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Abstract: Wearable electronics make it possible to monitor human activity and behavior. Most of these
devices have not taken into account human factors and they have instead focused on technological
issues. This fact could not only affect human–computer interaction and user experience but also the
devices’ use cycle. Firstly, this paper presents a classification of wearable design requirements that
have been carried out by combining a quantitative and a qualitative methodology. Secondly, we
present some evaluation procedures based on design methodologies and human–computer interaction
measurement tools. Thus, this contribution aims to provide a roadmap for wearable designers and
researchers in order to help them to find more efficient processes by providing a classification of
the design requirements and evaluation tools. These resources represent time and resource-saving
contributions. Therefore designers and researchers do not have to review the literature. It will no be
necessary to carry out exploratory studies for the purposes of identifying requirements or evaluation
tools either.

Keywords: wearables design requirements; wearables evaluation; human–wearables interaction

1. Introduction

Wearable electronics have become a recurrent technology for solving concrete problems in different
fields such as medicine, leisure, sports, etc. These devices make it possible to monitor human activity
and behavior, so they provide essential data for dealing with specific human needs. Although high-tech
approaches have been developed in wearable technologies, most of them have a short life cycle when
they are launched in the marketplace and user acceptance is still not as widespread as expected. Why
do these high-tech devices have such life cycle problems? Although they are technologically advanced
devices, human factors have not been considered in many studies. Human factors or ergonomics is the
scientific discipline that studies the interaction among humans and other elements of a system based
on psychological and physiological principles [1]. The main objective of this paper is to suggest a list
of design requirements based on both human and technical factors.

1.1. Significance and Novelty

This paper consists of two main parts that respond to the main two challenges: the first part
describes the research method and results for the identification of the requirements and the second
part presents the research method and the results of the evaluation procedures.

These contributions are significant in terms of gathering and clustering the existing information
provided by different authors into a unique classification. Additionally, both the list of design
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requirements and the evaluation tools have been validated by practitioners with experience in the field
of wearables, which gives rigor to our findings.

1.2. Challenges

There are two main challenges: to review the existing design requirements and provide a
homogeneous classification and to suggest an evaluation approach for such design requirements. In
order to deal with the first challenge, a combination of quantitative and qualitative methodologies
have been applied. In order to face the second challenge, the field of human–computer interaction has
been analyzed and some theoretical principles have been used to define an evaluation approach for
wearable design requirements.

1.3. Scope

The contributions of this paper are addressed to design practitioners and researchers, as well as
to engineers in charge of wearable design projects. The theoretical principles of human factors and
ergonomics have been the base of this study and it has been carried out following both quantitative
and qualitative methodologies in order to cluster the findings of the review.

Key Achievement and Suggestion to Solve the Problem

In this paper, we answer the main research question that has guided this study:
How can we help designers to consider human factors during the design process of wearables?
The answer is complex and requires several steps. In this study, the authors provide the designer

with a list of design requirements and evaluation procedures for the design of wearables. This gives
the designer guidance in the design process of wearables. It also provides a roadmap where they can
focus and select those requirements according to their specific contexts of use.

The first section starts by reviewing and mapping some studies that consider both technical and
human factors in the definition of wearable design requirements. Then, a combined quantitative and
qualitative analysis is done to identify the design requirements. Finally, the classification and the
definitions of terms are explained and the results are presented.

The second section is formulated based on the results of the first. Firstly, a review of ergonomic
evaluation tools is done. Then, based on the insights from the review, the measurability of design
requirements is questioned. Thirdly, the goals of the evaluation framework are presented. Finally, we
suggest an evaluation approach for wearable design requirements.

Once the wearable design requirements and their evaluation is presented, all the design processes
are validated. The validation is formulated to include investigations into the interconnection of insights,
experts’ reports and triangulation [2] in order to give rigor to the qualitative study. The validation of
both the design requirements and the evaluation procedures is presented together by: (1) creating an
expert questionnaire and (2) conducting an expert workshop.

2. Review of the Literature

In contrast to other technological devices, such as laptops and smartphones, wearables live on
people’s bodies. This fact involves a wholesale change in the way wearables should be designed.
The creation of wearables requires specific concepts, techniques and ingredients involving textiles,
electronics and software that consider the diversity of potential users and their environments [3]. Thus,
successful wearable usability is no longer about providing technical success, but rather about creating
an optimal user experience [4].

As an example of this, Cho [5] defined wearable design requirements through a human focus,
such as Maslow’s hierarchy of needs. Maslow’s theory provides a clear and strong basis to identify
and prioritize services and design worldwide from a human point of view [3]. From this perspective,
six different human aspects that should be considered in the design of wearable systems are defined:
usability, functionality, durability, safety, comfort and fashion.
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Motti and Caine [6] defined principles related to human factors that should be incorporated during
the design phase of wearables and they included the term “wearability”, understood as the interaction
between the human body and the wearable object. Dunn [7] shared a similar view and understood
wearables as “the relationship between a worn technology and the ability or desire of the user to wear
it, is a key element in the successful design of wearable technologies”. In the same way, other authors
have also focused on the idea of “wearability”, such as Pantelopoulos and Bourbakis [8], who proposed
a new perspective for “wearability” in the specific development of sensor-based systems for health
monitoring and prognosis. In contrast to the contribution of Motti and Caine [6], and although sharing
a similar point of view, the development of this study was merely technological. The same conclusions
can be drawn from the study of Mayol et al. [9], which was based on the development of active vision
platforms. After their study, other researchers began to use the term wearability. Venere et al. have also
analyzed wearability in several works [10,11] and have undertaken research regarding a user-centered
approach for designing wearables [12].

Knight [13] also proposed a methodology for assessing the effects of wearing a computer in terms
of physiological energy expenditure, biomechanical effects, discomfort due to musculoskeletal loading
and perceptions of wellbeing through a comfort assessment. Canina and Ferraro [14] have addressed
the importance of considering not only engineering aspects but also the psycho-physical wellbeing
of users. Contreras-Vidal et al. [15] have expressed the need to take a human-centered approach to
improve interaction and to make wearables more effective, reliable, safe and engaging.

Accordingly, another similar focus aligned with the user- and body-centered research of wearables
can be found in Martijn ten Bhömer’s doctoral thesis, “Designing Embodied Smart Textile Services” [16].
The research explores how close-to-the-body products and services can become meaningful to people.
Along the line of embodied design, Tomico [17] provided a discussion about the opportunities and
challenges of designing soft wearables, applying the notion of personal meaning to different design
cases. Furthermore, in terms of design methods, Wilde et al. [18] presented a framework that enables
designers to understand embodied design ideation practices.

Another different focus within the framework of user-centered design is the application of
Universal Design Principles to wearables, as developed by Tomberg [19]. This focus helps to move the
approach to the design of wearables closer to human factors.

In terms of the transparency of data, Andreoni et al. [20] highlighted the non-intrusive monitoring
paradigm, which must be employed in order not to affect user behavior and to his/her own daily
activities. As can be seen, the study of wearables through a user-centered approach encompasses
many different alternatives. The understanding of such principles enriches and humanizes any
technologically driven field, such as that of wearables.

However, detailed information as to how requirements get identified and, particularly, how they
are evaluated and integrated in the design process has not been undertaken before. The research
outlined in this paper aims to provides a classification of design requirements and also to suggest an
evaluation procedure for wearables.

Table 1 summarizes the main key messages of the authors across the different studies
mentioned above.

Once the literature review was completed, we identified a great research opportunity in the
identification of wearable design requirements based on the consideration of both technical and human
aspects. The following sections describe the methodology and the main results of the study.
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Table 1. Authors’ key messages identified in the literature review.

Author Title Key Message

Mayol et al. [9] “Towards Wearable Active Vision
Platforms Positioning the sensor”

Development of a specific wearable
through the understanding of the

interaction of human body and
the wearable.

Knight et al. [13] “Assessing the Wearability of
Wearable Computers”

Wearables, understood as perceptions of
wellbeing through comfort assessment.

Dunn, [7] “Wearability in Wearable
Computers”

Wearables understood through the
relationship between a worn technology

and the ability or desire of the user
to wear it.

Pantelopoulos and
Bourbakis, [8]

“A Survey on Wearable
Sensor-Based Systems for Health

Monitoring and Prognosis”

Development of a specific wearable
through the understanding of the

interaction of human body and
the wearable.

Motti and Caine, [6] “Human Factors Considerations in
the Design of Wearable Devices”

Wearables, understood through the
understanding of the interaction between
the human body and the wearable device.

Contreras-Vidal, [15]
“Human- Centered Design of

Wearable Neuroprostheses
and Exoskeletons”

Human-centered approach to improve
interaction and to make wearables more

effective, reliable, safe and engaging.

Tomberg et al. [19]
“Applying Universal Design

Principles to Themes
for Wearables”

Application of Universal Design
Principles to wearables design.

Andreoni et al. [20]
“Defining Requirements and

Related Methods for Designing
Sensorized Garments”

Non-intrusive monitoring paradigm in
order to do not affect user behavior

in wearables.

Bhömer, [16]

Designing Embodied Smart Textile
Services The role of prototypes for

project, community
and stakeholders

Exploration of wearables how
close-to-the-body products and services

can become meaningful to people.

Cho, [5] “Review and Reappraisal of
Smart Clothing”

Wearable Requirements identification
through a human view based on

Maslow’s hierarchy of needs.

Tomico et al. [17]
“Soft, embodied, situated &

connected: enriching interactions
with soft wearables”

Designing soft wearables applying
notions of personal-meaning–making

Canina and Ferraro, [14]
“Biodesign and human body: a

new approach in
wearable devices”

Wearables understanding based on the
consideration of psycho-physical

wellbeing of users.

Ferraro et al. [10]
“Wearability and user experience

through user engagement: The
case study of a wearable device”

User-centered approach for the
understanding of wearability.

3. Research Method for Wearable Design Requirements Identification

Our research method for wearable design requirements identification was been based on
the analysis of seven studies that identified design requirements, taking human factors and
human–computer interaction issues into account. Although there are only a few studies, they
suggest a representative amount of the design principles that are reviewed and analyzed in this section.
Firstly, a mind map is drawn, and all design requirements are represented within the ergonomic
physical, cognitive and emotional categories. This categorization is commonly used in studies on
human–computer interaction [1] and it is useful to identify the lack of design requirements in each
ergonomic category. Figure 1 presents the described methodology.
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3.1. Reviewing and Mapping Wearable Design Requirements

First, the studies containing wearable design requirement identification were reviewed and a
mind map was drawn. This mind map shows a list of proposed design requirements divided into
the different studies’ foci and then, into the three ergonomic disciplines: physical, cognitive and
emotional. This list of proposed design requirements was gathered from seven studies that analyzed
the role of human factors in wearables. While researchers have proposed several approaches related
to technical aspects, human factors are still overlooked [1]. Moreover, the existing studies focus on
specific applications. This involves different contexts of use, which is why this study has excluded
them from this theoretical framework.

Figure 2 shows the requirements that appear in more than one study. The mind map is categorized
by the three types of ergonomics, represented in three different colors. The contributions by the
different authors are shown inside the categories. The dashed lines represent connections between
different groups that have similar meanings.
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As can be seen, “comfort” (four out of seven studies) is the most popular category, followed by
“intuitiveness” (three out of seven studies) and “movement” (three out of seven). The rest of the design
requirements are used twice in the selected studies.

As Figure 2 shows, all the requirements are classified in terms of physical, cognitive or social
ergonomics. Although all the studies considered human factors, only a few of them considered
requirements that fall within all three domains. Most of the design requirements found in these
studies were related to physical ergonomics, and only a few of them were about cognitive and social
ergonomics. This means that there is a lack of the system and that the entire design cycle.

As far as design requirements are concerned, the study resulted in a list of 52 different requirements.
Looking at the number of requirements within each group, it can be seen that there are many more
requirements included in physical ergonomics (30/52) than in cognitive ergonomics (15/52) or emotional
ergonomics (7/52).

This fact has nothing to do with their importance, but it may be related to the ease of measuring
such requirements. Moreover, each group is not independent, but rather they are intrinsically related
to each other—That is, non-compliance of any requirement in a group would directly affect the other
groups (e.g., the lack of comfort in one product could affect a user’s decision making or satisfaction).

Moreover, the different terms used interfere with the analysis of each requirement’s weight. In the
case of the term “comfort”, some studies consider only physical ergonomics, but others include aspects
such as “emotion” [12], so the use of the word is deeper in some cases than in others. This leads to the
conclusion that some works use the same term to refer to different concepts. This make it impossible to
draw conclusions about the most popular requirements without a specific methodology.

3.2. Quantitative Analysis

In order to analyze design requirements, it is important to consider not only the design requirements
but also their definition. As previously mentioned, a single term for a design requirement can have
different definitions in other studies. This means that, in order to undertake an in-depth analysis, the
definition should also be considered. To that end, this study has established the following criteria:

- The number of times a specific design requirement is used in the studies (N);
- The number of requirements inside the definition (P);
- The number of times the requirement appears in another definition or requirement (C).

Table 2 shows the definitions considered in this study for the terms used above.

Table 2. Definition of the terms used for this study.

Legend

Design Requirements These are the groups of requirements/principles proclaimed as such by the
original study

Definition This is the definition of the requirement provided by the original study.

Parameter Other aspects that are not design requirements, but do have an influence
on their measurement or validation.

This section is explained in more detail in Section 9 (Supporting Information).

3.3. Qualitative Analysis

The aim of the qualitative methodology is to establish relationships between different design
requirements. Doing this it will make it easier to create groups and to analyze cause–effect relationships
between different terms and to identify which terms have greater interconnections.

Two techniques have been used in this step: symmetric and asymmetric clustering matrices, which
are specific design tools for dealing with large amounts of data and showing interconnections [21].
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The development of symmetric and asymmetric clustering matrices is explained in detail in
Section 9 (Supporting Information).

4. Results from Wearable Design Requirements Definition

Based on the methodology followed for the identification of design requirements, we can conclude
that is it not enough to quantify the relevance of terms in different studies, but that it is necessary
to analyze the terms’ meanings. Additionally, as can be seen, the design requirements proposed by
Cho all have a strong or medium correlation with the rest of the terms. Taking this into account, the
classification model will be based on the reference model suggested by Cho. Thus, it includes the
design requirements that produced high scores in the symmetric and asymmetric matrices. Moreover,
new definitions for such design requirements will be done. In summary, the final design requirements
selection will address the following criteria:

1. The classification model will have a homogeneous structure with a balanced distribution within
physical, cognitive and emotional ergonomics;

2. The classification model will be based on the reference model proposed by Cho and will be
completed by those design requirements that produced a higher score in the symmetric and
asymmetric clustering matrices;

3. Due to the strong connection with different terms, the design requirements will be defined as
main “design requirements” and others as “sub-design requirements” or “design parameters”;

4. The design requirements and design parameters with similar meanings will be unified.

Based on the criteria described above, Figure 3 presents the suggested classification proposal.
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The definitions of the wearable design requirements represented in Figure 3 (wearable requirements
wheel model) are given in Appendix A Table A1.

5. Research Method for Wearable Design Requirements Evaluation

In a similar manner to wearable requirements identification, there are few studies that address the
issue of wearable evaluation. Because of this, the present section focuses on some studies that have
suggested similar evaluation standards in the field of human–computer interaction evaluation [22] that
can be reference models for wearables. First, a review of human–computer interaction assessment tools
is presented. Then, the relationship between the identified tools and the identified design requirements
is analyzed using a measurability analysis. Thirdly, based on the insights of previous steps, the goals
of the evaluation framework are defined. Figure 4 presents the described methodology.
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5.1. Reviewing Wearable Design Requirements Evaluation Tools

Based on the design requirements proposal, this section reviews some of the existing
human–computer interaction measurement tools, biomechanical devices and physical work assessment
tools. The aim is to link the identified design requirements with the tools and thus to suggest an
evaluation approach for testing wearables. In order to establish the relationship between the design
requirements and tools, we followed the next procedure:

1. Clustering the evaluation tools into human–computer interaction measurement tools,
biomechanical devices and physical work assessment tools;

2. Identifying the main outcomes of the evaluation tools;
3. Comparing the outcomes with the design requirements and analyzing whether or not they fit.

After repeating this procedure with all the outcomes and design requirements, the reviewed tools
(see Appendix A Table A3) can only be linked to some of the design requirements, such as satisfaction,
functionality and comfort. The results show that, through the analysis of the reviewed tools, we cannot
be sure of the design requirements evaluation. This could be due to the measurability of the design
requirements and their degree of development during the design process. Due to the lack of tools
associated to the design requirements, the following section will analyze the measurability of such
design requirements. In this way, we will be able to determine if wearable design requirements are
quantitative or qualitative and thus an evaluation approach based on other kinds of tools and processes
can be suggested.

The table that summarizes the biomechanical devices and physical work assessment tools is
included in Appendix A as Table A2.
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5.2. Questioning Measurability of Design Requirements

Analyzing whether methods are quantitative or qualitative is of great interest in the design of
wearables. On the one hand, some of the wearable design requirements are quantifiable, yet others are
not. That means that some of the design requirements require qualitative approaches to be evaluated.
The recent debate over the use of quantitative or qualitative approaches interacts with the debate over
objective and subjective measurements. Ergonomics and human factors deal with parameters that
are difficult to measure and therefore have no agreement when it comes to the method of evaluation
(Table 3). This section analyze whether the identified design requirements are quantifiable or not based
on the quantitative and qualitative dimensions defined by Sharples in [1].

Table 3. Quantitative and qualitative dimensions defined by Hignet and Wilson (2004) [23]
that will be applied to classify the design requirements as quantitative, qualitative or combined
(quantitative+qualitative).

Qualitative Dimensions Quantitative Dimensions

Words, understanding Numbers, explanation

Purposive sampling, inductive reasoning Statistical sampling, deductive reasoning

Social science, soft, subjective Physical sciences, hard, objective

Practitioner as a human being to gather data, personal Researcher, descriptive, impersonal

Inquiry from the inside Inquiry from the outside

Data collection and data intertwined Data collection before analysis

Creative, acknowledges of extraneous variables as
contributing to the phenomenon

Predefined, operationalized concepts stated as
hypotheses, empirical measurement and control
of variables.

Meanings of behaviours, broad and inclusive focus Cause and effect relationship

Discovery, gaining knowledge, understanding actions Theory/explanation testing development

Following this procedure, and in order to be able to identify evaluation tools for design
requirements, the measurability of such design requirements is analyzed and represented in Table 4.

Table 4. Classification of design requirements within quantitative, qualitative or combined parameters.

No of Quantitative
Parameters

No of Qualitative
Parameters

No of Combined
Parameters

R1 Comfort 3 1 4

R2 Safety 1 1

R3 Durability 1

R4 Usability 2

R5 Reliability 1 1

R6 Aesthetics 3

R7 Engagement 1 1

R8 Privacy 1

R9 Functionality 1

R10 Satisfaction 1

Total 5 6 12

Although the parameters are quantifiable, they also require an additional qualitative test to
test user acceptance. What is indeed a crucial issue in wearables evaluation is to test if wearable
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design requirements can be verified and validated rather than quantified. Due to these reasons, the
measurability analysis is not enough to determine and identify evaluation tools, and the following
section presents the goals of the evaluation framework in dealing with this situation.

5.3. Goals of the Evaluation Framework

As has been pointed out before, most of the wearable design requirements represent a combination
of quantitative and qualitative parameters, so the attempt to measure them through a unique approach
does not yield the most accurate results.

So far, some studies have suggested similar evaluation standards in the field of human–computer
interaction (HCI) evaluation [22]. As the existing approaches of wearables evaluation are only technical,
this section will adapt existing assertions from to human–computer interaction to the field of wearables.

The assertions contemplate the key aspects of evaluation procedures, both for processes and
products, and introduce the issues of measurement and a reference model for conducting the assessment.
If we take this into account, the suggested assertions for wearables have been modified according
to the main differences between human–computer interaction and wearables and, hence, the main
differences between their evaluations. Table 5 shows the deducted assertions for wearables based on
assertions given in the HCI evaluation.

Table 5. Suggested assertions from wearables evaluation based on human–computer interaction
(HCI) models.

Assertions from HCI Evaluation Suggested Assertions from Wearables Evaluation

A1: Evaluation is integral to the process of design.
A1: The wearables evaluation starts at the beginning
of the design process (in the case of this paper, it
starts at the discovery phase).

A2: Evaluation measures more than a product’s
features—the preceding discussion has highlighted
that evaluation involves the user’s response and the
manner in which they use the product.

A2: The wearables evaluation combines quantitative
and qualitative methods and the user is involved
from the beginning of the design process.

A3: Evaluation implies critique. A3: The wearables evaluation implies iterative design
through different prototypes.

A4: Evaluation involves measurement. A4: The wearables evaluation involves a combination
of measurements and expert analysis.

A5: Evaluation requires a comparison with a
reference model.

A5: The wearables evaluation requires a comparison
with a reference model.

6. Results from Wearable Design Requirements Evaluation Methods

Based on the insights from previous sections, the following conclusions can be obtained:

- A unique evaluation tool for each wearable design requirement does not exist;
- Design requirements validation is iterative and should be tested through a triangulation

of methods;
- Prototypes play an important role in such an iterative process.

For this reason, this section presents the evaluation proposal of design requirements based on the
integration of different evaluation tools for each design requirement. In order to suggest the evaluation
proposal, different evaluations were analyzed and are shown in Appendix A Tables A4 and A5.

As can be seen in Table 6, some methods are used several times for different requirements. In
this way, and as has been pointed out before, some requirements can be tested at the same time. For
example, we could conduct a user trial to test almost all the requirements. Depending on the design
stage and level of development, this user trial might give designers different insights.
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Table 6. Design requirements and suggested evaluation tools.

Design Requirements Improved Evaluation Proposal

R1
Comfort
Shape,
Breathability
Hygiene
Temperature
Sizing
Obtrusiveness
Movement
Weight

Washing experiments
Multi-layering experiments
Intermediate comfort user tests
Questionnaires in the first design stage

R2
Safety
Harm
Anxiety

User test in real scenario

R3
Durability
Resistance

User test in real scenario
Analysis of the estimated life cycle with the user

R4
Usability
Intuitiveness
Simplicity

Additional user test in real scenario

R5
Reliability
Precision
Effectiveness

Real scenario exploration
User test

R6
Aesthetics
Fashion
Form language

Photo-based survey
Form language definitions through meetings and focus groups

R7
Engagement
Long-term use
Engagement

User observation
Data analysis

R8
Privacy
Privacy
Subtlety

Specification definitions in meetings
Data analysis
User test
Co-design

R9
Functionality

Partial calibration experiments
Full system calibration experiments
User test

R10
Satisfaction

User observation over time
User test
Questionnaires
Co-design

In view of this situation, How Can We Connect Design Requirements and Evaluation Techniques?
In order to answer to this question, this section seeks to highlight the role of prototypes. There are
different degrees of fidelity in the development of prototypes that can be applied to wearables design.
The role of the prototype is different in each design phase. In the early stages, prototypes are mainly
used as questions or preference indicators, while in the final stages, they are used as interactivity
and functionality indicators [16,24]. In essence, they are one of the key tools for the verification
and validation stages. As a result of this view, the first stage insights are related to exploratory
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and diagnostic results, while the last stage insights show performance measurements [25,26] since
prototypes are used to conduct user evaluations and to anticipate the impact of changes [24]. On
balance, if the roles of prototypes are important in every design process, they are even more important
in such a complex and multidisciplinary field as wearables.

As with prototypes, other design techniques can also be used to evaluate more than one
requirement. For this reason, design requirements evaluation tools are not classified according to
specific requirements, but to the design process.

As a result of the reality described above, this section has developed new applications for
existing design techniques in the field of wearables. It has proposed a comprehensive framework for
testing wearable design requirements through a different approach. In particular, a list of techniques
that are already used in service or product design is suggested and combined with other existing
quantitative methods.

7. Validation

This section presents the validation process for both the wearable design requirements validation
as well as the wearable design requirements evaluation. Firstly, the contribution of the design
requirements wheel model was presented at the International Design Conference (Dubrovnik), where a
detailed explanation of the identification of wearable design requirements was presented. International
design experts that participated in the conference gave feedback about the methodology and the final
classification. Different conclusions about the evaluation procedure were also shared. As a result of
this feedback, some aspects of the classification model were modified and some ideas about how to
conduct the experts’ interviews were identified. As one example of the classification modifications,
some of the design requirements such as “functionality” and “satisfaction” were moved from Level 2
to Level 3. In other words, such design requirements were categorized as general design requirements
that contained more specific design requirements.

7.1. Survey

7.1.1. Survey Development/Methodology

The survey was developed based on the feedback gathered at the conference. That means that the
content of the survey collected the design requirements and different experts were asked to evaluate
the suggested classification, as well as to test the list of design requirements based on their experience.

7.1.2. Survey Structure

The survey consisted of four different parts. Firstly, experts were asked about their personal
experience of wearables and some of their stories were collected in written diaries. Secondly, a
design requirements classification was shown to experts and they had to eliminate or create additional
categories. Then, the same classification was extended with subcategories and design parameters and
they were asked to create or eliminate categories. Finally, they were asked to suggest specific design
or engineering tools which could be helpful to evaluate or test such requirements. The formulated
questions in the survey are shown in Table 7.
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Table 7. Questions formulated for the expert survey.

Question Format

Q1 Experience in Wearables Design
Q 1.1 Have you ever designed wearables?
Q 1.2 Which kind of wearables have you designed?
Q1.3 Which are the applications for the designed wearables?

- Open questions
- Closed questions

Q2 Which are the wearable design requirements?
Q 2.1 A list of design requirements is suggested below. Would you
eliminate any of them? Choose those which you would eliminate
Q2.2 Would you add any design requirement?

- Checklist
- Closed questions
- Open questions

Q3 Below, design requirements and specific parameters are shown.
Q 3.1 In your view, should we take following parameters into account?
Q 3.2 From those requirements that you would eliminate, why do you
think they should not been considered?
Q 3.3 Other comments

- Checklist
- Closed questions
- Open questions

Q4 How could we evaluate design requirements? - Multiple choice answer sheet

7.1.3. Participants

Seven different participants took part in the survey. Four of the experts were interviewed on site
and three of them were interviewed by electronic surveys.

In the case of on-site surveys, an email invitation was sent. It described the purpose and the main
goals of the survey, then the interview was completed face to face.

Regarding electronic surveys, an email invitation was sent and then a telephonic explication was
given to assure the recipients’ comprehension of the survey.

Participants were experts on different wearable design phases, from conceptual design and
technical design to service design. Thus, different perspectives were gathered. Three of them ran their
own business as designers, other one worked in a design consultancy, another ran their own user
experience business and the last one worked at a university. Their answers were analyzed one by one
and insights were extracted. The repeatability of answers was also considered.

7.2. Survey Results

7.2.1. Wearable Design Requirements

As a result, of the first question about wearable design requirements, two experts pointed out
that functionality was a synonym of usability, so they would choose only one of these concepts as
a design requirement. Other design requirements that were only considered for elimination by one
of the experts were durability (due to business strategy), privacy (due to the nature of wearables)
and, finally, aesthetics (because they did not consider it a main design requirement). With regard to
requirements that must be included, experts suggested interaction, industrialization, price, cognitive
overloading, and business design requirements.

Similar results were found for the next question in the survey. One of the experts suggested that
we remove life cycle, customization, fashionable, temperature, accuracy, privacy and subtlety and one
of the experts suggested that we should add cognitive overloading. Table 8 shows the responses of the
seven designers.
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Table 8. Experts’ responses to the consideration of wearable design requirements.

D1 D2 D3 D4 D5 D6 D7

R1 Comfort • • • • • • •

R2 Safety • • • • • • •

R3 Durability • • • • • •

R4 Usability • • • • • • •

R5 Reliability • • • • • • •

R6 Aesthetics • • • • • •

R7 Engagement • • • • • •

R8 Privacy • • • • • •

R9 Functionality • • • • •

R10 Satisfaction • • • • • • •

7.2.2. Wearable Design Requirements Evaluation

According to the evaluation methods, multiple ideas were gathered. By analyzing the multiple
responses, it can be concluded that some of them are the result of the expert consulting a technical
datasheet about technical and materials specifications, and others are the result of the expert having
carried out a particular experiment, such as an anthropometric or biomechanical study. In this kind
of studies, it is necessary to have the user physically present while in experiments, such as testing
the performance of a sensor or battery, the physical presence of the user is not required. fact, several
user tests in different phases are needed and, in these tests, different prototypes are required. These
conclusions are directly linked to some concepts described in Section 1.3, Design Requirements
Evaluation. Additionally, the experts suggested some classifications that are useful for this study. The
measuring methods suggested by the experts were: checking specifications in technical datasheets,
additional experiments and tests and checking existing wearables guidance.

These examples are, in essence, different quantitative and qualitative tools and methods that
experts suggest for use during the whole design process. Thus, this insight from the interviews
reinforces the reasoning behind the incorporation of a triangulation of methods.

7.3. Expert Workshop

A total of twelve participants were involved in the expert workshop: four design researchers (a
facilitator and three observers), two ergonomists, two designers, two engineers and two users. For this
workshop, two groups were created. Each of the four main expert profiles were distributed equally
among the groups. Thus, both groups were composed of an ergonomist, an engineer, a designer and a
user and they had to complete the same tasks simultaneously.

The participants were given a design brief to design a smart glove. The tasks they had to complete
were categorized as follows: design brief, brainstorming, concept definition, service blueprint,
anthropometric study, co-evaluation checkpoint, hardware selection, software selection, hardware
architecture, software architecture, prototyping, usability test, concept redefinition.

Once the tasks were finished, participants were asked to complete a co-evaluation checkpoint
that contained a list of design requirements. The participants had to specify the current degree of
fulfilment of a specific design requirement in the checkpoint. Firstly, they had to quantify the degree of
consideration of a specific design requirement from one to five on a Likert Scale. Secondly, they had to
analyze if this design requirement was applicable or suitable and explain their reasoning.
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The main objective of the expert workshop was to identity iterative points during the design process.
Once the workshop was finished, an observer analyzed the co-evaluation checkpoint templates and
worked out the degree of fulfilment of each design requirement. Additionally, they also analyzed the
rest of the templates to see how far they were modified after completing the co-evaluation checkpoint.

7.4. Expert Workshop Results

As mentioned above, the main objective of the expert workshop was to test if having a list of
design requirements helped in the design process and, additionally, to identify iterative points. Having
taken these objectives into account, the results of the workshop are shown by:

- The degree of fulfillment of the design requirements in the first round: The degree of fulfillment
is the average of the participants’ responses collected via the checkpoint templates. The aim is to
see how having a list of design requirements influenced the design process and thus to see how
the participants iterated after completing the checkpoint template;

- The degree of fulfillment of the design requirements in the second round: As before, the degree
of fulfillment is the average of the participants’ responses collected via the checkpoint templates
in the second round. The aim of collecting these values in the second round is to see how the
degree of fulfillment increases through the design process;

- Design stage influences by the iteration. The design stage, influenced by the iteration, collates the
different templates that have been modified after completing the checkpoint template (the list of
design requirements). The aim of presenting this information is to see what kinds of modifications
the experts made after completing the list of design requirements.

As a result of the process described above, it can be concluded that there is a significant difference
when providing a list of design requirements during the design process. The co-evaluation checkpoint
was completed by the experts twice: the first was completed after the anthropometric study and the
second was completed after the prototyping. As Table 9 shows, there is a considerable difference in the
degree of fulfillment of the design requirements between the first round and the second round.

Table 9. Results obtained from the analysis of the co-evaluation checkpoint application.

Group
Degree of Fulfillment of

the Design Requirements
in the First Round

Degree of Fulfillment of
the Design Requirements

in the Second Round

Design Stage Influenced by
the Iteration

GR1 2.52 3.43
Brainstorming, Prototype,

Service Blueprint,
Concept Design

GR2 3.54 4.3 Prototype, Service Blueprint,
Concept Design

Additionally, the observers analyzed the influence of the co-evaluation checkpoint on other
templates. Sometimes, the experts referred to a template that they had already completed in order to
change some characteristics. The different templates that were modified are presented in Table 9.

8. Discussion and Conclusions

Whenever the issue of wearables design is addressed, widespread doubts about the requirements
that they should meet arise. In complex products and hybrid designs, the identification of design
requirements is important because of the different factors that influence the design of a product.

In this way, this paper had two main challenges. The first one was to identify the wearable design
requirements and the second one was to suggest an evaluation approach for such requirements.

The first challenge was addressed in Sections 2 and 3. As a result, it can be concluded that
the classification of design requirements helps us to cluster design requirements and guide design
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practitioners and researchers in the design of wearable devices. In terms of the methodology used to
identify requirements, a combination of quantitative and qualitative methods was used. Firstly, when
the list of requirements was large, a quantitative methodology was applied. In this way, the relevance
of terms was considered, then a qualitative methodology was applied. In this phase, the definitions
were analyzed by different experts. After presenting our results in the International Conference of
Design [25] a report was created and some changes were made to the classifications. Finally, different
experts participated in the validation of the classification model. As the results show, the experts that
participated in the validation found that the contribution saved them time and was helpful for the
design of wearables, taking both technical and human factors into account.

The second challenge was addressed in Sections 4 and 5. Overall, it can be said that this section
opens up a greater discussion as to whether design requirements are evaluable or not. This paper
argues that there is not a one-way relationship between a specific design requirement and a specific
evaluation technique, but that there are multiple relationships. Some design requirements need specific
verification, while others should be validated according to several developmental degrees during
the design process. Thus, it can be said that the relationship between requirements and tools is not
singular, and that it depends on the context and aims of the project. Depending on the project, some
requirements are more essential than others. Additionally, a new debate about the relative applications
of quantitative and qualitative approaches has been opened. This has been an issue from the earliest
days of design-driven disciplines.

As a result of the reality described above, this paper has developed new applications for existing
design techniques in the field of wearables via two key achievements. The first is the classification
proposal based on both human and technical factors and the second is the suggestion of a new approach
to evaluate such design requirements. Both contributions were analyzed to identify the key stages of
the design process where they should be evaluated.

9. Supporting Information

This section describes some of the methodological details that were developed in order to achieve
the results of this paper.

9.1. Methodological Development of Reviewing and Mapping Wearable Design Requirements

9.1.1. Quantitative Analysis

As mentioned in the previous section, the measurement of terms is not enough to give reliable
results due to the lack of correlation in the analysis semantics, the generality of the terms and the
connection between different terms. For example, the term “comfort” is used in four different studies,
and in each one it has a different definition. In some studies, it is used as a design requirement [5,6,11]
and in others it is used as a group of requirements [13].

Furthermore, the term “comfort” is included in the definition of other design requirements, which
means that a connection could be established. In analyzing the rest of the design requirements, such as
“obtrusiveness” or “sizing”, it could also be concluded that they are included within the “comfort”
group due to their meaning. These conclusions led us to apply the criteria of quantifying the number
of requirements inside the definition (P) and quantifying the number of times a requirement appears
in another definition or requirement (C). If we go back to the term “comfort” as an example, we
will see that, inside its definition, another design requirement mentioned in another study appears
(P = 1). Comfort concerns the freedom from discomfort and pain. Users feeling enough comfort no
longer sense the device after wearing it for some time. Comfort involves an acceptable temperature,
texture, shape, weight, and tightness. Comfortable devices fit users, enabling normal movements,
without constraints.
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Flexible materials, for instance, permit normal joint movements. Smaller form factors and more
convenient sensor locations on the body can ensure comfort. As this definition shows, the term
“weight” is considered a design requirement in other studies [20]. This means that weight is considered
a critical factor when measuring comfort. Regarding the number of times “comfort” appears in
another definition, it can be seen that there are eight definitions including comfort: “wearability”,
“contextual-awareness”, “attachment”, “thermal comfort” (twice), “physiological consideration”. These
results show that “comfort” has a great relationship with other terms and definitions.

Figures 3–5 show the values of the number of times a specific design requirement is used in
the studies (N), the number of requirements inside the definition (P) and the number of times the
requirement appears in another definition or requirement (C), which were calculated by analyzing
the design requirements and the definitions of the seven reference studies shown in Figure 2. Each
figure represents the values for a specific ergonomic domain: Figure 3 shows the values for physical
design requirements, Figure 4 shows the values for cognitive design requirements and Figure 5 shows
the values for emotional design requirements. Figures 6–8 show the values of N, P and C in physical,
cognitive an emotional ergonomics consecutively.
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This quantitative method helps to set the roadmap for establishing design requirements for
wearables, but a qualitative phase is required to complete this first step. Indeed, the quantitative
analysis informs us about the connectivity of different terms, but it does not contemplate the connection
that two different requirements could have due to their definitions. Thus, the qualitative analysis
criteria are detailed below.

9.1.2. Qualitative Analysis

Asymmetric Clustering Matrix

The asymmetric clustering matrix is a design tool that compares two entities gathered during
research and shows how each set breaks down into clusters based on its relation to the other set. It
provides a systematic analysis, facilitates comparisons, reveals patterns and relationships and handles
large sets of data, making it easy to visualize. The inputs are two sets of entities based on research
findings and a matrix tool for scoring and sorting. The outputs are entity clusters based on the strength
of the relationships between them and insights about relationships between two sets of entities.

In our case, one entity is the six design requirements taken from [5], and the other is the 26 design
requirements in which N or P or C >1. Thus, the size of the matrix is six by 26, and the scoring criteria
are shown in Table 10.

Table 10. Matrix Scoring Criteria.

Score Score Strength Score Description

0 Weak relation N or P or C parameters >1

1 Medium relation Items are connected by N or P parameters

2 Strong relation Items are connected by N and P parameters

The result of the asymmetric clustering matrix is shown in Table 2, which illustrates the 27
resulting relations. Among the design requirements proposed by Cho [5], the matrix shows that the
item “comfort” has 10 relations with the rest of the design requirements proposed in the literature; five
of them have a strong relation and five of them have a medium relation. The item “safety” has five
relations, four of which are strong and two of which are medium. “Durability” has no relations with
the rest of items and “functionality” has only two medium relations. “Usability” has seven relations,
of which four are strong and three are medium. Finally, “fashion” has three relations, two of which are
strong and one of which is medium.

These results show that the design requirements suggested by [5] do not include most of the
design requirements proposed by other authors, and that aspects such as “durability” or “functionality”
have no relations or only very few relations.

Within the group of physical ergonomics, only “comfort”, “safety” and “fashion” have a connection
with the rest of the items. Regarding cognitive ergonomics, “comfort”, “safety” and “usability” are
the only ones that are connected. Finally, within the group of emotional ergonomics, “comfort”,
“functionality” and “fashion” are related, but have few connections.

Consequently, although terms from different ergonomic categories are related, a common
behavioral criterion cannot be established. The results from the asymmetric clustering matrix
are shown in Figure 9.
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Figure 9. Asymmetric clustering matrix.

Symmetric Clustering Matrix

Based on the results of the asymmetric clustering matrix, a second matrix was proposed. The aim
of the symmetric clustering matrix was to consider more items in order to achieve a higher amount of
relations between the design requirements. The design tool is similar to the asymmetric clustering
matrix, but it varies in size. In this case, design requirements with N or P or C > 1 were compared with
each other, so the matrix had 26 squares. As it is a symmetric matrix, only one half is represented.

Figure 10 shows how the design requirements are related to each other. This resulted in 37 relations,
which makes sense when taking into account the fact that more items were used. Although the number
of relations is much bigger than in the asymmetric clustering matrix, it can be seen that terms in the
same ergonomic category are connected to a greater extent than terms in different ergonomic domains.

In the case of physical ergonomics, “comfort” has the highest number of relations, followed by
“form/shape”, “safety”, “wearability” and “harm”. In terms of cognitive ergonomics, “intuitiveness”
has the highest number of relations, followed by “usability” and “affordance”. Finally, in the case
of emotional ergonomics, only a few relations can be found: “aesthetics”, “customization” and
“satisfaction”.
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Figure 10. Symmetric clustering matrix.

We found nine different design requirements which include other requirements within their
definition; “comfort” and “ease of use” are the most commonly used ones, followed by “simplicity” and
“satisfaction”. Secondly, there are 12 different requirements that appear in other definitions. Finally,
the most common ones are “comfort” followed by “intuitiveness”, “usability” and “movement”. This
leads to the conclusion that there are high degrees of interrelatedness and group ability in the design
requirements and their definitions.

As can be seen, the results of this matrix are still not firm enough to draw a behavior pattern.
Thus, based on the quantitative and qualitative analyses, the main conclusion that can be drawn is that
there are no common criteria for selecting and classifying the design requirements.
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Appendix A

Table A1. Wearable design requirements, parameters and definitions.

Requirement Parameter Parameter Definition

Comfort

Shape

The adjustment to the body region is the proper one

The device is properly attached to the user and there is no danger
of losing it.

The device fits the shape of the body region.

It is easy to put and take off the glove.

Breathability
The device is breathable and it avoids the accumulation of sweat.

The device has some slack to circulate air without compromising
fit hand.

Hygiene The device can be washed.

Temperature The temperature does not increase above the recommended value.

The protection of heat in the glove does not cause pain.

Sizing The device adapts to all the target users’ size.

Obtrusiveness
The device does not cause fatigue or decrease the comfort.

The device enables the natural body movements.

Weight The device is light.

Movement The device is sufficiently flexible to allow the natural movement of
the body region.

Safety
Harm

The device is safe it does not cause pain to the worker.

All the device components are properly attached.

Heat dissipating devices are separated from the user skin.

Anxiety The device is properly used by workers.

Durability Resistance
The device is resistive for all the life cycle previously identified.

The device is properly protected from external elements (e.g.,
hand tools).

Usability
Intuitiveness The user understands the interaction with the device in an

intuitive way.

Simplicity The device is easy to use and the feedback is presented in a simple
manner.

Reliability
Precision The device is accurate.

Effectiveness The device meets the function and the final result is achieved.

Aesthetics
Fashion The device is coherent to the aesthetical and fashion that have

been defined.

Form language The device form language is coherent to the defined one.

Customization The device is customizable.

Engagement
Long-term use The device has a long-term use.

Engagement The device is appealing for the user and he/she feels the need of
having it.

Privacy
Privacy The exchange of information is discreet and keeps user

confidentiality.

Subtlety The interaction with the device is respectful with other
people nearby.

Functionality The glove works properly (components work individually and all in all with the glove).

Satisfaction The user is satisfied with the glove.
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Table A2. Human–computer interaction (HCI) and Physical Job Demans (PJD) assessment tool
outcomes and methodology classification.

Item Tool Outcomes QN QL C

H1 KLM Time predictions of tasks x

H2 HE Quality of product x

H3 Walk-Through Quality of product x

H4 SUMI Software–product related
survey results x

H5 PrEmo Emotional response of
the product x

H6 TRUE Gameplays performance x

H7 ESM Evaluators response to
product use

Physical Job
Demands and

Biomechannical
Devices

P1 Video Posture related parameters x

P2 Discomfort Posture related parameters x

P3 Goniometer Joint angles x

P4 iLMM Axial twisting, flexion lateral
back rotation x

P5 OS Joint angles x

P6 Accelerometry Acceleration and its direction
(angles) x

P7 IMUs Acceleration, rotation,
velocity of object x

P8 NIOSH
Equation Back pain risk x

P9 MAC Questionnaire answers x

P10 RULA Scores statistics x

P11 PATH Time values x

P12 QEC Posture related parameters x

P13 ART tool Posture related parameters x

P14 Pressure
Sensors Pressure x

P15 Dynamometers Force, grip strength x

P16 Strain Gauges Force, grip strength under
repetitive movements x

P17 Force
Platforms

Ground reaction
forces, moments x

P18 Push/Pull
Gauges Forces x

P19 Electromyography Muscle activity x

P20 OVAKO
System

Assessment of
working postures x

P21 REBA Assessment of
working postures x

Legend: Quantitative method (QN); qualitative method (QL); combination of quantitative and qualitative
methods (C).
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Table A3. Biomechanical devices and physical work assessment tools reviewed.

Item Tool Outcomes Design
Requirement

Human-Computer
Interaction

H1 KLM Time predictions of tasks -

H2 HE Quality of product satisfaction

H3 Walk-Through Quality of product satisfaction

H4 SUMI Software–product
related survey results satisfaction

H5 PrEmo Emotional response of
the product satisfaction

H6 TRUE Gameplays performance functionality

H7 ESM Evaluators response to
product use functionality

Biomechannical
Devices & Physical
Work Assessmen

Tools

P1 Video Posture related
parameters comfort

P2 Discomfort Posture related
parameters comfort

P3 Goniometer Joint angles -

P4 iLMM Axial twisting, flexion
lateral back rotation -

P5 OS Joint angles -

P6 Accelerometry Acceleration and its
direction (angles) -

P7 IMUs Acceleration, rotation,
velocity of object -

P8 NIOSH Equation Back pain risk comfort

P9 MAC Questionnaire answers comfort

P10 RULA Scores statistics comfort

P11 PATH Time values -

P12 QEC Posture related
parameters -

P13 ART tool Posture related
parameters -

P14 Pressure Sensors Pressure -

P15 Dynamometers Force, grip strength -

P16 Strain Gauges
Force, grip strength

under repetitive
movements

-

P17 Force Platforms Ground reaction
forces, moments -

P18 Push/Pull Gauges Forces -

P19 Electromyography Muscle activity -

P20 OVAKO System Assessment of
working postures comfort

P21 REBA Assessment of
working postures comfort
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Table A4. Physical and cognitive workload assessment tool outcomes and classification.

Item Tool Outcomes QN QL C

Psychophy

W1 EEG Voltage fluctuations. x

W2 ECG Electrical activity x

W3 EMG Electrical activity x

W4 PPG Blood flow. x

W5 SCR Conductance of skin x

W6 SKT Blood flow in skin x

W7 Electrooculography Electrical potential x

W8 BCI EGE x

W9 Automobile Safety Report x

W10 Motor Control EMG outputs x

W11 MRI Grey matter volume x

W12 DTI White matter integrity x

W13 fMRI Relative blood
oxygenation x

W14 fNIRS Substance concentration x

W15 TCD) Cerebral blood velocity x

W16 EEG Post synaptic
electrical activity x

W17 ERP Electrical activity x

W18 nibm Electrical signal x

W19 TLX Voltage fluctuations. x

Legend Quantitative method (QN); qualitative method (QL); combination of quantitative and qualitative methods (C).

Table A5. Selected methods’ outcomes and methodology classifications.

Item Tools Outcomes QN QL C

D1 Cross cultural comparisons Brief and statistical sampling x

D2 Behavioral archeology Written brief x

D3 Behavioral mapping Descriptive video x

D4 Blueprint mapping Descriptive visual map x

D5 Cultural probes Descriptive journey diary x

D6 A day in the life Descriptive visual diagram x

D7 Contextual enquiry Purposive sampling report x

D8 Guided tours Descriptive report x

D9 Narration Descriptive written report x

D10 Shadowing Descriptive diary and map x

D11 Diaries Descriptive diary x

D12 User photo-surveys Purposive sampling report x

D13 Card sort Card layouts x
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Table A5. Cont.

Item Tools Outcomes QN QL C

D14 Affinity diagramming Affinity diagram x

D15 Foreign correspondents Statistical sampling x

D16 Brain draw Creative map x

D17 Cluster and network Connection map x

D18 User modelling Written user model x

D19 User journey mapping Visual map x

D20 Photo journal Photos x

D21 Focus/unfocus groups Written report and photos x

D22 Interviews (one-on-one) Data collection x

D23 Interviews (small groups) Data collection x

D24 Questionnaires Data collection x

D25 Collage-making Photos x

D26 Lego serious play Physical prototypes x

D27 Sketching Sketches x

D28 Artefact walkthrough Written report and visual data x

D29 Experience prototyping Written report and visual data x

D30 Body-storming Recorded report x

D31 Place storming Recorded report x

D32 Role-playing Recorded report x

D33 User personas User definition report x

D34 Design fiction Visual diagram x

D35 Storyboards Visual descriptive diagram x

D36 Storytelling Visual diagram x

D37 Usage scenarios Visual diagram x

D38 Video prototyping Visual diagram x

D39 Acceptance test Empirical evaluation x

D40 Co discovery Creative report x

D41 Cooperative evaluation Empirical evaluation x

D42 User performance trials Empirical evaluation x

D43 Usability tests Empirical evaluation x

D44 Think-aloud protocols Descriptive report x

D45 Wizard of Oz Theory testing report x

D46 Activity groups Creative report x

D47 Collaborative design Creative report x

D48 Cooperative capture Purposive sampling x

D49 Future workshop Behavior report x

D50 Service blueprint Behavior visual map x
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Table A5. Cont.

Item Tools Outcomes QN QL C

D51 Experience prototyping Theory testing action x

D52 Mood board Creative data collection x

D53 Inspiration board Creative data collection x

D54 Competitive product survey Creative data collection x

D55 Long-range forecast Statistical sampling analysis x

D56 Historical analysis Statistical sampling analysis x

D57 Brainstorming Creative map x

D58 Mind map Creative data collection x

Quantitative method (QN); qualitative method (QL); combination of quantitative and qualitative methods (C).

References

1. Wilson, J.R.; Sharples, S. Methods in the Understanding of Human Factors. In Evaluation of Human Work;
CRC Press: Boca Raton, FL, USA, 2005; pp. 1–29.

2. Cash, P.J. Developing theory-driven design research. Des. Stud. 2018, 56, 84–119. [CrossRef]
3. Duval, S.; Hoareau, C.; Hashizume, H.; Duval, S.; Hoareau, C. Humanistic Needs as Seeds in Smart Clothing.

In Smart Clothing Technology and Applications; CRC Press: Boca Raton, FL, USA, 2010; pp. 153–189.
4. Chae, H.S.; Hong, J.Y.; Cho, H.S.; Han, K.H.; Lee, J.H. An Investigation of Usability Evaluation for Smart

Clothing. In Human-Computer Interaction; Springer: Berlin/Heidelberg, Germany, 2007; pp. 1053–1061.
5. Cho, G.; Lee, S.; Cho, J. Review and Reappraisal of Smart Clothing. In Smart Clothing Technology and

Applications; CRC Press: Boca Raton, FL, USA, 2010; pp. 2–30.
6. Motti, V.G.; Caine, K. Human Factors Considerations in the Design of Wearable Devices. In Proceedings

of the Human Factors and Ergonomics Society Annual Meeting, San Diego, CA, USA, 27–31 October 2014;
pp. 1820–1824.

7. Dunn, L. Wearability in Wearable Computers. In Proceedings of the 2008 12th IEEE International Symposium
on Wearable Computers, Pittsburgh, PA, USA, 28 September–1 October 2008.

8. Pantelopoulos, A.; Bourbakis, N.G. A Survey on Wearable Sensor-Based Systems for Health Monitoring and
Prognosis. IEEE Trans. Syst. Man Cybern. 2010, 40, 1–12. [CrossRef]

9. Mayol, W.W.; Tordoff, B.; Murray, D.W. Towards Wearable Active Vision Platforms 1 Introduction 2 Positioning
the sensor. In Proceedings of the SMC 2000 Conference Proceedings. In Proceedings of the 2000 IEEE
International Conference on Systems, Man and Cybernetics. ‘Cybernetics Evolving to Systems, Humans,
Organizations, and Their Complex Interactions’, Nashville, TN, USA, 8–11 October 2000; pp. 1627–1632.

10. Ferraro, V.; Stepanovic, M.; Ferraris, S. Wearability and user experience through user engagement: The case
study of a wearable device. In Advances in Intelligent Systems and Computing; SocProS: VIT Vellore, India, 2018.

11. Canina, M.; Ferraro, V. Biodesign and human body: A new approach in wearable devices. In Research
into Design—Supporting Sustainable Product Development, International Design Conference Cumulus Kyoto 2008,
Cumulus (International Association of Universities and Colleges of Art, Design and Media); Kyoto Seika University:
Kyoto, Japan, 2008; pp. 283–291.

12. Milano, P.; Ferraro, V.; Ugur, S. Designing wearable technologies through a user centered approach Designing
wearable technologies through a user centered approach. In Proceedings of the 2011 Conference on Designing
Pleasurable Products and Interfaces, Milano, Italy, 22–25 June 2011; p. 5.

13. Knight, J.F.; Deen-Williams, D.; Arvanitis, T.N.; Baber, C.; Sotiriou, S.; Anastopoulou, S.; Gargalakos, M.
Assessing the Wearability of Wearable Computers. In Proceedings of the 2006 10th IEEE International
Symposium on Wearable Computers, Montreux, Switzerland, 11–14 October 2007.

14. Canina, M.; Ferraro, V. The biodesign approach to wearable devices. In Proceedings of the 2008 5th
International Summer School and Symposium on Medical Devices and Biosensors, Hong Kong, China, 1–3
June 2008; pp. 264–267.

http://dx.doi.org/10.1016/j.destud.2018.03.002
http://dx.doi.org/10.1109/TSMCC.2009.2032660


Sensors 2020, 20, 2599 28 of 28

15. Contreras-Vidal, J.L.; Kilicarslan, A.; Huang, H.H.; Grossman, R.G. Human-Centered Design of Wearable
Neuroprostheses and Exoskeletons. AI Mag. 2015, 36, 12–22. [CrossRef]

16. Bhömer, T.M. Designing Embodied Smart Textile Services the Role of Prototypes for Project, Community
and Stakeholders. Ph.D. Thesis, Eindhoven University of Technology, Eindhoven, The Netherlands, 2016.

17. Tomico, O.; Wilde, D. Soft, embodied, situated & connected: Enriching interactions with soft wearables.
mUX J. Mob. User Exp. 2016, 5, 3.

18. Wilde, D.; Vallgårda, A.; Tomico, O. Embodied Design Ideation Methods. In Proceedings of the 2017 CHI
Conference on Human Factors in Computing Systems, Denver, CO, USA, 6–11 May 2017; pp. 5158–5170.

19. Tomberg, V.; Schulz, T.; Kelle, S. Applying Universal Design Principles to Themes for Wearables. In
Proceedings of the International Conference on Universal Access in Human-Computer Interaction,
Los Angeles, CA, USA, 2–7 August 2015; pp. 550–560.

20. Andreoni, G.; Standoli, C.E.; Perego, P. Defining Requirements and Related Methods for Designing Sensorized
Garments. Sensors 2016, 16, 769. [CrossRef] [PubMed]

21. Liao, T.; Tanner, K.; MacDonald, E. Revealing Insights of Users’ Perceptions: An Approach to Evaluate
Wearable Products Based on Emotions. In Proceedings of the Design Society: International Conference on
Engineering Design, Delft, The Netherlands, 5–8 August 2019; Volume 1, pp. 3969–3978.

22. Kumar, V. Frame Insights. In 101 Design Methods; Wiley: Hoboken, NJ, USA, 2012; pp. 158–165.
23. Baber, C. Evaluating Human-Computer Interaction. In Evaluation of Human Work; CRC Press: Boca Raton,

FL, USA, 2015; pp. 360–379.
24. Deininger, M.; Daly, S.R.; Sienko, K.H.; Lee, J.C. Novice designers’ use of prototypes in engineering design.

Des. Stud. 2017, 51, 25–65. [CrossRef] [PubMed]
25. Jensen, M.B.; Elverum, C.W.; Steinert, M. Eliciting unknown unknowns with prototypes: Introducing

prototrials and prototrial-driven cultures. Des. Stud. 2017, 49, 1–31. [CrossRef]
26. Rowland, C.; Goodman, E.; Charlier, M.; Light, A.; Lui, A. Designing Connected Products; O’Reilly Media, Inc.:

Newton, MA, USA, 2015.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1609/aimag.v36i4.2613
http://dx.doi.org/10.3390/s16060769
http://www.ncbi.nlm.nih.gov/pubmed/27240361
http://dx.doi.org/10.1016/j.destud.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29398740
http://dx.doi.org/10.1016/j.destud.2016.12.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Significance and Novelty 
	Challenges 
	Scope 

	Review of the Literature 
	Research Method for Wearable Design Requirements Identification 
	Reviewing and Mapping Wearable Design Requirements 
	Quantitative Analysis 
	Qualitative Analysis 

	Results from Wearable Design Requirements Definition 
	Research Method for Wearable Design Requirements Evaluation 
	Reviewing Wearable Design Requirements Evaluation Tools 
	Questioning Measurability of Design Requirements 
	Goals of the Evaluation Framework 

	Results from Wearable Design Requirements Evaluation Methods 
	Validation 
	Survey 
	Survey Development/Methodology 
	Survey Structure 
	Participants 

	Survey Results 
	Wearable Design Requirements 
	Wearable Design Requirements Evaluation 

	Expert Workshop 
	Expert Workshop Results 

	Discussion and Conclusions 
	Supporting Information 
	Methodological Development of Reviewing and Mapping Wearable Design Requirements 
	Quantitative Analysis 
	Qualitative Analysis 


	
	References

