h each Notes & recording Theme interviews

Part B) Prototyping and Part C) Appropriating
Part B) prototyping and part C) appropriating included two different types of prototype
testing. The setting of the prototype testing included two separate rooms where the workers
were working on a joint document (shared artefact). Communication occurred through Skype
or a similar audio/video conferencing tool. A randomly selected worker and student
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participated in the first two prototype testing prototypes. Both were well-acquainted with
video conferences and collaboration with co-workers/learners mediated by digital tools. One
researcher was in one room in the first two prototype testing, and the worker/student was in
another room. The participants could not see or hear each other directly. The document, or
scenario, was described to the participant. The scenario described presented the challenges
with a Skype discussion and collaborative work – named: Facilitating a focus group using
video-conferencing (see Appendix 1). Overall, we had three scenarios to choose from
(Facilitating a focus group using video-conferencing, Group discussion using audioconference and Community building using instant messaging). Participants told which was
closest to them). Both rooms and the screens of the researcher and the worker were videorecorded. One of the researchers observed the worker, taking notes and helping if the
prototype failed to function correctly. These prototype testing aimed to determine whether
The Nodders prototype functioned as anticipated and how the participants felt about it.
The first two prototype testing lasted an hour, and data was collected by observations,
interviews and audio recording. These were transcribed and analysed by three researchers.
The second two prototype testing were executed with real workers executing actual tasks.
The workers came from digital legal services and marketing companies. The selection was
based on the availability of a real collaborative online task. These lasted for one hour and a
half. The workers were connected through their internal tool in different rooms and were
working with an actual work document. The legal services workers were used to work on a
joint document from distance offices. The collaborative tool for the shared document was the
company’s internal tool; however, in this setting, only half of the screen — the part where
The Nodders was displayed — could be recorded because the document under discussion was
classified. The second prototype testing with the marketing company followed the same
setting, except the location was in the marketing company building. In both prototype testing,
theme interviews, which were recorded, and during which notes were taken, were conducted
afterwards. The themes of the interviews were the same as those of the first prototype testing.
The interviews were semi-structured, themed interviews. The themes were: the workers’
feelings when using the Nodders, positive and negative feedback related to the concept of the
prototype and its feasibility in real work and concerns and hopes of technology and
improvements for the prototype. Three researchers analysed the data by comparing the lists of
relevant comments from participants, videos, and notes. Important notes were highlighted and
discussed to answer the hypothesis and considered for future development. The results cannot
be generalised broadly but can indicate design directions for a similar collaborative work
setting. The hypotheses were: a) the feedback of the presence of other interlocutors must be
as simplified as possible so that it can be perceived at a glance or with peripheral vision, and
b) the workers must feel that they are in control of what is presented to the other
interlocutors.
The Analysis Methods of the Part A) Contextual and Empirical Research
The researchers from two universities analysed part A) contextual and empirical research in a
design thinking manner using different canvases, templates and three journey maps (Biocca et al.,
2003) to arrange the data in various ways and study them from multiple perspectives. We
transcribed the focus groups, workshops, videos, theme interview audios and observation notes.
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These were then sorted out into topics emerging from the data. The classification of relevant
topics took three iterations. The researchers focused on physical and spatial arrangements of data
to categorise them bottom-up. Spatial manner is supported in design thinking, providing tangible
visual outcomes (for instance, the earlier mentioned topic descriptions canvases, inspiration cards,
journey maps, scenarios) that can be reused to validate the outcomes with the participants in
iterative manners. It is also one of the main ideas of research-based design (Mattelmäki, 2006).
Such outcomes and work processes cannot be acquired when using digital tools such as Atlas.ti.
Three researchers executed the primary analysis. The preliminary analysis of the process outputs
was shared with four researchers from the project’s partner universities to validate the analysis
and provide a broader perspective. The process’ outcomes of the focus groups led to canvases of
classification and concept maps. These were summarised by the emerged themes (see Figure 2 a,
b and c). Based on the previous outcomes, journey maps and inspiration cards were created for
discussion with the participants. From the focus groups, workshops, and interviews, we had over
150 post-it notes. The data was analysed again by bottom-up note comparison between the
researchers and categorised by emerging theme activities, context and tools. These provided the
basis for scenarios to be used in prototype design. See the research team’s outcomes blog3.
The concept of validity has been defined in various ways (Onwuegbuzie & Johnson, 2006).
We followed the description of Teddlie and Tashakkori (2003), who see validity in qualitative
research as inference transferability and inference quality. Inference quality is the identification of
four evaluation criteria (a) within-design consistency, i.e., consistency of the design of the study
and from which the inference emerged; (b) conceptual consistency is the degree to which the
inferences are consistent with each other and with the known state of knowledge and theory; (c)
interpretive agreement is the consistency of interpretations across people and (d) interpretations
of the results and rival explanations are ruled out.
The Analysis Methods of Part B) Prototyping
The qualitative and thematic analysis of the part B prototyping was executed by comparing three
researchers’ notes and interpretations of the video recordings. For the analysis, we used
triangulation in different researchers and data collection. The researchers transcribed the video
recordings and digitalised the handwritten notes. After which, they listed the comments on the
data. The prototype testing data were discussed, and similarities in the data were grouped in a
similar spatial manner as in part A).
Business Finland supported the HUMEX project (Quantifying Human Experience for
Increased Intelligence Within Work Teams and in the Customer Interface). The AALTO
university’s Ethical Review Board approved the study protocol. All participants signed written
informed consent.
Section 4 describes the outcomes of the contextual inquiry and explains the choices made
regarding the prototype to be designed with the participants. The findings indicated the need to
narrow our hypothesis and simplify the prototype ideas.
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FINDINGS FROM THE CONTEXTUAL INQUIRY (PART A)
After analysing the data from the focus groups (topics in focus groups: Facilitating a focus group
using video-conferencing; Group collaboration using audio-conference; audio conference and
Community building using Instant Messaging) where all the participants (insurance and legal
service/company, development, design and marketing and construction sectors ) were involved,
the research team created a summary in the form of three themes – the topic description canvases.
The themes recapitulate the most critical findings from focus groups’ data (Fig.1). This outcome
was a result of three (3) iterations. As a summary, the analysis revealed that people’s awareness
of interlocutors’ presence during synchronous communication is a crucial need for successful
collaboration, trust-building and shared understanding. These are difficult to establish in digitally
mediated communications. Another finding was that the attitudes towards tracking arousal and
the proposed interpretations of the state of the participants varied considerably. The arousal
tracking was confusing to all except one participant. This one participant had executed festival
micro-expression mapping from facial recognition of the crowd to the festival organisers. The
others understood the arousal tracking to be data from facial recognition systems, owned or
gathered by outside party sensory data. All of the above use algorithmic systems; thus, the
hesitancy can be related to data use and accuracy of algorithmic systems and privacy.
The three canvases of the main themes are presented in Figure 2. We will summarise each
one of them. We have not separated the outcomes by the workplace sector the participants
represent because there was not that much variation between sectors; instead, variation occurred
between individuals. Most participants were cautious of the new and emerging technologies. For
us research designers, it was interesting to find out if the participants brought something new into
the scene. Thus, we first summarise the participants’ views, present some quotations from them
and then provide a summary of already known challenges.
The bottom-up themes formulated to consist of a) presence – being able to feel the presence
of others, b) trust – being able to build trust with others and c) shared understanding – knowing
when shared understanding has been achieved. Below we summarise the findings using the above
three themes from the focus groups. As mentioned, we focused on the H1 – topics of the attitudes
towards emotion tracking, how the participants see it could be used to enhance their work, current
practises and what is not working at work regarding digitally mediated collaboration and
communication. The descriptions of the themes start with a summary of outcomes and quotations
from the participants, relation to previous research (literature) to see if the participants came up
with something not discussed before and what this means for future tools, and what we need to
consider.
Presence
Summary
The participants explained presence4 as feeling the presence of the other interlocutor. This
feeling may come holistically, or it can be sensed by one dominant sensory channel. Presence
is essential in itself and as it enables knowing whether the other interlocutor is engaged in
active listening. These formulations were used by the participants of the contextual inquiry
(Figure 2 left side).
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In this case, the tracking was understood as the system’s default action, and attentiveness
was presented based on the automatically tracked data. The participants wished to have
control over what would be displayed for other interlocutors to see. Another concern was the
system’s amount of interpretation based on the data. For instance, it was mentioned that the
system might interpret that one is not attentive and not present incorrectly due to personal
differences that vary concerning the average of the measurements that are used by the system.
The audio was mentioned as a way to understand presence.
Participants mentioning the audio/voice-related issues:
“Audio communications tend to be more “clinical” as people tend to make their
comments and dialogue in a more condensed way. The conversation can be more
straight, built is less rich than in F2F.”
“Tone of voice, I have the image I do get the emotional involvement level view voice as
well.”
” But in big conversation it is the official voice. Lecture mode the one is group.
Reporting situations are also that kind of non-emotional voice situations. “
“It is something common that in these contexts someone takes over, since these tools do
not enable normal signs to show that you disagree, agree or so on, so giving this type of
feedback is challenging. Voice is still is the only way to express yourself, even when
there is video.”
Other interesting statements from the participants related to tracking o expressions and
control:
“In festivals analysis object and people - video-analysis for instance, XYZ festival, what
people feel, micro-expressions - analysis of emotions and visible expressions for festival
organisers.”
“Feedback through other channels than video or audio – especially in the case of big
presentations, would benefit from using other ways of sensing since this would allow
keep eye contact.”
“If the data tracked consists in a voluntary expression of people’s mood, it is OK”
Obtaining/giving feedback that is voluntary (like thumbs up, sending question marks…) –
if it not verbal, e.g. thumbs up, down, nodding and so forth would feel comfortable.
“It’s important to know beforehand if one is being tracked. Tracking could be beneficial
as it re-inforce personal connection (presence?), help concentrating, performing active
listening.”
“Might be automated but I have the control and then I could do something, decide how
the convey those signs.”
“More control on how these data are conveyed”... “I prefer tracking at group level. “
“We want to have a good level of empathy in communications with customers– it it
relates to the attitude of the person who is attending you, it is important that you feel that
the other person really wants to understand your case “
There were few suggestions, but one caught our eye, which was about how to code the
overall atmosphere: “Colour coding if I am losing people overall feeling of the group.”
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Previous Research
In the context of this design research, the concept idea of presence (related to awareness, see
Biocca et al. 2003) consists of supporting different types of feedback, which allows for
knowing the extent to which people taking part are present in a conversation or joint work
mediated by digital tools. The array of tools that could provide this type of feedback changes
according to the context, the conversation purpose and the type of presence that is being
performed (Rogers & Lea, 2005).
Presence has also been connected to empathy, or the ability to understand the feelings of
the other and the possibility to be present (Iacoboni et al., 2005). Recently, empathy has been
defined as a skill that can be learned, even if it is still composed of different aspects, such as
1) experience sharing: vicariously sharing targets’ internal states, 2) mentalising: explicitly
considering (and perhaps understanding) targets’ states and their sources, and 3) prosocial
concern: expressing motivation to improve targets’ experiences (for example, by reducing
their suffering) (Zaki & Ochsner, 2012). Empathy can be viewed as part of the more
frequently used definition of social presence (Sivunen & Nordbäck, 2015). Sivunen and
Nordbäck (2015) defined empathy as composed of three aspects: a) co-presence, such as
feeling inclusion or isolation and mutual awareness; b) psychological involvement, referring
to mutual attention, empathy and shared understanding; and c) behavioural engagement,
referring to behavioural interaction and dependent action. In this regard, social presence can
be viewed as a group/team-level construct and observed in interactions between interlocutors.
Recently Grassini and Laumann (2020) executed a systematic literature review and
brought up that only Lee (2004) has managed to provide some consistency into the concept of
presence. Presence can be separated into three distinct domains: physical, social, and self.
Physical refers to the experience of the physical environment and the objects within the
environment, social directs to the experience of other entities with social value within the
environment, and self-experience describes the experiences the user has of him/herself.
Meaning for Design
From the current research (Grassini & Laumann, 2020), it seems like the participants had
reasonable suspicion since, so far, it is not possible to measure the feeling of presence
accurately. The effects that the context has on the discussion, the role one has in the
discussion, and the subject matter determine the amount of attention required to follow
attentively. However, the participants also mentioned that if the data on presence would be
acquired from the group activity where the information is anonymous, it might be acceptable
(Quan-Haase et al., 2005; Sivunen & Nordbäck, 2015 on favouring group/team-level
constructs). Thus, we may say that it can be accepted if it is general tracking and no persons
can be detected. The suggestions and recommendations can be controlled by the users
(participants). Being in control seems a valuable design feature as it is also often required by
the algorithmic systems – having the human in the loop (Leslie & Briggs, 2021).
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Shared Understanding
Summary
For the participants, shared understanding5 meant arriving at and knowing when there is an
agreed understanding of a topic of discussion. The concept aims to provide tools for sharing
and receiving information that will help detect whether people have a shared understanding
of the topic under study (Fig. 2 middle). It was difficult for participants to determine what the
system could track to help them understand that there is shared understanding. The
participants requested cues for positive feelings and agreement, which they saw as supporting
the building of the shared understanding. These feelings were more comfortable to digest
than what the system displays about participants’ feelings. Positive emotions are more natural
to accept as the system’s interpretation of what to present to other interlocutors, even without
controlling what is displayed — some points made by the participants.
“Getting feedback about how well people are following/understanding could help adapt
the speech (slow down or modifying the explanation).“
“Human touch” in their communications. It relates to the attitude of the person who is
attending you; it is important that you feel that the other person really wants to understand
your case.”
“We want to have a good level of empathy in communications with customers– it it
relates to the attitude of the person who is attending you, it is important that you feel that the
other person really wants to understand your case“
“We want to have a good level of empathy in communications with customers– it it
relates to the attitude of the person who is attending you, it is important that you feel that the
other person really wants to understand your case“
Human touch” in their communications. It relates to the attitude of the person who is
attending you, it is important that you feel that the other person really wants to understand
your case”
“Virtual object that you are touching together - shared something.”
“The more people get involved is through virtual objects, something you share with
others. “An example of drawing - if members start drawing with me, this is a sign they are
really interested and are willing to “buy” services/product. Therefore, making participation
physical through a shared object contributes to increasing involvement.”
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Figure 2. The themes as we presented them to participants for validation if we grasped their meaning well

enough.

Previous Research
Shared understanding is a quintessential feature for successful joint and collaborative work
practises, especially in the transition from dialogical practises to collaborative practises
executed through shared artefacts (Paavola & Miettinen, 2019; Stahl, 2016). Most of the
investigated work tasks were precisely these activities during which the participants were
collaboratively and systematically developing shared, concrete artefacts together towards a
common aim (see Appendix 1 on the scenarios drafted later in the process). A common
ground ensures negotiation related to the shared artefacts (Clark & Brennan, 1991). In the
work settings described by the participants, indexical signs were used to indicate tangible
objects. These signs referred to actual occurrences and experiences familiar to those
communicating to convey a meaning shared through similar experiences. The interlocutors
share similar experiences through the common ground and correct and reshape the common
ground during the conversation (Arrighi & Ferrario, 2008). Recently common ground
supporting shared understanding has been researched within the scope of music
interpretations (Schober & Neta, 2016). It means that the participants of the event augment
the base for forming a shared understanding. The joint base of, e.g., experiences has also been
referred to as ‘anchored discussion’ (Van der Pol, 2007). From the perspective of
technologies, these should provide supporting affordances and cues for fluent and organised
joint work with shared artefacts and practises (Bayer, Campbell, & Ling, 2015). The
workshops’ participants’ thoughts were aligned with previous research exploring challenges
for shared understanding, such as interpersonal differences, the absence of shared history and
context (Hinds & Mortensen, 2005) and a lack of information related to the team members
and tool ecosystems used (Bayer et al., 2015).
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Meaning for Design
The participants generally mentioned sharing objects or doing things together as necessary.
Thus, allowing collaboration focussed collaboration might support shared understanding. The
other worries that arose were following the others, understanding if they are on the same
page, or engaged, possibilities to show empathy. For design, it would mean enhanced means
to collaborate without attention distracters. We could imagine that using other senses to
detect the other participants' eagerness and ability to follow might provide some solutions.

Trust
Summary
According to the workshop participants, trust6 relates to feeling comfortable and safe and is
associated with a relaxed atmosphere where it is possible to fail or express oneself poorly,
such as forgetting words or using incorrect terms and incomplete sentences. We heard ideas
such as: “Critical to have is trust – there is no trust the system conveying in the right
manner.”
“Like when seeing people’s faces - problem in video-conf tools like skype is that people’s
face icons are too small and it’s difficult to get that information) – depending on trust level,
useful to get participants’ feedback (from 1 to 10) about how was their day – make the
conversation more human and give useful feedback about the state (mood, involvement) of
the person “
“Trust is also built by the company culture or let’s say the company culture has strong
effect on how trust is built. It is not so much about horizontal or vertical company structure.
The company needs to assists, acceptance agreement, raw data doesn’t help – needs to be
aggregated.”
“Trust is not built by the coffee mate app (nor by giving “hugs”) but by actions. “
The concept emphasises creating bonds through shared experiences (Figure 2 right side).
For two companies (marketing and design & development – fusion company), the aim was to
build and maintain a more profound work culture of respect, appreciation and trust with a
homely atmosphere. The participants expressed the need to maintain the homely feeling even
when the companies grow by promoting interactions, such as organising meetings between
different offices from different countries.
For example, a heartbeat without a system interpreting what the heartbeat means was
more acceptable than when the system would present an interpretation of what an increase in
a heartbeat might mean (below as one of the prototypes developed further and see Wikström
et al., 2021).
Previous Research
A key aspect of trust-building relies on the feeling that one is respected and supported (Boon
& Holmes, 1991). Personal connections might help develop trust, but they are not sufficient
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(Preece, 2004). Kuo and Yu (2009) divided trust into three categories. The first is calculusbased trust in distant teamwork. Calculus-based trust emerges based on a member’s
assessment of the outcomes and costs of maintaining a group relationship. When a team
continues to work productively, calculus-based trust transforms into knowledge-based trust
(knowledge of others’ competencies allowing the members to make predictions on each
other’s behaviours). Ultimately, identity-based trust emerges. It is grounded in the members’
mutual identity and the willingness to support each other (Lewicki, McAllister, & Bies, 1998;
Rousseau, Sitkin, Burt, & Camerer, 1998). Identity-based trust develops after the teams have
worked together effectively for extended periods or at the end of the project. Järvenpää,
Shaw, and Staples (2004) and McKnight Choudhury and Kacmar (2002) found that identitybased trust is dependent on the members’ shared values and norms of obligations, and it
allows members to support others.
Meaning for Design
For the current investigation, identity-based trust is attractive because the companies involved
were attempting to build and maintain a particular work culture. The considerations on the
trustfulness of technological actions come close to how the participants defined their
suspicions as there is some risk of mistakes technology may make. However, although the
participants had these concerns, they were optimistic that the new technologies would help
people be more empathic and supportive towards each other in the future.
To answer the H1, there is a need to use algorithmic systems on generated emotional and
behavioural tools to enhance, support and scaffold the digitally mediated collaborative work;
we can answer yes. There is a need to use algorithms but not necessarily for suggesting,
recommending or providing interpretations of emotions or behaviours. Subtle ways of
positive emotions (such as agreement, following, empathy, and understanding of the topic
under discussion) were seen to bring positive outcomes. In addition, voluntary feedback
presentation – the need to control what is presented and how was another topic of discussion.
Tentatively, we could summarise that small attempts towards new technologies were
supported, and despite the concerns, there was optimism about the future.
Journey Maps, Inspiration Cards and Next Steps
After reviewing these three themes in the light of previous research and discussing them with
the workshop participants, the journey maps were developed. The journey maps helped
obtain a better understanding of the interactions between the actors, tools and the ecosystem
where the communications and collaborations occurred. The themes and the journey maps:
Community building with instant messaging, Showing engagement (presence) in an online
focus group using video-conferencing (audio, no video), Supporting shared understanding
among the group using online video-conferencing (audio) (see Figure 3 right for an example)
provided relevant insights that informed the creation of scenarios: Facilitating a focus group
using video-conferencing, Group discussion using audio-conference and Community building
using instant messaging (see Appendix 1) and inspiration cards (see Figure 3 left).
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Figure 3. Inspiration cards that encouraged people to think about the challenges related to digitally
mediated communication and collaboration (left) and journey maps describing the process of actions are
physical, spatial and tangible intermediate research output.

The scenarios presented different experiences with digital tools connected to community
building using instant messaging, group discussions using audio-conferencing and facilitating
a focus group using video-conferencing with shared artefacts. The researcher presented the
scenario at the beginning of the workshop to introduce the theme and provide a concrete
example similar to the participants' experiences with CMC and collaboration in the
workplace regarding the challenges associated with specific tools. The feedback collected
from the interviews and workshops using the inspiration cards and scenarios elucidated that
the notion of presence was felt to be the most central aspect of the study. The workshops and
interviews underlined again the difficulty of showing negative emotions or the care that these
should be expressed constructively:
“Negative feelings can be expressed alone in virtual situations and you can still" look"
professional.”
“Constructive fear, frustration, anger, personal antipathy - sometimes yes good to show,
If there is trust, it works, but in the customer meeting - sometimes I even reflect.”
“Presenting individual feelings … No. 70% frustrated - but as group level you get the
feelings”
“Shared a thing all of the group feels it - atmosphere.”
“Constructive way to express is needed, group level, maybe from tone of voice and
posture, positive things spread, a negative spiral can be spread by one person.”
“Anonymous positive feedback to colleagues creates the bonus system.”
2Perhaps this would not be a good idea if everyone gets same emotional info, possibility
to fake, plus loss of control because one ends following the system instructions.”
The participants mentioned that when feelings and emotions, such as agreement and
disagreement, are presented in a manner that simulates a face-to-face situation as closely as
possible, it is ineffective. These simulated situations require too much concentration in a
digitally mediated context to be fruitful. Therefore, for efficiency during work tasks, it is
essential to perceive agreement and attention easily.
“Technical quality seemless quality”
“Challenge in remote communications: the more people join the communication, the
more info (audio, audiovisual) is coming in and that's difficult to handle from the
technical point of view.”
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“This type of video conferencing without the video doesn't add anything and it is just like
a phone call. On top of that chat is used for common discussion or notes. In a
collaborative session like this someone is sharing their screen (who is leading the
meeting) and the rest look at that, not faces. Its is easier to see, show screen then explain
verbally. “
“In F2F it's easier to find out that the other person is lost, and thus he can adjust (move
to a plan B), whereas in remote communication systems noticing is not that easy that the
other person is lost.”
“Nodding is helpful in conversations, but it is not; it is used if it has to be done on
purpose (both considered emoticons in ‘skype’ are useful, but somehow they are not that
used or might be awkward to use if there is not much confidence.”
“Communication over a shared object happens almost all the time– it keeps the
communication focused.”
In addition, the display should be straightforward, so it does not disturb actual work.
These outcomes directed us to redefine the hypothesis into a narrower scope, and we had to
dismantle complex tools ideas for this study to allow appropriation (Dourish, 2003).
Based on the journey maps and scenarios, various prototypes were created. In the
HUMEX project's seminar, we presented prototypes created by students. There were two
prototypes on voice, communication on shared work support – Nodders and customer service.
Twelve participants (unanimously) selected the heartbeat customer service and the Nodders
to be continued (see the finalised presentation of the prototypes in Appendix 2). The rest of
the prototypes were completed as far as the student teams needed for their grade. The seminar
allowed participants to try out the prototypes to understand them better. The student
developers and designers were present to answer questions. The heartbeat visualisation for
customer service development can be read from Wikström et al. (2021). Both selected
prototypes allowed a step-to-step development towards different usage of technologies.
The Nodders prototype explores the challenges associated with the notion of presence. It
aims to improve collaboration by providing non-verbal feedback regarding head gestures as
an addition to the audio or video communication channel. During the design process, another
factor was considered – a tool should evolve over time and with use (Arias, Eden, Fischer, &
Gorman 2000; Wulf et al. 2015). The Nodders prototype is meant to be used in an audio or
video conference.
Currently, the prototype consists of sensors attached to a headband, which reacts to the
nodding7 of the wearer (see Figure 4a and b). The action is rendered close to real-time and is
displayed as an animated nodding or shaking of the smiley on a computer screen visible to
the participants on the conference call. The prototype design is minimal and uncomplicated to
provide the interlocutors with feedback that is easy to process and perceived with peripheral
attention (Carroll, Rosson, Farooq, & Xiao, 2009). The literature does not often mention this,
but simplicity in collaborative technologies is vital for success. For instance, Nardi and Miller
(1991) conducted a study that showed that effortless technologies designed as collaboration
tools have proven to be most effective in encouraging collaborative work. These technologies
succeed because they allow a smoother evolvement with the use (Arias et al., 2000). The
decision to reduce possible sensor-based features was difficult because many ideas related to
tracking arousal that could have been designed and developed were abandoned. We dropped
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out the idea of gaze following (see Pöysä-Tarhonen, Awwal, Häkkinen, & Otieno, 2020) and
facial or micro-expression detection (Zhao & Li, 2019) because of the need for more
technology to be added into the participants' use. In addition, to avoid such data collection
from the participants, they could not control. The Nodders use algorithms to learn the
nodding of the person wearing the sensor. Because people nod in different manners, some
nod heavily and others lightly, but the participants still control the nodding. Thus, the use of
the algorithmic system is minimal, and it is not providing suggestions or recommendations.
We could say that it tries to interpret the nodding of a person.
To date, four prototype testing with workers were performed to attain iterative and
frequent feedback that informs further development cycles. The first two prototype tests were
carried out with simulated tasks. The second two with actual tasks shared artefacts and
workers from two companies that participated in the previous focus groups. Next, the
findings are described.
THE NODDERS PROTOTYPE TESTING AND DATA COLLECTION
Analysis of the prototype testing
During the first observations, it was difficult to recognise when the workers and the students
noticed the smiley. The first impression was that they ignored it; however, during the
interviews, the workers and the student mentioned that they were glancing at the smiley when
it nodded. They also expressed that they saw the smiley in their peripheral vision because the
movement was detectable as the smiley was otherwise still (Figure 4). For instance,
participants stated: “Usually, concentration on another’s presence takes effort. This takes it
away from the joint work at hand. Now, I just saw it from the corner of my eye, or I saw it for
a moment. That was enough because it only nods or doesn’t. I do not need to concentrate on
the expression.”
Similar comments were expressed after the prototype testing with workers from
companies. In addition, when observing the second testing, it was easier to notice when the
workers reacted to the smiley. The ability to observe better could be due to the researchers
learning to pay attention to particular reactions (e.g., small head movements and pauses7)
after the first two prototype tests.

Figure 4. Left side (a): The different stages of smileys on different participants (4 on this side of the
image) – the two smileys on the left are in the nodding process, the second from right is neutral, and the far
right is in the process of shaking the head. In the video, you can see the state of the neutral and nodding
and a development phase sensor testing8. On the right side (b), the current sensor in the headband for
detecting nodding. On the screen, you can see two smiles, two taking part in the conversation.
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The workers and the student mentioned that the Nodders would improve their work and
study. They explained that even though the video is available in the conferencing tool, they
do not use it because interpreting cues from faces in a small video takes concentration away
from the joint work. For instance, the following was expressed: “Too detailed display would
be horrible. I do not want to see myself in that much detail. A smiley is better—more neutral;
video is too up front.”
In addition, technological obstacles are still frequent. For instance, wireless connections
are insufficient, and the video is not displayed well. The workers and the student stated that
the delay in a video is more disturbing than it is in the smiley. The participants also
mentioned they saw the smiley at a glance. For example: “There should not be too many cues
or too much noise. The smiley was fast and easy to see.”
The slight delay was irrelevant because they had received the feedback that the
interlocutor was attentive, while during a video, one must concentrate on seeing it well. Thus,
one must shift continuously back and forth from the shared artefact to the video. The smiley
was perceived to be simple enough not to take too much screen real estate, which is essential
when the work at hand requires most of the screen space. One participant stated: “I liked it
because it is simple, fast to see and fits into the screen space without taking space
from work, it reduces the technologies I use, or so I feel.”
Furthermore, the participants pointed out that they did not feel intimidated because the
system tracked their head nodding. It was felt to be the action that they wanted to express.
With the smiley, attention was made visible, but physiological measures were not exposed to
interpretation, which might happen with emotional tracking. The most interesting of the
statements was: “Seeing the smiley move made me nod more, and it reminded to give
feedback to the co- worker that yes, I am hereco-workerning.”
All stated that they might not need the shaking of the smiley’s head to indicate that the
interlocutor disagrees. The shaking smiley was viewed as unnecessary and confusing. If there
is a disagreement, they most likely should discuss the issue. For instance, a participant
mentioned: “Positive emotions are good to see. Negative ones are not. One has to prepare to
express the negatives correctly and constructively. Otherwise, it may escalate and become
out of hand.”
Most (5/6) also stated that if there were many participants, the smileys would need a
different colour or something visual to distinguish the workers from each other. Another issue
that needs to be resolved is the attachment of the sensor to the headset. Currently, it is
attached to a headband due to the state of the prototype (Figure 3 b). The workers and
students suggested that the sensors could be integrated into a headset, which they use when
communicating using digital tools; moreover, they also stated that the headband was not an
issue: “The headband did not bother me. I am so used to headsets, which I use daily at work,
that I did not notice the headband after a few seconds.”
This study provided an indication of confirming both of the hypotheses: a) The smiley is
simple enough to be perceived at a glance with peripheral vision. The shaking of the smiley’s
head will be eliminated so that it is even more straightforward and allows a design for
distinguishing between many workers. b) Being in control of what occurs was also
confirmed. The smiley promoted control in providing feedback to other interlocutors better
than a typical Skype audio call. Another indication of a successful design direction and
potential appropriation is that the companies wished to continue the prototype development.
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DISCUSSION
Implications of Designing Tools for Supporting Presence in CMC and CSCW at
Work
Based on the contextual inquiry findings and the prototype testing results, we describe some
practical implications for the design of digital communication and collaboration tools that
track data regarding the interlocutors’ emotional states to increase the feeling of presence.
Issues related to the attitudes of tracking arousal and potential for appropriation at work. This
topic was pressing among the forerunners already before the COVID-19 pandemic, and now
it is a central issue, especially in knowledge work. In addition, the number of devices that
track physiological data has increased, and many are in some use already (Peake et al., 2018;
Wikström et al., 2017; Gravina et al., 2017). Furthermore, the need to solve the still existing
problems related to the presence, shared understanding and trust with these kinds of tools has
been presented as part of the digitalisation process (Garro-Abarca, Palos-Sanchez, &
Aguayo-Camacho, 2021).
Our hypothesis: there is a need to use algorithmic systems on generating emotional and
behavioural data for tools that enhance, support and scaffold the digitally mediated
collaborative work, was explored through readiness to accept new technologies, attitudes
towards physiological data tracking and aspects of successful remote work. We found some
surprising results and well-established essential factors for digitally mediated collaboration
and communication at work.
Attitudes on tracking physiological states
First, people’s readiness to accept the tracking of their physiological states, such as arousal
levels, depends on myriads of factors connected to age, culture, work position, values and
attitudes, and their familiarity with tracking technologies. Design implications derived from
these observations deal with the anonymity and privacy level that the tools enable. For
instance, people might feel comfortable with group activity tracking provided the information
is kept anonymous but feel uncomfortable if the tracking takes place at the individual level.
Additional implications involve providing clear information and obtaining consent. It means
that the appropriation has started, but it is not well supported, as stated by Ingusci et al.
(2021) on job crafting, which is well in line with the previous studies on appropriation
(Ramstead et al., 2016).
Attitudes on readiness to apply
Second, people dislike being unable to control the data that the system monitors of their
physiological states. In other words, people want to control the physiological data that tools
display in visualisations to others and the machine interpretation of these data as it might
affect the relationship with their counterparts (Noble and Roberts, 2016). Furthermore, there
was a clear difference between negative and positive feelings. Negative feelings were felt to
be private and should only be presented to others by the participant and not by the system. In
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contrast, positive feelings can be presented to others as long as the participant is aware that
this occurs. It supports maintaining cohesion (Garro-Abarca et al., 2021).
Direction of design for successful CMC and collaboration at work
Third, in the design direction, the research participants confirmed the importance of knowing
that the interlocutors are present and engaged in active listening as being essential. It became
apparent on the described current practises and the suggested scenarios that we used with the
participants. Such scenarios were the digital tools connected to community building using
instant messaging, group discussions using audio-conferencing and facilitating a focus group
using video-conferencing with shared artefacts. Interestingly, being present did not mean that
the interlocutors needed to be continuously monitored during the conversation, which was
further tried out with The Nodders. In other words, a feeling of continuous presence is not
necessary, but perceiving a useful presence is. In addition to presence, trust and shared
understanding were mentioned, as Ingusci et al. (2021) also stress.
The Nodders prototype
The second hypothesis for enhancing presence with sensor-based tools that track voluntary
physiological acts was tested. The hypothesis was that a) the feedback of the presence of
other interlocutors must be as simplified as possible so that it can be perceived at a glance or
with peripheral vision, and b) the workers must feel that they are in control of what is
presented to the other interlocutors. During the participatory workshops and prototype
testing, it was possible to conclude that tools for tracking presence can be distracting and,
therefore, counterproductive if it increases cognitive overload (Ingusci et al., 2021). In this
regard, it is vital to identify ways to provide feedback regarding a useful presence using
peripheral attention. It also means there might be a reason to reduce technology and not add
more. Sivunen and Nordbäck (2015) found a similar tendency in the virtual work
environment research. The avatars played a minor role in creating a social presence during
virtual team meetings in their study. The team members did not control the avatars.
Controlling the avatars was too time-consuming concerning the focus on the subject and the
aim of the meeting itself. In research on simulation fidelity at work training context, Hontvedt
and Øvergård (2019) found that when in training, if the learning collaboration objectives are
problem-solving strategies, mental models and feelings (psychological fidelity) and
coordination and collaborative patterns within a team (interactional fidelity), high technical
fidelity was not required but fidelity in reaching closely same feeling or collaborative
patterns, often by reducing technology, e.g. by role-playing was required.
In this research study, the smiley was sufficient; it maintained concentration on the actual
joint work, which was modified through the shared artefact. In addition, the animated emoji
promoted the participants to nod more than usual during the work to maintain the
attentiveness of the other empathy (Sivunen& Nordbäck, 2015; Zaki & Ochsner, 2012).
Remarkably, one of the essential issues is a simplification. However, it is not about
abandoning technology but pointing to the essential features of technology that support the
correct issues at work and not offering all possible features available or keeping the ones that
are hindering or unnecessary for the work (Garro-Abarca et al., 2021).
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CONCLUSIONS
The research-based design has been prominently used in design research of tools for
enhancing communication and collaboration (Bauters, Purma, & Leinonen, 2014; Pejoska,
Bauters, Purma, & Leinonen, 2016). It has benefits such as the emphasis on hypotheses,
theory-rich designs and allowing time for reflection on designs. It also supports the
continuous critical revision of the research hypothesis. In the context of this research, some of
the early hypotheses were related to the potential technologies to track interlocutors’
physiological affective and arousal states, such as emotions. The expectation was that
visualising data related to interlocutors’ emotions enriches communication by increasing the
feeling of presence, shared understanding and trust. The hypothesis (H1) was modified after
the contextual inquiry to be more specific and to consider the participants’ attitudes towards
tracking emotions, which were positive in general but critical regarding what is displayed and
how it is displayed to whom. Namely, a) tools must respect the interlocutors’ control over
them in addition that b) presenting negative emotions should always be under the complete
control of the worker.
The Nodders prototype testing hypotheses were: a) The nodding smiley is simple enough
to be perceived at a glance with the peripheral vision and b) Being in control of what is
interpreted and displayed by the system. Both hypotheses were confirmed in the prototype
testing. However, since this study was qualitative and we had six participants in the prototype
testing, the results cannot be generalised. However, they can provide a base for further
testing, especially in other collaborative work settings than the current setting. The Nodders
prototype testing participants provided a significant advantage as they were willing to try out
during actual work tasks in natural work environments. One of the prototypes testings’
important insights is related to the current use, but insights also arose related to the next steps
for the tools to evolve with the users. The hesitance of transforming practises requires step by
step appropriation or well organised bottom-up support for the workers to accept a new form
of work culture. These prototype testing furnished the research with a glimpse of possible
appropriation of The Nodders into work use and how it might change the work practises,
which we could not have had in case we had only simulated games in a laboratory setting or
with student participants (Järvenpää et al., 2004; Kiesler, Siegel, & McGuire 1984). The
Nodders was the first step in the appropriation.
The most crucial feature of enhanced presence is that it does not disturb concentration on
the joint work. It means that much effort has to be invested in adapting to the current tools to
focus on the main things – the actual work at hand. Thus, when designing new tools with
emergent technologies, building the new tools on top of the old ones should be avoided, as
this adds excess noise into digitally mediated collaboration at work. In our understanding, it
means that bottom-up support is needed for scaffolding the appropriation of new tools and, if
possible, reducing the old tools. Since the emerging technologies allow so many different
types of collaboration that their actual value may be lost when mixed with the old tools, the
best approach might be to start from scratch. However, the more significant the change is in
working practises, and culture, the more robust support is needed (Ingusci et al., 2021). It was
visible through the reluctance of the workers to try out with the dismantled prototypes of
recognising emotions from live audio, deep learning on concepts used during discussions,
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using face recognition to detect emotions in video conference collaboration had to be
discarded from further prototyping.
The design-based research allowed the integrating of previous and current research from
different disciplines. This broad and longitudinal view showed that the same challenges that
were new in the 90s on digitally mediated work still exist. The themes of presence, trust, and
shared understanding persist. We suggest that more interdisciplinary research is needed and
thinking outside the box to solve these challenges. In addition, there is a global need to design
beyond user-centric research. For instance, Feenberg (2010) pleads for reflections on the
ethical aspects related to the responsibility of designers when developing tools. The limits of
user-centred approaches are questioned as they might not be sufficient for dealing with
complex and fast-changing systems (Törpel et al., 2003). Designers must consider the
broader system in which the design takes place and consider the impact on the work culture
and environment (Bauters, 2017).
Future Research Needs
The appropriation of The Nodders should be investigated because it provides a view on
appropriating new concepts, practises and tools into the work context. It was also mentioned
by the enterprises taking part in the Nodders prototype testing that they will continue the
development. Thus, there is a context for further research. Future research might focus on, for
instance, whether nodding might be replaced with eye tracking for measuring the presence or
with some other physiological manner which is not found to be invasive, and if the attitude
what is invasive will change and how (see also Pöysä-Tarhonen, Awwal, Häkkinen, &
Otieno, 2020).
Currently, the pandemic is teaching many issues to us and directing us towards future
research on the balance that could be found between face to face and digitally mediated
communication and collaboration at work.
The Limitations of the Research
The study's limitations consist of focusing on a specific group of participants. The workers
were selected from the companies which are forerunners in technology use, have resilience
towards change, and are executing asynchronous and synchronous distance work. These
workers are early adopters, well-aware of emerging technologies, and willing to transform
their work practices. In addition, the number of participants is not large enough for
generalisation. However, the contextual inquiry and prototyping length were long (18
months), so sustained research was possible with the same participants. Having the same
participants in the study is a merit but also limits the variations or statistical analysis of the
data. The highly interdisciplinary research team and framework can be seen as problematic
because concepts, methodologies and analysis methods are hard to fit together, not to
mention to follow by others or replicate it. The qualitative research-based design might have
been difficult to digest. Since this research tradition tends to be descriptive, and case studies
are emphasised, providing flesh to the research but reducing the ability to provide hard facts
that can be used directly in other contexts. In our view, the topic we covered was missing this
descriptive view and the different insight provided in it.
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IMPLICATIONS FOR RESEARCH, APPLICATION, OR POLICY
The benefits of this research can be seen in the problematising the current user- and humancentric design methods, which cannot consider the longitudinal, nor the whole implications of
the tools introduced to the tool ecosystems or as a part of the technology, society and
environment ecosystems. We suggest increasingly interdisciplinary with a global perspective
going beyond user-centric research to solve these challenges. For instance, future design and
research need reflections on the ethical aspects that the tools can create and implications these
tools have on habit changes (societal changes) and environmental biodiversity. Designers,
researchers, citizens, participants must consider the broader system in which the design takes
place and consider the impact on the work culture and environment (Bauters, 2017). We
propose pondering using the system-centric view, deriving from Latour's (1999) actornetwork theory.
On a more pragmatic scale, this research provides guidelines and ideas on reducing
technology for better attention and concentration on the actual tasks at hand in collaborative
work situations.
ENDNOTES [NOT FOOTNOTES]
1. https://cordis.europa.eu/project/id/9727020
2. The construction field work case is not described here in more detail, because their need was
different. Related to communication and shared understanding but on understand various languages
and especially construction slang in the different languages used.
3. https://processingevidence.tumblr.com/.
4. Theme presence:
https://66.media.tumblr.com/d0113b5bf8434b167164ed141464e22c/tumblr_p7hvkc16FG1xpkdiro3
_1280.png
5. Theme shared understanding:
https://66.media.tumblr.com/f16759c0edc9d22575172451b33aa289/tumblr_p7hvkc16FG1xpkdiro2
_1280.png
6. Theme trust:
https://66.media.tumblr.com/da30d0de8a1e4e2f7f88164d14975597/tumblr_p7hvkc16FG1xpkdiro1
_1280.png
7. We are aware that nodding is not a sign of agreement in all cultures, but for the first prototype and
in our culture, it was enough to try out with the idea of detecting head gestures for agreement in
distance collaboration at work.
8. Link to the video on the sensor in a headband:
https://processingevidence.tumblr.com/post/172855322678/first-look-of-the-nodding-prototype-adevice-that
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Abstract: Wearables have become a natural element of human life, determining our way
of perceiving, understanding and experiencing the world. Enriched with elements of
artificial intelligence, they will change our habits and draw us into the digital dimension
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INTRODUCTION
The issues related to human and AI-related technology are increasingly popular among
researchers. Although the concept of artificial intelligence itself was already defined in the
1950s, the first publications on human and AI-related technology could only be found in 1983.
In order to identify the current breadth of knowledge and the main directions of research in the
field of human and AI-related technology, a systematic literature review was conducted. It
covered three key areas: 1) determination of key databases and collection of publications, 2)
selection and development of a complete publication database, and 3) bibliometric and content
analysis.
In the first stage, the databases were selected using the availability of full text as a criterion.
Thus, six studied international databases included Ebsco, Elsevier, Emerald, Web of Science,
Scopus, Wiley, analysis of which allowed for the identification of over 4,000 publications on
human and AI-related technology (full-text and peer-reviewed publications; human and AIrelated technology in the title, abstract, keywords; repeated publications were removed). At
this stage, it was decided not to limit the database to only social sciences but to also encompass
publications in the field of engineering and technical sciences, medicine, humanities, as well
as natural sciences. As part of the methodology of a systematic literature review, a number of
publications from particular years were analysed.

Figure 1. Analysis of the number of publications from particular years.

[Source: own study]

This allowed for the conclusion that the issues of human and AI-related technology are
popular among researchers, and the rapid growth of interest has been observed since 2019. It
seems fully justified due to the increasing possibilities of market implementation of solutions
based on artificial intelligence, as well as their economic, legal and socio-cultural impact,
which leads to the emergence of numerous scientific and research gaps. Taking into account,
on the one hand, the indicated dynamics of the number of publications, and on the other hand,
the intensity of the observed economic and socio-cultural changes caused by the
implementation of AI in market practice, further analyzes were focused on the last 10 years.

295

Sułkowski & Kaczorowska-Spychalska

The list of disciplines dealing with the issues of human and AI-related technology is very
wide. Most publications in the analyzed area concerned Computer Science, Medicine,
Engineering, Mathematics and Biochemistry, Genetics. However, the Field-Weighted Citation
Impact analysis shows that it was the highest for publications in the field of Energy (2.86),
Social Sciences (2.69), Business, Management and Accounting (2.68), Physics and Astronomy
(2, 67), Arts and Humanities (2.28).
The obtained publication base was analyzed using bibliometric techniques. An analysis
of keyword frequency and research problems was performed. Selected keywords related to the
phrase of human and AI-related technology were subjected to quantitative analysis. At the same
time, the visualization of attendance was presented in the form of a "word cloud", where the
frequency of occurrence was reflected in the size and thickness of the font (Figure 2).

Figure 2. Keyword frequency analysis for: human and AI-related technology (2010 - 2021).

[Source: own study]

The most frequently appearing keywords are, obviously, artificial intelligence (increase in
the number of publications in the analyzed period = +447.7%), Machine Learning (increase in
the number of publications in the analyzed period = +3,450), Wearable Electronic Device
(increase in the number of publications in the analyzed period = + 3.100%), Human-computer
Interaction (increase in the number of publications in the analyzed period = +281.8%),
Healthcare (increase in the number of publications in the analyzed period = +2.800%).
In spite of the fact that the issues of human and AI-related technology are capturing the
interest of researchers practically all over the world, the analysis of the number of publications
taking into account individual countries showed that the most active in this area are the United
States, China, the United Kingdom, Germany and India (Figure 3).
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Figure 3. The most active countries in terms of the number of publications for the phrase: human and AI-

related technology (2010 – 2021).
[Source: own study]

This does not seem surprising, given the current position and strategy of these countries in the field
of the development of digital technologies, especially artificial intelligence and building their economic
position in the world on this base.
American and European universities have the largest percentage contribution to the development
of knowledge in the field of human and AI-related technology in this period, which may be related to
the current level of economic development and the amount of expenditure they allocate to research on
AI and its new potential applications, including also increasing the degree of commercialization of the
findings (Figure 4).

Figure 4. The most active scientific and research institutions according to the number of publications for

the phrase: human and AI-related technology (2010 – 2021).
[Source: own study]
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The highest level of citation rate of authors dealing with the issues of human and AI-related
technology and their field-weighted citation impact was also analyzed. The authors that prevail
here come from the United States of America and the United Kingdom (Table 1).
Table 1. The most frequently cited authors dealing with the issues of human and AI-related technology

(2010 – 2021).
Author
Roggen, Daniel
Lo, Benny
Cook, Dianie J.
Acampora,
Giovanni
Yang, Guangzhong
Kohane, Isaac S.
Yu, Kun Hsing
Aerts, Hugo J.W.L.
Rahwan, Iyad
Floridi, Luciano
Taddeo,
Mariarosaria

Affiliation

Country/Region

University of Sussex
Imperial College London
Washington
State
University
Pullman
National Institute for Nuclear
Physics
Imperial College London
Harvard University
Harvard University
Maastricht University
Massachusetts
Institute
of
Technology
Queen Mary University of London
Queen Mary University of London

Field-Weighted
Citation Impact

Citation
Count

United Kingdom
United Kingdom
United States

30,70
22,40
16,44

1385
601
502

Italy

16,27

439

United Kingdom
United States
United States
Netherlands
United States

15,53
11,02
11,02
12,5
10,26

626
437
437
372
573

United Kingdom
United Kingdom

10,08
10,08

296
296

Subsequently, the conducted analysis was limited to the areas related to the category of
Business, Management and Accounting, which is the area of interest of the authors, which
allowed for the possibility to distinguish key research perspectives and indicate those areas of
human and AI-related technology that require further exploration. The total number of
publications in human and AI-related technology in the category: Business, Management and
Accounting in the analyzed period was 74, and its Field-Weighted Citation Impact was 2.68.
The analysis of the frequency of keywords related to human and AI-related technology in the
category: Business, Management and Accounting and their quantitative analysis presented in
the form of a "word cloud", where the frequency of occurrence was reflected in the size and
thickness of the font (Figure 5), indicated that the key word in the group of the top five most
popular keywords is artificial intelligence, where the increase in the number of publications in
the analyzed period was +84.6%. The analysis of the remaining keywords showed the
maintenance of a constant number of publications concerning the words: robot and ethics (no
changes noted in this respect), as well as a significant decrease in the number of publications
concerning: human resource management and philosophical aspect (in each case the indicator
= -100%).
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Figure 5. Keyword frequency analysis for human and AI-related technology for the category: Business,

Management and Accounting (2010 – 2021).
[Source: own study]

The results of the analysis of the number of publications on human and AI-related
technology in the category: Business, Management and Accounting, taking into account
individual countries, showed that China, the United States and the United Kingdom are the
most active in this respect. The research in this area is an important field of interest for the
work of the University of Oxford, Queen Mary University of London, Henan Polytechnic
University, University College London and the University of Birmingham. The analysis of the
thematic areas of publications concerning the phrase: human and AI-related technology in the
category: Business, Management and Accounting showed that the highest percentage was
related to the Management of Technology and Innovation, slightly over 34% of publications.
The smallest number of publications concerned Marketing 3.4% and Tourism, Leisure and
Hospitality Management 2.3%.
At the same time, however, the analysis of the number of citations indicated that the
highest value of the Field-Weighted Citation Impact indicator was achieved for publications in
the field of Tourism, Leisure and Hospitality Management. Subsequently, it concerns Business
and International Management, Management of Technology and Innovation and Marketing
(Table 2).
Table 2. Field-Weighted Citation Impact indicator in individual thematic areas regarding the phrase:
human and AI-related technology in the category: Business, Management and Accounting (2010 – 2021).
Subject area
Tourism, Leisure and Hospitality Management
Business and International Management
Management of Technology and Innovation
Marketing
Strategy and Management
General Business, Management and Accounting
Management Information Systems
Accounting
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Field-Weighted Citation
Impact

Citation
Count

18.92
3.23
3.19
2.92
1.96
1.87
1.40
0.49

163
291
619
53
111
69
107
8

Sułkowski & Kaczorowska-Spychalska

Then, an analysis of the citations of individual publications was conducted in order to
assess their impact on further research (Table 3).
Table 3. The most frequently cited publications concerning the phrase: human and AI-related technology

in the category: Business, Management and Accounting (2010 – 2021).
Title

Authors

Applied artificial intelligence
and trust-The case of
autonomous vehicles and
medical assistance devices

Hengstler M.,
Enkel E.,
Duelli S.

From high-touch to hightech: COVID-19 drives
robotics adoption

Year

Source title

Cited
by

Author Keywords

2016

Technological
Forecasting and
Social Change vol.
105

195

Artificial intelligence;
Automation; Autonomous
driving; Autonomous vehicle;
Medical assistance; Trust

Zeng Z.,
Chen P.-J.,
Lew A.A.

2020

Tourism
Geographies
Vol.22 no. 3

143

Artificial Intelligence; COVID19 pandemic; drones; hightech; high-touch; human-robot
interaction; Robotics

Artificial Intelligence and the
‘Good Society’: the US, EU,
and UK approach

Cath C.,
Wachter S.,
Mittelstadt B.,
Taddeo M.,
Floridi L.

2018

Science and
Engineering Ethics
vol.24, no.2

134

Algorithms; Artificial
intelligence; Data ethics; Good
society; Human dignity

Ethical Design of Intelligent
Assistive Technologies for
Dementia: A Descriptive
Review

Ienca M.,
Wangmo T.,
Jotterand F.,
Kressig R.W.,
Elger B.

2018

Science and
Engineering Ethics
vol. 24, no. 4

57

Artificial intelligence; Assistive
technology; Dementia; Ethical
design; Neurotechnology;
Proactive ethics; Usercentered

The Ugly Truth About
Ourselves and Our Robot
Creations: The Problem of
Bias and Social Inequity

Howard A.,
Borenstein J.

2018

Science and
Engineering Ethics
vol. 24, no. 5

55

Artificial intelligence; Design
ethics; Implicit bias;
Professional ethics; Robot
ethics

Among the five most cited publications in the analyzed period for the phrase of human and
AI-related technology in the category: Business, Management and Accounting, the issues of
trust and ethics were mainly addressed, which is reflected in intensive efforts to build a uniform
legal framework for the implementation of solutions based on AI within the EU, UNESCO or
OECD.
The analysis of the collected material clearly indicates the topicality of research on issues
related to human and AI-related technology, including the following categories: Business,
Management and Accounting. This subject has been intensively undertaken by researchers
representing various scientific disciplines, especially in the last 2-3 years. The multiplicity and
differentiation of the topics related to human and AI-related technology, on the one hand, result
in a desire for a holistic approach to the issues discussed, on the other, due to their complexity
and multithreading, an increasing need to place them in a narrowly defined context emerges.
The conducted analysis showed that wearables are one of the most frequently appearing
keywords related to the issues of human and AI-related technology research. At the same time
research on the level of their social acceptance is still little known, and in the context of
enriching wearables with completely new functionalities resulting from the implementation of
AI which justifies the need for research in this area.
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The main goal of the article is to identify factors influencing the acceptance process
of AI wearables, with particular emphasis on the current research issues in human and
AI related technology. In this regard, the UTAUT2 model (Venkatesh et al., 2012) was used,
which is an extended unified theory of technology acceptance and use, with strong empirical
justification. This article presents the experiences of consumers resulting from their previous
interactions with wearables, including the assessment of the possibility of enrichment with AIbased solutions, which is part of the discourse on human and AI-related technology and
contributes to expanding the current knowledge on this subject.
In order to achieve the research objectives, the following structure of the work was
adopted: a review of the literature on the theoretical foundations of wearables and their
possibilities, with particular emphasis on the consumer dimension, the UTAUT 2 model,
hypotheses, methodology of the research, presentation of the results of the structural model,
and finally, a discussion and identification of the theoretical and practical implications.
Limitations to the conducted research were also taken into account.
Wearable Technology in Consumers' Life
Wearable technology refers to all kinds of advanced electronic devices or computers that are
integrated with clothing and accessories used by people or their bodies, and that provides
personalized functionalities (Oinas-Kukkonen, 2013; Wright & Keith, 2014; Choi and Kim,
2016; Vaitkevičius et al., 2019). These include electronic devices, software, data transmitters,
and sensors that are part of clothing, jewelry, and body-worn accessories (Liu et al., 2016;
Wright & Keith, 2014). Wearable devices are able to provide measurement and analysis of
physiological and psychological data (Spagnolli et al., 2014), communication, two-way data
exchange between a person and their environment (Kalantari, 2017, Fang & Chang, 2016),
using applications installed in wearables or other related to mobile external devices (Muaremi
et al., 2013). The wearable technology is based on wireless communication with the Internet
or other devices, allowing access to information, including in real time (Park et al., 2014; Liu
& Guo, 2017). Using various types of sensors, information is collected about consumers,
analyzed, and then stored in appropriate applications. Wearables cover a wide range of devices,
such as the currently popular smartwatches, smart bands, headphones, as well as glasses,
including sunglasses, smart clothing and jewelry (non-invasive solutions) (Chuah et al., 2016;
Chen et al., 2016). There are also increasingly innovative and futuristic solutions, such as:
electronic skin patches as well as smart chest straps, contact lenses, electronic skin products or
smart patches. There is also talk of the possibility of direct implementation of wearables into
the human body, e.g. in the form of chips (invasive solutions). Wearables can be classified
based on their form and purpose (to be worn on the head, e.g. a helmet, body e.g. clothing,
hand e.g. smartwatch, jewelry) or their functions (e.g. monitoring a healthy lifestyle,
information support etc.) (Mewara et al. 2016). A more complex taxonomy of wearables
includes a number of features of these types of devices: the scope of functionality
(monofunctional versus multifunctional), the level of invasiveness (invasive versus noninvasive), character (active versus passive), communication mode, area (sector, industry)
applications and possibilities of their use (disposable versus reusable) (Park et al.,2014).
Wearables have an increasingly wider range of applications, hence solutions based on
wearable technology can be found, for example, in medicine, care for seniors and young
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children, the army, sport, trade, marketing, video games or at workplaces. The attributes of
wearables determine the level of their usefulness in individual market sectors. According to
Mewara, these attributes are both physical (lightweight, aesthetically pleasing, invisible, shape
conformable) and functional (multi-functional, configurable, responsive and a bandwidth to
enable the degree of interactivity) (Mewara et al. 2016).
It is estimated that global consumer spending on wearables will exceed $ 90 billion in 2022
(https://www.statista.com/topics/1556/wearable-technology) although this market is still very
far from its saturation level. The analysis of trends on the wearables market allows for the
assumption that its dynamics will be significantly accelerated by the parallel development of
technologies such as artificial intelligence and 5G, which will increase the wearables’
computing power and enable more accurate measurements, improving the reliability of the
results provided. The possibility of increasing miniaturization of wearables is also important.
Gartner predicts that by 2024 the possibilities of miniaturization will increase to such an extent
that 10% of all such devices will be invisible to the user (Rimol, 2021). Undoubtedly, wearables
will evolve in terms of their form (size, offered functionalities, intuitiveness, durability,
design), which are becoming more desirable in order to satisfy consumer needs and to increase
interaction with the devices. This has an impact on deepening existing behavioral experiences
and constantly creating new forms of behavior (Oh & Kang, 2021; Lunney et al., 2016).
The wearables market is not homogeneous, both in terms of the manufacturers (e.g. Apple,
Xiaomi, Huawei, Samsung)( https://www.idc.com/promo/wearablevendor) and the available
products that have different levels of technological advancement and the possibilities that are
on offer to the consumers. This entails a number of security challenges (in particular, data
collection, management, processing and possible sharing, but also product defect and liability)
and privacy (Gao et al., 2015). Moreover, regulations in this regard may differ from country to
country or region to country around the world (Garattini et. Al, 2019). The issue of ethical
considerations is also important (potential risk of manipulation, limiting choices, crossing the
border of technology interference in customers' lives and their perception in society). It is more
than just a product that meets a specific need. “It is a manifesto that allows you to define
yourself and others in a given group through the symbolic meaning of a given device” (Hajo
& Galinsky, 2012; Oh & Kang, 2021). In such an approach, wearables become a symbol of the
customers' identity, reflecting their attitude towards the world and people. This may result in
the lack of trust in a given solution or even discomfort resulting from its use and lead to
technophobia in relation to a given device or technology or the effects resulting from its use.
However, research shows that the role of trust varies depending on the context. It increases in
a situation perceived by the consumer as crucial, e.g. health (Dierks, 2007), and is of little
importance in normal or safe contexts (Esmaili et al., 2011).
Augmented Intelligence of the Customer
Wearables combine physical space (real world) and cyberspace through maximum use of
technology, leading to building hyper-intelligence based on the multiplication of the effects of
its synergy with humans. Undoubtedly, the development of new technologies, especially AI, is
now perceived as a natural sequence of further consumer evolution. It is a vision of integrating
new technologies and solutions based on them from various fields for the benefit of mankind
(Holroyd, 2020). Artificial intelligence combines elements of computer science, cognitive
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science and logic. It is aimed at recreating and improving human behavior. Among other things,
algorithms can identify specific functions and patterns of behavior, and then learn them,
stimulate them and improve their own actions. (Ertel, 2017). It has the ability to support
customers - it plays an auxiliary role, strengthens human intelligence, not replace it (Crigger &
Khoury, 2019; Hebbar, 2017), which leads to a gradual blurring of the boundary between
artificial and human intelligence, creating a space for the so-called Augmented Intelligence of
a human. Technology determines the way of perceiving the world, experiencing and feeling,
while providing many interactive tools to deepen and broaden these experiences.
Artificial intelligence (AI), understood as models of human behavior and solutions
allowing for the simulation of these behaviors, can be perceived in cognitive categories (I
deepen my knowledge, I know more) or in human behavioral categories (efficiency of
implemented activities versus perfect reproduction of human behavior, adaptability) (Russell
& Norvig, 2016). Therefore, it refers to the effective analysis of huge databases, processing
data into knowledge that is then used to generate behaviors based on it, which makes AI able
to mimic a human (Jarrahi, 2018).This leads to wearables becoming more effective (Hoffman
& Novaka, 2015). AI wearables, acting proactively, create a space for real-time integration of
the obtained data. The devices are able to detect consumer activity while providing specific,
necessary information at a given moment without the need to perform additional activities (e.g.
logging into the system). They record everything happens around them and at the same time
outside them, providing a new digital environment. The resulting data stream allows the
discovery of a number of consumer behavior patterns. This translates into a change in these
behaviors or leads to the remodeling of the cause and effect processes that determine the
different behaviors, e.g. through a system of digital prompts that the consumer receives on an
ongoing basis (steps taken, stress level, number of calories burned, missed calls, etc.) in
accordance with their daily life cycle, which improves the individual management style (Shin
et.al., 2019). This changes the performance of people’s daily activities and affects the way
people live, travel, learn,work and spend free time (Chen, 2012), although skeptics have doubts
as to whether this change is long-term. Thanks to technological support, a customer knows
more, understands the occurring cause-effect relationships much better, is able to predict more
accurately, and the processes are conducted much faster and more efficiently. This leads to an
increase in their cognitive abilities (Lisboa, 2018; Sharma, 2019). “We stimulate and release
the possibilities of the human mind that have not been available to us so far” (Corrigan, 2012;
Pasquinelli, 2015; Von Ahn, 2013).
Therefore, Augmented Intelligence aims to support and strengthen customer intelligence
as an effect of its synergy with AI, in which there is mutual complementation and coexistence
(complementarity) in a manner beneficial to both parties (Rold, 2019). "Humans and machines
can go hand in hand" (Kotler et al., 2021). This continuous process makes the technology's
ability to provide new benefits unlimited, and it constantly develops while stimulating customer
development. So, digital transformation affects technology as much as people (Kane, 2019).
Man and technology are then an inseparable whole (Mann, 2014). The resulting customer technology interface enables interaction and cooperation in a specific context, while affecting
the level of efficiency of the tasks (Xiong et al., 2021). This allows for things to be done that
were not possible before. As a result, AI wearables can become more attractive to the customer,
making it easier and more effective (Hoffman and Novak, 2015). They are becoming
increasingly useful in everyday activities. Despite the enormous potential and added value

303

Sułkowski & Kaczorowska-Spychalska

created by the synergy of AI and wearables, an opinion exists that this is only a form of luxury
that will be of little use in the future.
Experts believe that the size of the global AI wearables market will reach USD 38.3 billion
by 2025, which results, on the one hand, from a wide range of benefits they offer, and on the
other hand, from the dynamics of AI development. At the same time, concerns are raised by
the fact that, as Gartner experts identify, by 2023 the behavior of approximately 40% of the
world's population will be digitally “tracked”, and the information derived will become the
basis for predicting and proactively creating social behavior. This intensifies the debate on
privacy, security and ethics in the tech world, taking into account the fundamental rights of the
consumer, especially when the status of previous technologies is undermined by successive
digital innovations (Jouhki, 2020). The evolutionism of such an approach sets the directions
for the development and adaptation of a human being and a consumer, assuming that under the
influence of technology, and as a result of interaction with it, it changes over time, also
changing its environment at the same time. As a result, the rapid development of Augmented
Intelligence resulting from the implementation of AI wearables is possible only on the
condition of understanding its essence and increasing social acceptance in this area (Xia and
Maes, 2013).
Social Acceptance of AI Wearables
Acceptance of technologies and based solutions is a manifestation of the consumer's attitude.
It is important both for the declared and implemented behaviors and influences their further
development as an individual (Venkatesh & Davis, 2000). These behaviors are the result of the
cognitive process and may lead to the acceptance, use or negation and rejection of individual
solutions (Venkatesh & Brown, 2005). Acceptance of technology is therefore the effect of
positive and/or negative emotions related to the perceived, individually, level of simplicity of
using a given solution and the needs that can be satisfied in this way (Wang et al., 2011). In
this respect, the importance of the context in which wearables are implemented by consumers
(activities they support) increases significantly, and decisions in this regard are preceded by an
assessment of the features that these devices have and their price availability (Sachini et al.,
2021). The profile of consumers is not without significance (the characteristics of a given
group, including their lifestyle, their level of technological advancement or the nature of their
needs) (Yang et al., 2016), because wearables must naturally fit into their everyday lives. This
requires understanding the habits, attitudes and preferences of customers, including their
acceptance of technology and involvement in the process of interacting with it. The
characteristics that determine the propensity of customers to use wearables relate to specific
categories of factors that translate into the level of satisfaction of using the device. This applies
to physical features, including visual features of a given device (e.g. its size, colors, design,
aesthetics, weight), functional features (ease of taking off and putting on, intuitive operation,
multifunctionality, mobility, susceptibility to destruction), behavioral (range of possible
interactions, including interpersonal, the level of generated experiences, evoked emotions),
symbolic (brand, symbol of a given way of life, expression of the customer's identity), related
to safety (does not lead to allergies, does not pose a threat to health in any way, provides
protection against cyber-attacks) (Eservel et al., 2021; Chau et al., 2019; Nascimento et al.,
2018). The context of the wearable's adoption is also important (Canhoto, Arp, 2017). They
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accord with a complex space of moral and ethical rules, ways of communication, habits and
their symbolism, fashion and aesthetics (Norene, 2016), which leads to an increased
involvement in this type of interaction.
There are currently numerous models available that try to explain the issues of social
acceptance of technology, such as: Theory of Reasoned Action (TRA), The Technology
Acceptance Model (TAM Social Cognitive Theory (SCT), Theory of Planned Behavior (TPB)
or The Unified Theory of Acceptance and Use of Technology (UTAUT and UTAUT2). The
analysis of the research conducted in this area shows that the TAM model is very popular,
which may, however, insufficiently explain consumer behavior (Lin et al., 2007) and lead to
simplifications. The process of the adoption of AI wearables, in this study, the UTAUT2 model
was adopted due to its wide range of advantages. It is the model that is considered to have a
higher explanatory power compared to other models of technology acceptance. It is
comprehensive and based on a diversified scope variables and constructs. It allows both to
effectively explain customer behavior while interacting with technology and to predict it (Gu
et al., 2016; Venkatesh et al., 2012), which is important from the point of view of artificial
intelligence solutions discussed in the study.

METHODS
Study Context
A literature review based on the full-text databases of Ebsco, Elsevier, Emerald, Web of
Science, Scopus, Wiley shows an intense increase in the level of interest in the issue of
wearables, starting from 2014, with the highest increase in publications recorded between
2014-2019. The analysis identified 50,476 publications on the subject of wearables (reviewed
full-text publications; the phrase wearable is in the title, abstract, key words) in 2010 – 2021,
of which publications in the Business, Management and Accounting category, which is the
subject of the authors' further analysis, accounted for 443 publications. The largest number of
studies in this area is conducted in the United States, India and China.
The analysis of the frequency of keywords related to wearables in the Business,
Management and Accounting category and their quantitative analysis presented in the form of
a "word cloud", where the frequency of occurrence was reflected in the size and thickness of
the font (Figure 6), indicated that the key words are: wearable sensors (increase in the number
of publications in the analyzed period = +433.3%), and wearable computer (increase in the
number of publications in the analyzed period = +150.0%).
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Figure 6. Keyword frequency analysis for wearables for the category: Business, Management and

Accounting (2010 – 2021).
[Source: own study]

The analysis of the thematic areas of publications concerning the analyzed phrase in the
Business, Management and Accounting category showed their dominant importance for
Management of Technology and Innovation as well as Strategy and Management. At the same
time, the analysis of the number of citations showed that the highest values of the FieldWeighted Citation Impact indicator are achieved for publications in the field of Industrial
Relations (3.49), Tourism, Leisure and Hospitality Management (3.22) and Marketing (2.27).
The review and assessment of issues raised in the most cited publications on wearable devices
in the analyzed category indicates a dominant role of the issue of acceptance of wearable
technologies in various market sectors:
• Gao Y., Li H., Luo Y., (2015). An empirical study of wearable technology acceptance
in healthcare. Industrial Management and Data Systems, 115(9)
- (cited by 259)
• Rauschnabel P.A., Ro Y.K., (2016). Augmented reality smart glasses: An investigation
of technology acceptance drivers. International Journal of Technology Marketing,
11(2) - (cited by 140)
• Shin D.-H., (2017). Conceptualizing and measuring quality of experience of the internet
of things: Exploring how quality is perceived by users. Information and
Management,54(8) - (cited by 106)
• Tussyadiah I.P., Jung T.H., tom Dieck M.C., (2018). Embodiment of Wearable
Augmented Reality Technology in Tourism Experiences. Journal of Travel Research,
57(4) - (cited by 98)
• Canhoto A.I., Arp S., (2017). Exploring the factors that support adoption and sustained
use of health and fitness wearables. Journal of Marketing Management, 33(1-2) - (cited
by 86)
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It seems that despite the popularization of wearables and the related research on various
contexts of their use (medicine, automotive, tourism, etc.), understanding of the broad spectrum
of the process of their social acceptance is still limited. Comprehension of the impact of factors,
such as the degree of innovation of wearables, their usefulness, as well as price value,
availability, social influence and the acceptance or rejection in the group of end users is of key
importance for marketing departments. Identification of the general social attitude towards
wearables and the assessment of factors that may intensify or weaken this process requires
further explication both at the level of the general framework of this acceptance, and at the
detailed level, determined by the specificity of a given market sector. This knowledge is even
more important in the case of solutions that are currently in the early stages of development,
such as AI wearables, and which, according to analysts, may develop dynamically and undergo
intensive commercialization in the coming years. This is important both for the stage of their
further conceptualization, innovation, prototyping and the context of their future use,
adaptation to the preferences and real needs of consumers with different levels of digital skills
and technology-related experience. The conducted research helps to understand the essence of
this process, which may be of importance for the further sustainable development of
technologies to support people and constitute an element of their augmented intelligence. This
justifies the decision made by the authors to conduct the preliminary research on AI wearable
technology acceptance as a new area of human and AI related technology, in particular taking
into account their marketing dimension.
Data Collection Instrument
The UTAUT2 model used by the authors was applied concerning, for example, mobile games,
smartphone apps, internet banking, and e-learning systems. The analyzes conducted are based
on the replication of original research (nuance of the studied dependencies, e.g. with regard to
subsequent solutions based on digital technologies or their applications, taking into account
different sectors or countries) or introduce variables to expand the scope of the research, in
particular in the case of solutions commonly available on the market, e.g. various types of
applications. The conducted research was preliminary, therefore, it was limited to replication
research, considering that the obtained results will provide clues as to the variables with which
the model should be enriched, as well as contribute to the implementation of experimental
research based on real human and AI related technologies in AI wearables. The model used by
the authors was adopted in accordance with the principles of cultural adaptation of
measurement scales, ranking at the level of translation with the admission of modification
where a literal translation was not possible and it was adapted to the specific context of the
study
The study used a quantitative research approach (online survey), based on a structured
research questionnaire. It consisted of 22 questions, divided into three parts. The first part
includes questions about the respondents 'characteristics, the second part includes questions
that allow to measure the construct, and the third part includes questions about the respondents'
opinions about the possibilities and challenges resulting from the potential implementation of
AI in wearables. Questions relating directly to the UTAUT2 model construct included a total
of 28 items, each of which was measured using a Likert scale ranging from 1 (strongly disagree)
to 5 (strongly agree). It took about 20 minutes to complete the survey questionnaire.
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A pilot study was conducted on a group of 20 respondents, which made it possible to
eliminate potential ambiguities in the wording and repetitions. It was also confirmed that all
items of the questionnaire had an appropriate level of confidence in internal consistency. After
this validation process, the questionnaire was used in the proper research.
Due to the fact that the authors were aware of how the concept of artificial intelligence is
perceived among people who are not related to technology, and shape their knowledge based
on science fiction publications, games and information taken from the Internet, it was explained
in detail before starting the research. The respondents were given the aim of the study, the
essence of AI and its practical examples in the devices they use on a daily basis.
Development of Hypotheses
The emergence of artificial intelligence gradually, often unknowingly, changes the customer’s
life and surroundings. Subsequent products enriched with the possibilities resulting from this
technology allow a consumer to go beyond the current cognitive and behavioral spheres. At
the same time, however, the dissemination of this technology raises many concerns, which may
hinder and slow down the acceptance process of AI wearables. For the purposes of preliminary
research on determinants of the adoption of AI wearables, an assumption was made to transfer
the hypotheses previously stated and confirmed in the literature in order to identify their
effectiveness in the research on the newly developing AI wearables market. This will help
define the general framework for social acceptance for these devices, with particular emphasis
on the marketing perspective for their further commercialization. It was also assumed that the
resulting empirical material would be used to modify and enrich the existing construct variables
in further research on this issue.
Performance expectancy
Performance expectancy is defined as the degree to which consumers believe that using a given
technology will help them achieve greater efficiency (benefit) in performing certain activities
(Venkatesh et al., 2003). From this perspective, AI wearables can support consumers in
monitoring their daily activities, analyzing their basic life parameters and decision-making
processes. When consumers are convinced that these types of devices are useful in their lives,
the greater the likelihood the devices will be accepted (Alalwan et al., 2017), which allows for
the hypothesis that:
H1. Performance expectancy positively affects the behavioral intentions to adopt AI wearables
Effort expectancy
Effort expectancy is defined as the degree of ease associated with the process of using a given
technology (Venkatesh et al., 2003). The majority of available studies (Dhiman et al.) in this
regard indicate that the more consumers are convinced that the use of such devices is simple
and intuitive, the more likely they are to use them. This means that effort expectancy may have
a positive impact on consumer intention to use AI wearables, which leads to the following
hypothesis:
H2. Effort expectancy positively affects the behavioral intentions to adopt AI wearables.
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Social Influence
Social Influence is defined as the degree to which the consumer is convinced that people
important in their life, such as family, friends, etc. (the social circle of an individual), believe
that they should use a given technology and based solutions (Venkatesh et al., 2003). Social
influence is particularly important in the initial period of acceptance of such solutions, where
the reference group may, through sharing information, opinions and own experiences,
determine the interest and willingness to use the devices (Alalwan et al., 2017), which allows
for a hypothesis that:
H3. Social Influence positively affects the behavioral intentions to adopt AI wearables.
Facilitating conditions
Facilitating conditions are defined as the degree to which the consumer is convinced that the
existing infrastructure, e.g. technological one, supports a given technology and devices based
on it (Venkatesh et al., 2003). Their evaluation may either facilitate the approval process or
slow it down and hinder it. Available studies show that consumers will be more likely to use a
given technology if it is believed that there is support for its existence and further development
(Alalwan et al., 2017). Therefore, it was hypothesized that:
H4. Facilitating conditions positively affects the behavioral intentions to adopt AI wearables.
Hedonic Motivation
Hedonic motivation is associated with enjoying the use of a given technology (Venkatesh et
al., 2012). It seems natural that consumers will be more likely to reach for solutions that are
found to be amusing, enjoyable to use or arouse joy and curiosity (Alalwan et al., 2017). AI
wearables attributes can therefore become a manifestation of consumers' identity, which will
positively affect the intention and decisions about their use. This allows the hypothesis that:
H5. Hedonic Motivation positively affects the behavioral intentions to adopt AI wearables
Price Value
Behavior in which potential users of a given technology compare, before making a purchase,
the benefits they will obtain with the costs incurred for its purchase, seems justified. Price value
becomes a compromise for the consumer between the expected benefits and the necessary
costs. “The greater the price value, the higher would be the motivation to adopt the new
technology” (Dhiman et al.2020) Therefore, the following hypothesis was put forward:
H6. Price Value positively affects the behavioral intentions to adopt AI wearables.
Habit
Habit is most often defined as the extent to which customers tend to perform behaviors
automatically because of learning (Vankatesh et al., 2012), which leads to repeatability of their
behavior, and is the result of their previous experiences. The past therefore determines the
current decisions of customers and their behavior.
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H7. Habit positively affects the behavioral intentions to adopt AI wearables
Sample
The study was based on a nationwide research conducted on a representative sample of 1,054
Internet users aged 18 and over in the period July-August 2021. 52.1% of the study participants
were women, and 47.9% were men. The smallest number of respondents were under 25 (6.5%).
The respondents aged 25-34 constituted 13.7% of the respondents, and those aged 35-44:
17.8%. Every fourth respondent was aged 45-54, and people aged 55-64 accounted for 16.9%
of the respondents. The respondents over 65 years old constituted 19.1% of the respondents.
Slightly more than 36% of the respondents had higher education, and 35.5% were people with
secondary education. The respondents with primary and basic education accounted for 28.3%
of the respondents. 38.1% of the respondents lived in small towns (villages and towns with less
than 5,000 inhabitants), 14.7% of the respondents lived in cities with 5,001-30,000 inhabitants,
and respectively: cities with 30,001-50,000 inhabitants (13.0%) and over 50,000 inhabitants
(34.2%), of which every tenth respondent lived in the largest cities (over 500,000 inhabitants).
The respondents assessed their financial situation most often as average, which was indicated
by 59.7% of the respondents. Every fourth respondent assessed it as good, and 2% of
respondents considered it very good. 11.3% saw it as bad, and 2.7% too bad. Almost 21% of
the respondents were convinced of their high level of technological advancement, resulting
from experience. 41.4% considered themselves to be moderately technologically advanced, but
as many as 38% believed that they had little experience in this field, which, in their opinion,
translates into a low level of technological advancement.

RESULTS
The Main Descriptive Analysis
Slightly over 11% of respondents encountered the concept of wearables for the first time three
years ago, every fifth respondent had a chance to deal with it in the period of 1-3 years, and
almost 41% had this contact in less than the last year. At the same time, however, 27.5% of
respondents had never come across it before. 30% of respondents declared having and using
this type of device, mainly smartwatches and fitness trackers. As expected, the age of the
respondents happened to be a statistically significant variable. The willingness to buy this type
of devices was the highest among respondents aged 25-34 (45% of respondents in this age
group), and then it decreased with age. The existence of statistical relationships was also
observed in the case of the level of technological advancement of the respondents, resulting
from their experience. The higher it was in the opinion of the respondents, the more likely they
were to purchase this type of equipment.
Respondents who had wearables were definitely satisfied with the devices, as indicated by
almost 89% of respondents. Their experiences so far have been assessed positively, and the
derived satisfaction can prove important in the case of making a decision concerning a purchase
of a new version enriched with AI elements. The respondants appreciated, above all, the
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functionality of their devices, their usefulness in everyday life, as well as the aesthetics and
design. They considered the possibility of enriching wearables with solutions based on artificial
intelligence as a natural market response to the needs of consumers. At the same time, the
respondants indicated several areas of development of the existing functionalities of their
wearables, in which, in their opinion, artificial intelligence could be of key importance:
measuring daily activities (e.g. distance traveled) (77%), health diagnostics (74%), controlling
smart home systems (72%), handling of phone calls and incoming notifications (71%). At the
same time, among the biggest challenges related to AI wearables, respondents emphasized a
significant increase in the risk of cyber threats aimed at obtaining data about individual users
(64% of respondents), limiting their privacy (61%) and the potential unethical use of data
collected by AI wearables (57%).
Measurement And Structural Model
The scales used were analyzed for reliability and validity via CFA.
Table 4. Fit indices of the measurement and structural models.
Fit Index
Measurement model
Structural model
RMR
0.065
0.066
CFI
0.933
0.931
GFI
0.832
0.830
NFI
0.891
0.890
IFI
0.933
0.932
TLI
0.921
0.920
PGFI
0.660
0.661
AGFI
0.788
0.787
RMSEA
0.067
0.067

The analysis showed that the value of the AGFI and NFI coefficients for the model are
slightly below the threshold values.

Construct
Expected
performance

Effort expectancy

Social Influence

Facilitating
conditions
Hedonic
Motivation

Table 5. The Measurement Model.
Loadings
CR
Item
PE1
0.799
0.91353
PE2
0.877
PE3
0.877
PE4
0.852
EE1
0.884
0.91576
EE2
0.822
EE3
0.87
EE4
0.843
SI1
0.92
0.928117
SI2
0.877
SI3
0.905
FC1
0.447
0.793736
FC2
0.651
FC3
0.844
FC4
0.823
HM1
0.536
0.812634
HM2
0.9
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0.731172
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HM3
PV1
PV2
PV3
HT1
HT2
HT3
HT4
BI1
BI2
BI3

Price Value

Habit

Behavioral
Intention

0.841
0.789
0.861
0.827
0.799
0.614
0.639
0.839
0.828
0.879
0.9

0,865652

0.68259

0.816978

0.53191

0.902796

0.756075

Notes: PE-Expected performance, EE-Effort expectancy, SI-Social Influence, FC-Facilitating conditions,
HM-Hedonic Motivation, PV- Price Value, HT-Habit, BI-Behavioral Intention, CR-composite reliability,
AVE-average variance extracted
Source: own study

The reliability of the measurement was determined using the composite reliability CR
(Fornell, Larcker, 1981). The acceptable minimum is 0.7, and the upper limit is 0.95 (Hair et
al., 2013). Relevance was assessed in terms of convergent validity and discriminant validity.
Convergent validity is usually assessed using average variance extracted AVE, the value of
which for each latent variable in the model should exceed 0.5 (Fornell, Larcker, 1981).
Discriminant validity (Fornell, Larcker, 1981) for individual constructs of the research
model and their mutual correlations are presented in the table below (all correlations are
significant at the level of p <0.001). The square roots of AVE were compared with the
appropriate correlation coefficients, and their higher values indicate a positive discriminant
validity test, therefore the individual latent variables differ significantly from each other. The
reliability and validity of the measurements used for the proposed factor structure made it
possible to create a multidimensional construct measuring the analyzed ratio against AI
wearables.

PE

Table 6. The Correlation Matrix and Square Root of the AVE.
EE
SI
FC
HM
PV

HT

PE

0.851845

EE

0.505

0.855086

SI

0.573

0.284

0.900843

FC

0.595

0.,706

0.404

0.70945

HM

0.714

0.695

0.488

0.7012

0.775581

PV

0.706

0.702

0.53

0.7042

0.7042

0.82619

HT

0.701

0.498

0.581

0.618

0.677

0.712

0.729321

BI

0.732

0.682

0.481

0.673

0.717

0.732

0.701

BI

0.869526

Notes: PE-Expected performance, EE-Effort expectancy, SI-Social Influence, FC-Facilitating conditions,
HM-Hedonic Motivation, PV- Price Value, HT-Habit, BI-Behavioral Intention

It is worth noting, however, that in the case of the FC construct and HM, PV and EE,
these differences are very small, which may indicate that the FC construct is similar to them
and therefore, the values of the AGFI and NFI coefficients for the model do not reach the
threshold values (Tanaka, Huba, 1985).
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The model presents relations between constructs, and the maximum likelihood method
was used to estimate the model parameters. The model explains 81.4% of BI variability through
changes in the estimated constructs.
Hypothesis
H1: PE
H2: EE
H3: SI
H4: FC
H5: HM
H6: PV
H7: HT

BI
BI
BI
BI
BI
BI
BI

Beta
0.084
0.221
-0.028
-0.120
0.466
-0.021
0.353

Table 7. Structural Model Results.
Error
t-value
0.069
0.069
0.031
0.124
0.108
0.072
0.061

1.220
3.223
-0.884
-0.964
4.312
-0.290
5.785

p-value
0.223
0.001
0.377
0.,335
***
0.771
***

Standardized
Beta
0.085
0.237
-0.042
-0.075
0.367
-0.024
0.466

Notes: PE-Expected performance, EE- Effort expectancy, SI-Social Influence, FC-Facilitating conditions,
HM-Hedonic Motivation, PV- Price Value, HT-Habit, BI-Behavioral Intention

In the model, statistically significant relationships indicate a positive effect of HT, HM
and EE on BI. The Standardization Beta was used as the strength of the influence, showing that
the strongest influence is HT, then HM and finally EE.
Age moderation did not change the significance of the HM, HT and EE variables, but it
did affect the significance of FC, whose impact on BI is negative, and PE, whose impact is
positive.
In the group of women, the influence of EE on BI ceases to be significant. Only the
influence of HT and HM is significant, while among men the influence of HM on BI ceases to
be significant. Only the influence of EE and HT remains significant.
Experimental moderation did not affect the significance of EE and HT. However, it caused
the influence of PE to be significant and positive, and the influence of FC and PV to be
significant but negative.

DISCUSSION
The main goal of this study was to identify factors influencing the acceptance process of AI
wearables, with particular emphasis on the current research issues of human and AI related
technology. To understand this, replication studies were conducted within the UTAUT2 model.
In particular, it was possible to confirm the impact of effort expectancy, hedonic motivation
and habit on behavioral intentions to adopt AI Wearables. This is important for the new way
of perceiving the human and AI related technology, as well as for the future shaping of
scientific-research and implementation paradigms related to it.
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Table 8. Structural Model Results – Hypothesis.
Hypothesis
Path

Comments

H1. Performance Expectancy positively affects the
behavioral intentions to adopt AI Wearables.

PE

BI

Not supported

H2. Effort Expectancy positively affects the behavioral
intentions to adopt AI Wearables.

EE

BI

Supported

H3. Social Influence positively affects the behavioral
intentions to adopt AI Wearables.

SI

BI

Not supported

H4. Facilitating Conditions positively affects
behavioral intentions to adopt AI Wearables

the

FC

BI

Not supported

H5. Hedonic Motivation positively affects the behavioral
intentions to adopt AI Wearables.

HM

BI

Supported

H6. Price Value positively affects
intentions to adopt AI Wearables.

behavioral

PV

BI

Not supported

H7. Habit positively affects the behavioral intentions to
adopt AI Wearables.

HT

BI

Supported

the

The conducted research has confirmed that the habituation of consumers to the existing
wearables solutions that they currently use is important for their future decisions regarding
wearable devices enriched with elements of artificial intelligence. By using wearables, they
have an established opinion about their current functionalities, they can assess their level of
usefulness in their everyday life and identify those elements that could increase this level in
the future. This seems to be fully justified, taking into account the fact that the general
knowledge of consumers about a given technology has an impact on their level of perception
of new solutions and the resulting acceptance behavior (Lin et al., 2007).
The research also indicated the importance of the enjoyment of using AI wearables,
especially among women, who, as the previous research shows, are a group of consumers who
are generally much more concerned about solutions based on new technologies, which was
validated in earlier studies on the attitude to technology depending on by gender (Kim & Chiu,
2019). This may concern both the intuitiveness of use of these types of devices and the
adaptation of the possibilities offered to actual expectations (Colgan et al.). This undoubtedly
indicates a wide and varied area of factors that require further in-depth research and analysis,
both in terms of their significance level and potential differences resulting from the variety of
applications of available wearables, as well as the consumer profile.
The research also confirmed that the intention to adopt AI wearables is influenced by their
perceived ease of use. Consumers expect this process to be as intuitive as possible. This applies
to both direct interactions between the consumer and a given AI wearable device, especially at
the beginning of the process, as well as the gradual acquisition of skills and proficiency in its
use over time. Ease of use leads to a positive attitude of consumers, increasing their willingness
to continue using this type of device (Chau et al., 2019). This raises the question to what extent
are consumers of wearables prepared to popularize devices enriched with artificial intelligence
and which elements associated with ease of use will be considered to be critical.
Also the results of the analysis of the influence of moderating variables: age, gender and
experience on Behavioral Intention require further in-depth research, including, inter alia,
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identification of situations in which the influence of these variables on individual variables of
the construct could change (context).

LIMITATIONS
The publication is not free from cognitive, methodological and methodological limitations.
However, it addresses new issues and the related new areas of their application, in line with the
ongoing research on human and AI related technology. The conducted research has some
limitations, which is a strong motivator for its further continuation and gradual deepening of
knowledge in this field. This applies to both the research methods used (it would be advisable
to include qualitative methods, including in particular the ethnographic ones) and the scope of
the research conducted (broadening the spectrum of consumer behavior affected by AI
wearables). Moreover, as mentioned earlier, the FC construct is similar to HM, PV and EE,
which means that the value of the AGFI and GFI coefficients for the model does not reach the
threshold values.

CONCLUSIONS
Digital technologies have now become a catalyst for subsequent stages of evolution, aimed at
transforming the existing paradigms and solutions based on them. The literature review
confirmed that these technologies have created a wide range of fascinating and previously
unavailable possibilities. Artificial intelligence, as an element of customer support, is
undoubtedly an exciting area of new interaction between human beings and technology,
inextricably connecting with each other in a network of mutual digital connections and
dependencies. However, many possibilities remain unknown, which results from their great
diversity, complexity and the enormous dynamics of the technological changes taking place.
The AI wearables market is definitely at an early stage of development, leading to the
gradual formation of augmented intelligence of the customer, and the process of social
acceptance of these types of solutions requires much more than just a passing fascination. The
shaping of conditions conducive to the acceptance of technologically advanced solutions must
be based on understanding their essence and the nature of the human and AI relations, while
being aware of the resulting challenges and limitations. It seems that the issues discussed in the
study constitute a space for new research, including interdisciplinary and multicultural
research, as well as may affect the processes of designing and testing AI wearable devices,
accelerating the process of their commercialization and popularization.

IMPLICATIONS FOR RESEARCH, APPLICATION OR POLICY
Research Implications
The development of artificial intelligence and its implementation possibilities in every sphere
of consumers' lives significantly increases the potential expectations towards it. This means the
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need to identify the way in which a human interacts with devices based on this technology and
to determine the factors determining its acceptance. The conducted research is an extension of
the current authors’ research and fits into the international discourse on the role of human and
AI related technology, including in marketing. The analysis of the level of social acceptance of
AI wearables based on the UTAUT2 model is in part a replication of existing global research
in this field. The results obtained form the basis for further analysis of the determinants of
social acceptance of technology, especially in relation to new constructs related to an increasing
spectrum of consumer behavior as a result of their interaction with the technology, as
mentioned in the Discussion section. There should be a focus on the conceptualization and
systematic deepening of the impact of potential factors. It would be advisable to look for
relationships that take into account the cultural differences of customers, which would allow
for the possibility to find potential regularities and cause-effect relationships in the context of
AI wearables acceptance.
Practical Implications
The market success of AI wearables depends on the level of acceptance of these types of
solutions by consumers. The conducted research provides information that can support both
the creators of wearables and employees of marketing departments. This applies to the design
of AI wearables functionalities important for consumers, taking into account the expectations
as to the technical parameters and quality of these types of devices, affecting their expected
performance and ease of use. The recommendations resulting from the study are important
from the point of view of designing functionalities of AI wearables that are significant for
consumers, taking into account the expectations as to the technical parameters and quality of
these types of devices. The research results can also provide guidelines for the optimization of
marketing communication strategies implemented in this area, in order to be more effective,
referring to the real consumer needs and expectations, while contributing to minimizing the
significance of the concerns raised.
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Abstract: The human aging process is associated with systematic deterioration of
cognitive and motor performance. Age-related deficits in motor skills and symptoms of
cognitive decline, such as memory, attention and executive functioning problems, are
major contributors to a loss of functional independence and reduced quality of life of the
elderly. The virtual reality system presented can be used as an aid for effective training of
those skills. The use of virtual reality training for therapeutic purposes is promising – not
only does it provide encouraging medical and psychological effects but it may also be
considered as an interesting leisure activity for seniors. The paper presents a pilot study
which aims to qualitatively assess the usefulness of a VR technology-based solution for
training cognitive and motor functions. The pre-test phase of the study was conducted on
9 subjects aged 62-81 (M = 71.66; SD = 7.00), who were asked to evaluate the
performed tasks in terms of novelty and attractiveness. All subjects completed the pilot
study. The SUS result was 55.56 (SD = 9.90), which is a marginal result. However, the
UEQ result showed that all aspects of the game were reported as satisfactory. The pilot
studies show that VR is well tolerated by the elderly. As demonstrated by the results, the
system has moderate utility, but may be a promising solution for training cognitive-motor
skills.
Keywords: virtual reality, cognitive training, motor training, elderly, cognitive decline,
rehabilitation.
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INTRODUCTION
The problem of cognitive decline in the elderly
The world’s population is aging at an unprecedented rate. A systematic increase of human
life expectancy carries with it specific social, economic and health consequences. It is
forecasted that the number of elderly people will more than double in the near future,
reaching over 1.5 billion in 2050 (United Nations Department of Economic and Social
Affairs, Population Division, 2020). With the accelerated aging of the population, the
incidence of age-related disorders, including cognitive and motor dysfunctions, will also
continue to increase (Peng et al., 2019).
As people grow older, there is a gradual decline in cognitive functions. This process is
referred to as cognitive aging (Harada et al., 2013). However, not all cognitive functions are
equally affected by age-related changes. Some aspects of memory and attention are
particularly sensitive to the effects of aging (Glisky, 2007). In terms of memory, the greatest
involutional changes are observed for episodic memory, working memory and the encoding
of new information in long-term memory (Grady, 2008; Murman, 2015). In terms of
attention, the functions that deteriorate most with age are selectivity, divisibility and shifting.
In addition, higher-order cognitive functions, such as linguistic processing and decisionmaking, may also be impaired. However, the key factor contributing to the deterioration of
cognitive functioning in late adulthood is the impairment of executive functions that
progresses with age (Glisky, 2007). Age-related deficits in cognitive skills may gradually
affect an individual's ability to function effectively in everyday life, thus contributing to
social withdrawal.
As the number of individuals with age-related cognitive disorders and motor problems is
expected to increase significantly during the next 30 years, it is necessary to actively seek
innovative training methods to slow down the side effects of aging and, consequently,
support the maintenance of functional independence of seniors.
The problem of motor disorders in the elderly
The aging process gradually impacts one’s ability to perform daily functional activities.
These limitations are associated with changes in the neuromuscular system, which include
reduced muscle strength, power, endurance and increased fatigability. As argued by Hunter et
al., these limitations are related to changes in motor units (Hunter, Pereira, Keenan, 2016).
Additionally, another age-related problem is the reduction in the range of joint mobility,
partly due to changes in the connective tissues (Freemont, Hoyland, 2007; Yamada, et al.,
2002). This makes it difficult to perform motor activities. The motor performance of the
elderly is also impaired due to disturbed anticipatory motor planning. Stockel et al. suggest
that anticipatory motor planning abilities are strongly influenced by cognitive control
processes, which seem to be the key mechanisms to compensate for age-related decline
(Stöckel, Wunsch, Hughes, 2017).
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The use of VR to improve cognitive and motor functioning in the elderly
The use of virtual reality (VR) offers many new possibilities in the field of intervention and
broadly understood therapy for older adults. Compared to traditional interventions based on
the paper-and-pencil method, VR training offers the possibility of flexible adaptation of
exercises to the needs and cognitive abilities of the patient (Coyle et al., 2015). In addition,
training of this type is characterized by ecological accuracy. This means that the tasks
performed refer to the skills used in everyday life. Another advantage of VR training is that it
allows the users to explore the environment on their own. This has a positive effect on the
development of self-efficacy and a sense of independence during therapy. An additional
advantage is the possibility to incorporate the gamification factor, which results in an
increased level of motivation and commitment to training (de Bruin et al., 2010).
The conclusions from the systematic literature review indicate that the use of
computerized or VR-based cognitive training in the elderly gives comparable or better effects
in terms of improving cognitive functions compared to traditional methods (Zając-Lamparska
et al., 2019). Research data show improvements in executive function, attention, visual
memory, and long-term memory in people who have undergone VR training (Gamito et al.,
2020; Optale et al., 2010). There are also more reports indicating the high effectiveness of
VR in the training of motor functions (Lee, Lee, Song, 2018; Calabro et al., 2017; Molhemi
et al., 2020). Taking into account the cited data, it can be concluded that the use of VR is an
effective method of cognitive training.
Difficulties in functioning in VR in the elderly
The research conducted so far shows that VR is well tolerated by the elderly (Lin, Lee, Lally,
Coughlin, 2018; Syed-Abdul et al., 2019; Benoit et al., 2015; Wojciechowski et al., 2021).
The study of Benoit et al. highlighted that those participants did not experience sickness
during the experiment across the VR conditions (Lin, Lee, Lally, Coughlin, 2018). SyedAbdul S. et al. conclude that participants of their study perceived VR as a beneficial, userfriendly and enjoyable experience, implying positive attitudes toward adopting this new
technology.
However, it is worth noting that the positive attitude of older people towards new
technologies and virtual environments is verified by their real functionality. Improperly
designed application or environment can discourage users despite their initially positive
attitude.
Older people perceive color contrast differences less efficiently, especially in the area of
blue-green tones. For this reason, it is necessary to rely mainly on the luminance of colors
(C. Owsley et al., 1983). Additionally, colors should be used according to expectations and
accepted conventions, e.g. red means "stop" while green means "go".
Since the visual field of older people is narrower, the area of interest should be focused
as close to the center of the visual field as possible (Cerella, 1985). For example, interface
elements should be concentrated in the center of the display. Graphics should be kept as
simple as possible to eliminate distractors, such as animation, patterns on walls, and glowing
text (W. Kosnik et al., 1988). Typically, older people have poorer vision and worse ability to
see details, so interface elements, including text, should be larger and more legible. Gaze
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control or the use of gaze to interact with the environment is also limited. Inexperienced users
explore the scene space quite nervously and impulsively with their eyes. As a consequence,
using gaze as an input interaction channel can be ineffective (Wojciechowski et al., 2014).
An important component of a virtual reality system is the auditory stimuli. However, it
should be remembered that the ability to recognize sounds of different frequencies decreases
with age. Sounds above 2500 Hz are usually inaudible (Berkowitz J.P. et al., 1990) so
instructions and other auditory events should refer to lower frequencies. The frequency range
between 500 and 1000 Hz is considered optimal for older users.
Memory performance is strictly related to the simplicity of tasks conducted by elderly
people. No more than 5∓2 related items should be presented on the display panel. The elderly
use long-term memory much more effectively than short-term memory. In consequence, their
ability to recall something from experience is much better than learning something new.
Thus, user interface design should focus on using functions or graphics that may rely on the
functions on those instruments learnt in the past. Commands should be straightforward and
not create confusion to the user to prevent them from possible misunderstanding and losing
recognition of the functions in the short term.
Physical decline is an additional problem affecting older users’ interaction with computer
systems. Seniors may have problems with the response speed rather than complexity of use.
Fisk et al. (2020) reported difficulties in the use of double click, but when interval time was
increased, the difficulties appeared to be lower. Older users may have difficulties finding
small targets in an interface and performing movements with high accuracy (Andrzejczak et
al., 2021). Hand-controlled interfaces can be excessively challenging for older users because
of the lack of precision of movement, individual differences in movement characteristics, and
the lack of adequate visual feedback (Półrola et al., 2012).
All the above findings suggest that seniors may find it difficult to interact in a virtual
environment that was not designed specifically for them. Having in mind all the above issues
and considering the promising findings of cognitive rehabilitation (Zając-Lamparska et al.,
2019) a new gamified virtual reality environment was designed and implemented, which may
serve both cognitive stimulation and physical rehabilitation purposes.

MATERIALS AND METHODS
Purpose
Due to the specificity of immersive training dedicated to the elderly, and the desire to create a
game that would suit seniors both technically and qualitatively, we asked the senior players
detailed research questions before implementing the full version of the interface.
As part of a varied pilot study of the GRYDSEN interface, we want to check whether:
- game scenarios are correctly formulated,
- the interface is adapted to the needs of the elderly,
- the instructions are exhaustive enough for the audience.
In addition, we want to qualitatively check whether the respondents understand the game,
their interest, opinion and the way they react to selected scenarios.
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Participants
The study was conducted in 2021. Participation in the study was voluntary, people who had
signed informed consent to participate in the project were enrolled immediately. Only adults
over 60 years of age participated in the study, with no upper age limit. All participants were
informed that they could withdraw from the study at any stage. Only full questionnaires were
included in the analysis. The pilot study was conducted on a purposefully selected sample – 9
people over 60 years of age. People with contraindications to VR games were excluded from
the study. In addition, the inclusion criterion was the lack of cognitive impairment (MMSE>
27 points) (Nitrini et al., 1994).
Ethical Considerations
The study was approved by the Bioethics Committee of the Nicolaus Copernicus University
Collegium Medicum in Bydgoszcz, Poland (KB 426/2021). The research was conducted in
accordance with the Helsinki Declaration. All participants provided informed consent for the
research.
Outcome measures
Before proceeding with the pilot study, all potential participants completed an introductory
interview assessing the inclusion criteria. The interview consisted of two parts. The first one
referred to the sociodemographic data, such as age, gender, place of residence, marital status,
educational level, number of years of study, acquired profession, and professional status. The
second part referred to the basic information related to the health status, such as previous
head injury, concussion, or meningitis, experiencing epilepsy, stroke, dizziness, motion
sickness, or any somatic or mental diseases. The questions concerning hearing or
musculoskeletal system impairment and physical activity were also included.
The three evaluation sheets of game tasks were self-constructed. They assess the user
experience of cognitive, motor, and motor-cognitive tasks and provide a subjective view of
their accessibility.
The motor task evaluation sheet consists of 6 items rating from 0 to 10. They refer to the
evaluation of graphic design, safety, clarity of the statements, task difficulty level, time
dedicated to solving the task, fatigue, level of immersion and ease of attendance. The other
comments or suggestions are also included. The cognitive task evaluation sheet consists of 7
items rating from 0 to 10. They evaluate the number of tasks included, time dedicated to
solving the task, clarity of statements, task difficulty level, readability of the displayed text
and graphic design, and usefulness of the hints. The possible comments are also included.
The cognitive-motor task evaluation sheet consists of 7 items rating from 0 to 10. The
construction of this task allowed the usage of the previous, cognitive task evaluation sheet.
All items, except the item concerning the hints, are the same.
The User Experience Questionnaire (UEQ) (Laugwitz, Schrepp, Held, 2008) is a fast and
reliable questionnaire to measure the user experience of a product. It consists of 6 scales with
26 items with seven response options. The scales refer to attractiveness, perspicuity,
efficiency, dependability, stimulation, and novelty.
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The System Usability Scale (SUS) (Brooke, 1986) is a scale concerning subjective
assessments of the usability of a product. It consists of 10 items with five response options:
from strongly agree to strongly disagree. The scale is widely used and provides a high-level
subjective view of usability. The score ranges from 0 to 100.

GRYDSEN
As part of the GRYDSEN project, separate modules for training the cognitive, motor and
cognitive-motor functions were developed. As part of the pilot study, three scenarios were
tested, one for each of the modules replaced (Fig. 1).

a)

d)

b)

c)

e)

f)

Figure 1. The GRYDSEN cognitive, motor and cognitive-motor modules. a), b) - ANALOGIES

(cognitive), c) - XYLOPHONE (motor) and d), e), f) - EVERYDAY ACTIVITIES (cognitive-motor)
modules previews from user (VR headset) perspective.

Overall, the scenes, and their equipment, were designed to meet the aforementioned
guidelines for designing virtual environments for the elderly. Appropriate color scheme
(background objects in gray colors, interactive objects of appropriate size and
color/brightness contrast), appropriate readability of text commands, the appropriate number
of interactive objects, lack of details and distractors, clear way of object selection
supplemented with both visual and audio feedback are only the main of many procedures for
improving the usability and functionality of the tested VR environment.
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Cognitive functions module: The ANALOGIES task has been created for the training
of cognitive functions. The implemented project assumes that the scenarios from the
"Cognitive Training" module will primarily involve attention, executive function and
memory (operational, long-term, retrospective, prospective). The pilot study focused on
inference by analogy. Tasks of this type refer to the ability of an individual to detect the
relationship between different objects and the ability to use the same inference / problemsolving schemes under different conditions. The skill training inferred by analogy is
especially recommended to stimulate the attention function. Reasoning by analogy covers a
wide class of tasks. The described scenario included tasks that required the participant,
among others, the ability to point out opposites and similarities, identify words that were
related to non-semantic features (e.g. similar spelling, rhyme) or related to objects that
belonged to the superior class or had common property. The use of VR required a
modification of the classic form of this task, in which the tested person formulates an answer
themselves. The scenario was created in such a way that the examined person chooses the
answer that best suits them from a catalog of options.
At the very beginning, the user is acquainted with the command and then, using the
controller, selects the feature label that best describes the selected objects. The task is
repeated several times, for different sets of objects, after which the number of correct answers
is recorded. A prolonged lack of the user's response causes the prompt to appear, and the user
has an independent option to use the prompt – a light bulb icon in the corner of the screen.
Motor functions module: The task is to strike certain calves of the XYLOPHONE with
the sticks. It helps to improve gross and small motor function and involve various muscle
groups. In addition, the exercise requires appropriate coordination and precision of
movement. The user, standing in front of the xylophone and holding the sticks in his hands
(controllers), should play a sequence of sounds. The melody to be played is not only
sequentially displayed as notes on a music stave, but also the individual xylophone calves are
highlighted in color. The span of xylophone calves and the choice of sounds and length of the
sequence itself directly affects the range of upper limb mobility, as well as stimulating shortterm memory. In a situation of prolonged thinking, the user has the option to listen to the
sequence of sounds again or can get help by clicking on the light bulb icon in the upper right
corner of the interface.
Module cognitive-motor functions: The essence of the module is the involvement of
cognitive functions (here: memory, attention) and motor functions. The described part of the
game concerns both the simulation of everyday life (ecological paradigm) as well as tasks
directly used in training the cognitive functions of aging people. The player will be tasked
with performing everyday activities. As part of the pilot study, the EVERYDAY
ACTIVITIES task and shopping task was tested (Fig. 1). The player's task was to choose
items that would be expected, either useful or required, depending on the task. The choice of
objects depends on the time of year, leisure activities or an actual shopping list. From the
interface, it required reading a command, augmenting conditions or remembering products
list and selecting adequate objects. In the case of packing, exemplary staying at the beach in
July or visiting a city in autumn, implied a specific set of staff to be selected (Fig 1d). The
shopping task required choosing items from the list that needed to be remembered. The
puzzle was constructed in such a way as to have several levels of difficulty, i.e. through
increasing the number of objects to be selected. The items needed for the trip or to shop were
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spread all over the room so that the player had to look around the room and "reach" for them.
They remained within the player's reach all the time, but their distribution was randomly
redistributed within each scenario try. At the very bottom of the screen, you could see a
representation of the bag or the shopping cart in which the user had to pack the staff (Fig.
1f). The objects, the suitcase, and the cart to which they were to be put were placed in the
room in such a way that the user had to look around activating the upper body part.
Additionally, pointing to the objects with the controller pointer as well as placing the objects
in the suitcase/basket required moving the upper limbs, which stimulated motor functions.
The user could both operate the environment while standing and seating, which prevented
loss of balance and increased safety for the participants immersed in VR.
RESULTS
Participants
We recruited 9 people, 5 men and 4 women, to take part in our pilot study. The subjects were
aged 62-81 (M = 71.66; SD = 7.00). In the group of respondents, 5 people had higher
education and 4 had secondary education background. The average year of education was M
= 15.11. All respondents were urban dwellers. The subjects did not suffer from any
neurological diseases, serious somatic diseases, or mental disorders. One person declared that
he was dizzy. All subjects had a visual impairment, two of them had a hearing impairment.
Assessment of individual tasks
Table 1 summarizes the participants' responses to the Analogies task. The conducted analyzes
show that the participants highly rated such aspects of the task as the number of tasks, the
time needed to complete them, the readability of the text and the readability of the graphic
elements. The respondents assessed the usefulness of the formulated hints as low since the
tasks were clear. The degree of difficulty of the tasks was assessed as average.
Table 1. Questions evaluating ANALOGIES tasks.
Questions
1. Number of tasks: On a scale of 0 to 10, how would you rate the number of
examples in this task?

M
8.44

SD
1.24

Min
6.00

Max
10.00

2. Execution time: On a scale of 0 to 10, how do you rate the time needed to
complete this task?

8.89

0.78

8.00

10.00

3. Clarity and unambiguity of the instructions for performing a task: How do
you evaluate the instruction for a task on a scale from 0 to 10? Is it
unambiguous?
4. Task difficulty rating: How would you rate the task difficulty on a scale from
0 to 10?

5.56

1.13

4.00

8.00

4.89

1.36

3.00

7.00

5. Evaluation of the usefulness of the hints: How, on a scale from 0 to 10, do
you assess the usefulness of the formulated hints?

4.89

0.60

4.00

6.00

6. Readability of the displayed text: How do you assess the readability and/or
visibility of the displayed text on a scale from 0 to 10?

8.78

0.97

7.00

10.00

7. Readability of displayed graphic elements: How do you assess the
readability of displayed graphic elements on a scale from 0 to 10?

8.89

1.05

7.00

10.00

Note: M – mean; SD – standard deviation; Min – minimum value; Max – maximum value.
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Table 2 lists the participants' responses to the Everyday activities task. The conducted
analyzes show that the participants highly rated such aspects of the task as: the number of
tasks, the time needed to complete them, the clarity of the formulated instructions and
usability. This task was rated as difficult by the users. Moreover, the respondents assessed the
readability of the text and the graphic elements as low.
Questions

Table 2. Questions evaluating of EVERYDAY ACTIVITIES tasks.
M
SD
Min

Max

1. Number of tasks: On a scale of 0 to 10, how would you rate the number
of examples in this task?

9.33

0.71

8.00

10.00

2. Execution time: On a scale of 0 to 10, how do you rate the time needed
to complete this task?

9.33

0.71

8.00

10.00

3. Clarity and unambiguity of the instructions for performing a task: How
do you evaluate the instruction for a task on a scale from 0 to 10? Is it
unambiguous?

9.00

0.87

8.00

10.00

4. Task difficulty rating: How would you rate the task difficulty on a scale
from 0 to 10?

8.44

1.33

6.00

10.00

5. Readability of the displayed text: How do you assess the readability
and/or visibility of the displayed text on a scale from 0 to 10?

5.89

0.78

5.00

7.00

6. Readability of displayed graphic elements: How do you assess the
readability of displayed graphic elements on a scale from 0 to 10?

4.11

1.05

3.00

6.00

7. Usefulness: On a scale from 0 to 10, how would you rate the
usefulness of the task performed?

8.56

1.01

7.00

10.00

Note: M – mean; SD – standard deviation; Min – minimum value; Max – maximum value.

Table 3 summarizes the participants' responses to the Xylophone task. The conducted
analyzes show that the participants highly rated such aspects of the task as the level of safety
during the performance of the task and the level of difficulty of the task. The users evaluated
the graphic design and the brightness of the task as average. The level of fatigue during the
performance of the task was assessed as low. Moreover, the respondents assessed the motor
task as quite difficult to perform.
Questions

Table 3. Questions evaluating of XYLOPHONE tasks.
M
SD

Min

Max

1.Graphic design

6,78

0,97

5,00

8,00

2. Safety (did you feel safe while performing the tasks?)

8,22

0,83

7,00

9,00

3. Clarity of tasks

6,78

1,39

5,00

9,00

4. Task difficulty level

7,89

0,93

6,00

9,00

5. Time dedicated to solving the task

5,67

1,00

5,00

8,00

6. Fatigue / Exercise Level

2,56

1,01

1,00

4,00

Note: M – mean; SD – standard deviation; Min – minimum value; Max – maximum value.

329

Podhorecka, Andrzejczak, Szrajber, Lacko, & Lipiński

System Usability Scale
The mean of the evaluation of GRYDSEN software in the pilot study using the SUS scale
was 55.56 (SD = 9.90). The minimum user rating was 40, and the maximum was 70.
According to the table designed by Bangor, the average project value in the ratings of the
testers belongs to the categories “ok” and “good”, which is in the range of 50-70 (Bangor,
Kortum & Miller, 2009). This result means that GRYDSEN software still ha room for
improvement.
User Experience Questionnaire
The evaluation of the application carried out with the use of the UEQ tool shows that all
assessed aspects of the game stimulating cognitive and motor functions are good (all results
above +0.80) (Fig. 2). The respondents highly rated the attractiveness (M = 1.87), stimulation
(M = 1.69), and novelty (M = 1.61). Some aspects of the game such as dependability
(M = 1.41), efficiency (M = 1.16) and perspicuity (M = 0.92) were assessed slightly lower.

Figure 2. User experience feedback measured on the six UEQ scales for the whole application.

DISCUSSION
The goal of this study was to assess the usability and user’s experience of a VR cognitivemotor training system for the elderly. As the rate of aging societies is rapidly increasing,
a growing number of age-related disorders will also be observed. This creates the need for
solutions that could help strengthen and support the cognitive and motor skills of the elderly
(Doniger et al., 2018). The virtual reality system can be used as a platform for effective
training of those skills. Virtual reality offers physical and mental benefits for older adults,
while also providing entertainment. Moreover, VR is ecologically valid and enables the
simulation of daily living activities (Pedroli et al., 2018; Banville et al., 2017). The results of
the performed pilot study, concerning the System Usability Scale (55.56, SD = 9.90) and the
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User Experience Questionnaire (all results above +0.80) scores, showed that our system can
forecast as a fully-flagged cognitive-motor training alternative. The pilot study itself becomes
a basis for evaluation as well as improving quality and usability of the system interface.
Implementation of the Grydsen improvements will further increase the usability of the system
in motor-cognitive exercises in older adults.
The user experience of the system
The SUS score was 55.56 (SD = 9.90), which is a marginal score. However, the UEQ score
showed that all aspects of the game were reported as satisfactory. The innovative design of
the system does not allow us to compare it with similar systems, especially in terms of user
experience. The authors of this study did not find in the literature parallels to the GRYDSEN
software, as other researchers focus more on patients with selected diseases than on normally
aging adults. In addition, the few available interfaces cover related scopes of the presented
tasks, i.e. cognitive, motor and cognitive-motor tasks, in particular those that require the
player to multitask. None of the solutions presented in the literature to date has
simultaneously addressed so many cognitive-motor modalities and has been implemented
with attention to such an in-depth analysis of the needs of older adults. An interesting project
dedicated to aging adults is that by Tuena et al. (2020), who conducted a systematic review of
usability issues of clinical and research applications of virtual reality in older people.
Although this study focused mainly on physiotherapy training, it reported that VR systems
are good, well-accepted, adequate, effective, and useful. The authors claim that the
skepticism of the elderly concerning digital systems could be successfully reduced by longer
exposure to VR. Huygelier et al. (2019) reported that older adults who never had prior
experience with VR had a neutral attitude towards this technology. Our pilot study showed
similar experiences – despite the anxiety about experiencing the novelty, the elderly
responded very positively and declared their willingness to continue participating in the
project. Among most of these people, there was a suggestion that people who have never had
contact with the VR system should be provided with a tutorial, where they can slowly learn
how to navigate this interface. In addition, some of the participants indicated that they would
prefer to have wider descriptions of tasks, and several users declared the need to have the
tasks read by the teacher. On the part of the players, however, it was not an obstacle to
complete all the tested tasks one after another. An additional advantage mentioned by almost
all participants was the possibility of simultaneous cognitive-motor training. Moreover, they
became more positive after the first exposure to a virtual-reality system. It is a very promising
result, which demonstrates that VR systems could be widely used among the elderly for
comprehensive training.
Cognitive-motor tasks
The analysis of cognitive-motor tasks questionnaires showed that, in general, most tasks were
positively evaluated. Despite the positive results, several issues could be improved during
further evaluation. As shown in the reports obtained from cognitive-motor tasks and the
qualitative reports, some features could be modified. In the qualitative report, participants
claimed that adding a tutorial before starting the game could be a profitable solution. Some
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aspects concerning the manual usage of the VR system were underlined. The participants
claimed that it was hard to catch the elements, especially in the motor task. They also stated
that in the cognitive-motor task added hints could make the task more readable. Doniger et al.
(2018) created a virtual reality-based cognitive-motor training for middle-aged adults at high
Alzheimer’s disease risk. The study involved simulation of daily activities, such as a virtual
supermarket. The participants reported that adding training before the exercise could be an
easy-to-use solution to avoid other problems. It proves that such tutorials could contribute to
the easier perception of the virtual reality system for the elderly who had no prior experience
with VR. Moreover, it could resolve other difficulties concerning system usage.
Importantly, the tasks included in the training relate to daily life activities, which makes
the system ecologically valid. Moreover, the usage of VR systems improves the immersion of
participants. Mrakic-Sposta et al. (2018) created physical and cognitive training which
included riding a bike in a park, crossing roads-avoiding cars, and making grocery shopping
in a supermarket. They proved that participants showed a greater improvement in the
executive test, memory, and verbal fluency functions. This evidence suggests that cognitivemotor training could prevent or slow a person’s cognitive decline with age.
Future works and limitations
Virtual reality systems represent a promising technological solution that could be easily
implemented as part of a cognitive-motor rehabilitation program for the elderly. Previous
studies confirm that such training can result in an improvement of both motor and cognitive
skills, but also support everyday functioning of older adults (Mrakic-Sposta et al., 2018;
Kannan et al., 2019; Gamito et al., 2020; Faria et al., 2016). The inclusion criteria in our pilot
study were the lack of cognitive impairment. However, the introduction of the VR system to
clinical practice, considering both the healthy group and pathology-related complications,
could have the potential for usability (Lin, Lee, Lally, Couhlin, 2018; Syed-Abdul et al.,
2019). Previous research (Doninger et al., 2018; Kannan et al., 2019; Faria et al., 2016)
proved that using virtual reality based-training could be widely used in patients with
Alzheimer’s disease risk or with chronic stroke.
Different issues related to the software have been highlighted by the participants.
These topics are reserved for future work. Further studies will take into account adding
a tutorial before an exercise, as suggested by the participants. One downside regarding the
pilot study is that it includes a limited number of participants. In any case, the homogeneity
of information obtained from the interviews permits us to hypothesize that numerous other
critical variables would not affect our findings when tested with a greater number of subjects.
Another potential limitation is related to the problem of cybersickness that may occur during
exposure to VR environments (Cobb, Ramsey, Wilson, 1999). However, our VR tasks are
designed to minimize this risk. The cognitive-motor training system presented has been
proven to be well-accepted by the participants.
The results of user interface testing pointed to the need for a slight adaptation of the size
of objects and the scale of the environment itself. The use of a wide-angle camera, which
increases the field of view, implies the need to slightly enlarge objects that were perceived as
too small in their original size. The reported problems with remote object selection
(exploiting ray casting) were solved by increasing the sensitivity area assigned to the selected
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objects and moving them slightly away from each other. Therefore, the designed interface
was received very positively.
A few users pointed to the need to implement mechanisms to calibrate the VR
environment space to the averaged preferences of different users. The operation of the
hardware interface (HTC Focus Plus with dedicated controllers) proved to be smooth and
intuitive for the proposed scenarios. The core functionality of HTC devices was used to make
the process of learning and using VR controllers as simple as possible. The ease with which
the users familiarize themselves with both the hardware and the environment demonstrates its
high accessibility and intuitive use.
CONCLUSIONS
The pilot study showed the advantages of the Grydsen software, while also indicating the
areas that need improvement. Appropriate modifications will be made in the next stages of
the project. This will help to achieve greater usability and functionality of the software
presented. What is important, our pilot study showed that despite initial concerns about the
virtual reality environment, the elderly responded very positively and declared their
willingness to continue participation in the project.
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