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Abstract

Wearable technologies for posture monitoring are emerging as a
way to support and enhance physical therapy treatment, e.g., for
motor control training in neurological disorders or for treating
musculoskeletal disorders, such as shoulder, neck, or low back pain.
The work presented in this thesis aims to develop fundamental design
knowledge regarding designing smart garments for rehabilitation as
there are strong implications in the interdisciplinary field of Human-
Computer Interaction, Electronic technologies, Industrial Design and
Rehabilitation.

We inventoried the interactive wearable systems for movement and
posture monitoring during upper body rehabilitation, regarding the
sensing technology, system measurements, feedback conditions,
system wearability and availability of clinical evidence.

The approach of Research-through-Design guided our design and
development of six iterations of the smart garments and motivating
feedback in different modalities. The lessons learned and insights
gained have triggered the formulation of six design lenses: Function,
Accuracy, Wearability, Aesthetics, Interactivity and Hard & Soft
connection. Subsequently, we illustrated the key considerations of
each lens and how we applied the lenses in our design iterations.

Systems have been evaluated in accuracy compared to the optical
tracking system and applicability for shoulder and torso motor control
training. The prototypes have been validated for their acceptance
by patients and health workers. The system was perceived as highly
usable and users were motivated to train with the system.

To conclude, this thesis contributes to a growing body of research
regarding the use of wearable solutions for supporting rehabilitation
training with a design that has emphasized wearability, ease of use,
aesthetic and motivating. We argue that smart garments for upper
body posture and movement monitoring technology can be of great
value for rehabilitation training
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This is Tom. He is 36 years old and he works as a graphic designer in
an internet company. He usually has quite a lot of sedentary work. Last
year he started to suffer from serious shoulder pain and needed to go to
the rehabilitation center for rehabilitation training twice a week. The
therapist reminded him of some important tips: do more training at
home, keep a good posture and keep active during your daily life. Tom
understood, however, it was challenging!

Figure 1.1 [1] illustrated his experience. In the night, Tom stood in front
of the mirror and with one hand he held the brochure demonstrating
the training exercise and subsequently raised the impacted arm. Am I
doing this right or not?’; “Should I rotate the arm in this way or not’,
“Oh, 1 miss my physiotherapist to help me.”... Tom couldn’t stop thinking
these thoughts, and it was hard to feel the training effect after one-day
of exercise.

a. B

Figure 1.1 Sketches of a user scenario: a) self-training with
indeterminacy; b) sedentary life with slouching posture; c) rehab
training with therapist’s support

In the daytime, Tom prepared a pillow for his back and he reminded
himself:” sit straight, straight and straight”. However, 3 minutes later,
he went back to his normal slouched sitting position once he started
to concentrate on his work, and he didn’t take notice of his back until
his alarm went off that reminded him to walk around. Tom felt some
indistinct pain and he was a bit frustrated, “I just couldn’t get rid of my
habit!’, he said.

“Is there anything that can help?” Tom thought.



1.1 Motor Control during Upper-Extremity
Rehabilitation

In recent years, there has been a growing need for rehabilitation as the
population is ageing, and the prevalence of age-related neurological
(e.g. stroke [2]) and musculoskeletal conditions (e.g. neck-shoulder
pain or osteoporosis) are growing. Stroke has a high incidence all over
the world [3]. In 40 to 50% of stroke survivors, the upper extremity
function is affected, leading to a decreased quality of life [4, 5]. In
musculoskeletal rehabilitation, shoulder dysfunctions are the third
most common complaint [6-8], and in neurological rehabilitation after
stroke, shoulder pain affects one-third of stroke patients [9]. Shoulder
problems affect functional arm recovery and functional arm use, which
decreases daily life performance and autonomy.

T ) Compensatory |
4 Movement

Figure 1.2 The compensatory movement in the task execution

Previous studies [10] indicate that rehabilitation improves function,
independence and quality of life [11]. It is typically the task of
physiotherapists to supervise the correct execution of exercises and,
when necessary, to remind patients to keep to the right posture or to
provide corrective feedback. Rehabilitation technology can support
training through providing different training input and feedback to
help the patients practice tasks, to improve their strength, increase
the intensity of exercise and give possibilities on home rehabilitation,
which can in turn improve training outcomes.
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While in all cases patients have to perform tasks independently or semi-
independently, the need arises to make sure they exercise correctly.
In this context, one of the most important tasks that requires lots of
attention is the detection and prevention of compensation movement
[12] during arm-hand training sessions. According to [13], motor
compensations were defined 3 different levels and our study focused
on the 2nd level which is ‘body functions/structure(performance)
level. To be more specific, motor compensation in this level refers
to perform an old movement in a new manner or include alternative
movement patterns. For example, neurological patients who have
a diminished capability to control their arm and hand, tend to
develop compensatory strategies [13] in which they use alternative
movements and muscle groups to compensate for the reduced ability
in their upper extremities: rather than reaching out to grasp an object,
they are likely to bend forward to get closer to it and then grasp it
(see Figure 1.2a). The complex movement of the shoulder (see Figure
1.3) involves a combination of movements in the scapulothoracic,
acromioclavicular, sternoclavicular, and glenohumeral joints. However,
in the performance of reaching tasks, patients with shoulder pain at
the level of the glenohumeral joint, might develop aberrant movement
patterns at the level of the scapulothoracic joint, to compensate for
limited glenohumeral motion (see Figure 1.2b). This can be seen in the
form of increased scapular elevation in the frontal plane or increased
trunk lateral flexion. Compensations might also occur in the sagittal
plane, i.e., scapular protraction or trunk flexion [14]. Applying such
compensatory strategies can be necessary for getting by in daily life,

Acromioclavicular Joint

Acromion Sternoclavicular Joint

Scapulothoracic Joint

Figure 1.3 Architecture of interactive garment



butduring training patients are asked to use their full potential towards
‘normal’ movement strategies. Compensations may decrease the
training efficiency toward recovery [15]. In regular therapy sessions,
therapists watch the patients and provide feedback verbally or even
manually (a small nudge to show direction and bounds of movement).
Notably, the range of movement they will thus allow may be patient-
dependent and also may change depending on the progress of a
patient, e.g., starting with allowing more compensatory movements
and gradually limiting the range of compensation that is permitted.

Thielman et al. [16] found that training with ‘restrained trunk motion’
during reaching tasks resulted in more significant improvements.
Another study of Thielman [17] suggested task-related training with
real-time auditory feedback as a feasible way for trunk stabilization.
Besides,researchalreadyindicatedthatin personswithmusculoskeletal
shoulder pain, a scapulothoracic posture retraining program results in
reduced shoulder disability and pain, and ameliorated scapulothoracic
movement and muscle activation patterns [18].

1.2 Wearable technologies for posture monitoring and
correction

The aforementioned observations suggest the potential usefulness of
posture monitoring and feedback technology addressing motor control
for rehabilitation training. Technology-assisted training may offer
advantages including more efficient training, the variation of training
input, ease of use and low cost [11, 19]. Posture monitoring and
correction technologies could monitor the user’s abnormal posture
and provide accurate feedback to encourage users actively adjust their
posture [20], showing potential to support rehabilitation activities
[11, 21]. In broad terms, there are five kinds of monitoring methods
available: 1) traditional mechanical systems (e.g. goniometer); 2)
optical motion recognition technologies [22]; 3) marker-less off
body tracking systems like depth camera-based movement detection
systems (e.g. Microsoft Kinect [23, 24]); 4) Robot-based solutions [25,
26]; 5) wearable sensor-based systems [27]. The present research
is primarily concerned with the latter of these approaches. While
optical solutions and off-body tracking systems are arguably more
mature and reliable than wearable systems, they constrain training
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scenarios in several ways: optical motion trackers require a large
space to operate successfully and suffer from potential occlusions.
Higher-end infrastructure-based sensing systems such as the Vicon
Tracker [22] (Vicon Motion Systems, Ltd., Oxford, UK) can be costly,
are location bound and require substantial effort for their installation,
which can hinder their wider availability and application. Recently, the
miniaturization of devices and the evolution of sensing and body area
network technologies [28, 29] have fueled an increasing emphasis
on wearable rehabilitation technology, which may offer numerous
advantages over traditional rehabilitation [30, 31], such as: low cost,
flexible application, remote monitoring and comfort [29] . Towards
the field of rehabilitation, wearable motion sensing systems have
been classified into two main categories by Hadjidj [32]: a) movement
classification including gait analysis and activity recognition; b)
movement measurements for different body segments. This thesis
focuses on the latter, specifically on re-training motor skills, as the main
goal is to develop wearable technology that monitors a patient’s motor
control during the performed activities in the context of rehabilitation
therapy.

In the context of upper extremities rehabilitation, there is particular
interest in technologies that can reduce the requirements for direct
involvement and supervision by health professionals. Wearable
sensing technology can help patients acquire the awareness of their
posture and correct it when necessary [33, 34]. For example, in stroke
rehabilitation technology can support training through providing
interactive exercises and even games, designed to help the patient
practice tasks, to improve their strength and control [35, 36]. Wearable
sensing systems open up the possibility of independent training
(without continuous therapist supervision), the provision of feedback
to the end-user as an active monitoring system, or even to enable tele-
rehabilitation scenarios [37].

Wearable systems with this purpose may involve various components,
a simplified list could be as follows: for sensing (sensors, wearable
electronics, smart textiles [38]), for processing (system control
units, data processing techniques, advanced algorithms for data
extraction and decision making, wireless communication modules
[21]), for providing feedback and interacting with the user (user
interface software, interactive games[39]) and for remote service



(cloud computing, big data and machine learning [40, 41]). Aiming to
support motor control training, it would be valuable to explore how to
contribute from the various aspects.

1.3 To design systems that are aesthetic, wearable, easy
to use, motivating and accurate

Designing and developing wearable systems for posture correction lies
at the crossroads of research fields of human-computer interaction
[42] , electronic technologies [43], industrial design [44, 45] and
rehabilitation.

Engineering research has striven to develop new and accurate sensing
devices[46], novel algorithms [47, 48] and advanced materials to
achieve high accuracy and reliability. For example, Lorussi et al. [49]
proposed using piezoresistive strain sensitive textile to detect postures.
Studies paid attention to technical validation of required accuracy and
effectiveness.

Researchers from the Human-Computer Interaction (HCI) field
also contributed to important studies that address responsive and
interactive experience, enabling hands-free interaction that expands
bodily motion [50]as input of interactive systems. Markopoulos et al.
[35]applied the approach of user-centered design to develop a watch-
like wearable device with screen feedback for stroke survivors. Luo et
al. [51] presented an interactive virtual reality system with arm suit
embedded IMU sensors. Alankus et al. [15] explored motion-based
video games for stroke rehabilitation. Various motivating feedback
mechanisms that are not limited to the application of posture-sensing
have been explored, e.g. haptics [52, 53], sound [54], color-changing
interface [55] and shape-changing interface [56].

While HCI researchers focus on the interaction design aspects,
designing wearable systems also places high demands for
intuitiveness and sophisticated physical interfaces from an industrial
design perspective. Some studies focused on integrating ergonomics
into wearable computer design [45]. Bhomer et al. presented how
conductive yarns and regular yarns are being knitted as a normal
cardigan [57] for supporting elderly people rehabilitation. Lucy Dunne
[58] investigated the impact of garment style and fit variables on the
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performance of posture monitoring garments that applications for
rehabilitation could draw lessons from.

Designing  wearable  rehabilitation  technology =~ combines
considerations from different fields, which also means that posture
tracking technology supporting rehabilitation needs to address some
diverse requirements. Considering the context of rehabilitation, it
is necessary to pay attention to the user needs of both patients and
therapists. We focused on the requirements from three perspectives:
functional requirements driven by the therapeutical purpose of the
device, technical requirements for implementation, and requirements
related to user experience. To be more specific, this research aims
to study that intersection of the distinct research areas facilitating
designing a wearable posture-sensing system to fulfill the requirements
of being aesthetic, wearable, usable, motivating and accurate. We
also aim for designing ready-to-apply systems that are simple and
convenient to operate for end users, and we focus on the factors that
may impact users’ acceptance of wearable rehabilitation technology.

1.4 Interactive garments for upper-extremity
rehabilitation

Wearable technologies benefit from multiple fields and recent
advances have promoted the sensor miniaturization, smart textiles,
computing technology and telecommunication for unobtrusive motion
capturing [29]. Wearable systems are developing towards the second
generation of wearables which has been described as Wearables 2.0
[59, 60]. Compared to Wearables 1.0 that considers wearables as
accessories (e.g. wristbands, watches, etc.), Wearables 2.0 are emerging
technologies that can be seen as everyday outfits with embedded
sensors and processing modules, to provide high-level functions and
service.

Electronic textile (E-textile) refers to a textile substrate that
incorporates capabilities for sensing, communication and
interconnection of sensors and other electronic modules with/within
fabric [61]. We can distinguish three different degrees of integrating
electronic components [62]: 1) Attached, where the textile functions as
acontainer, e.g.an accelerometer attached onavest[63]; 2) Embedded,



where electronic components are incorporated or embedded in the
fabric, e.g. wired components by conductive yarns and textiles [64];
3) Integrated, where technology is integrated into the fabric as an
intrinsic part or where smart materials are knitted or woven into the
garment’s fabric, e.g., stretch-sensing fabric acting as a motion sensor
[65]. The emergence of the latter two levels of integration has triggered
a transformation of e-textiles, from passive substrates into active
technological tools [66]. Currently, smart garments are developing
rapidly with embedded or integrated sensing technologies that hold
the promise of proper fit, comfort and unobtrusiveness.

Extrinsic feedback is important for rehabilitation training, for
supporting the motor learning process and for sustaining motivation

)
A. Feedback
ill I‘ S Cloud

B. J —  «/C

Garment

Sensor ),

Figure 1.4 Architecture of interactive garment

User

during rehabilitation [11, 67]. Previous research [68] has suggested
that extrinsic feedback may be useful for stroke survivors and may
improve upper limb motor learning. One challenge while performing
the long-term and repetitive motor control training exercise is the
effective encouragement [51]. Ideally, feedback is given continuously
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for users with low proficiency levels, and with fading frequency
schedules for more advanced users [11].

Figure 1.4 illustrates the general architecture of an interactive garment,
consisting of three main building blocks: Part A mainly focuses on
the implementation and technical feasibility of the garment, e.g. the
solutions of integrating electronics into textile [66]. Part B focuses
on the interaction with the user, e.g. how to collect data from the
users [69] and how the feedback could encourage users [51]. Part C
emphasizes the data services and data analyses techniques to enable
tele-communication with therapists, for example Chen [59, 60], who
proposed human-cloud integration based on smart clothing.

1.5 Research Objectives

While related research has been primarily concerned with developing
wearable technology with the required accuracy and clinical validity
of measurements, less attention has gone to integrating posture
monitoring with training applications, to their usability and aesthetics,
and to more general factors that are key to the eventual acceptance of
this technology for patients, such as comfort, good wearability [70] and
interactive feedback. The development of the Zishi garment reported
in this thesis aims to address these considerations while exploring
how Zishi could potentially help self-monitoring and correct the user’s
posture in a way analogous to how therapists monitor motor control of
patients during traditional physical therapy training sessions.

This thesis attempts to answer the following central research questions:

RQ1: What's the current status of interactive wearable systems
for upper body rehabilitation?

RQ2: How to design interactive posture monitoring garments
to support rehabilitation?

RQ3: What should be considered when designing the system
to support upper-extremity rehabilitation?

RQ4: To what extent can patients and therapists accept the
interactive garment for rehabilitation?

RQ5: To what extent can the interactive garment support
shoulder posture correction?



1.6 Research Approach

This research follows the approach of research-through-design [71]
where the design practice is the medium in finding answers to the
research questions and design activities as a part of doing research
[72]. Zimmerman et al. [73] argue that it is an approach with the
intention of generating new knowledge while based on designing,
evaluating and reflection. Pieter Stappers and Elisa Giaccardi [72]
sketch the field of research-through-design in a chapter in the second
edition of “The Encyclopedia of Human-Computer Interaction”. They
argue that research-through-design differs from research-for-design
as the latter refers to the focus on the design result [72]. While in
research-through-design, the design and development of a prototype
plays a central role in the generation of knowledge which could be
communicated explicitly (text documentation as the carrier) or tacitly
(prototype with framing as the carrier). In this thesis, we have applied
the approach of research-through-design by iteratively making and
evaluating the interactive garments, and this thesis presents the
knowledge we acquired in the process. The evaluations are in the
stage of pre-clinical evaluation including technical feasibility studies
and usability studies, where we focused on designing systems that are
aesthetic, wearable, usable, motivating and accurate.

Mackay et al. [74] proposed a triangulation framework that
demonstrates how scientific and design disciplines in HCI can be
integrated. This framework is a simple way to illustrate how diverse
disciplines can contribute to a complex design research problem. We
believe that their framework is a suitable way to map our research
activities, for two reasons. Firstly, as our research topic was drawn
from distant disciplines of rehabilitation, wearable technologies
and industrial design, we need to communicate our work with other
researchers and designers who are not in the mixed disciplines.
Secondly, it is beneficial to illustrate interchange of the generated
knowledge in the different research activities of design activities,
theoretical and empirical studies.

Figure 1.5 is adapted from their framework and presents an overview
of our performed activities in the PhD study and their relation to
knowledge transfer. The theoretical activities consisted of an initial
literature review [21], followed by a systematic survey (in Chapter 2)
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and the generated design lenses in six directions (in Chapter 3). The
design activities include six iterations (in Chapter 3) of the interactive
garment with earlier iterations named Zishi (the early iterations
named Smart Rehabilitation Garment in related publications [64, 75,
76] and later iterations named Zishi). The empirical studies cover both
methodical studies (e.g. accuracy study in Chapter 4 and the field study
in Chapter 5) and informative studies (e.g. some reflections based on
the user feedback in exhibitions). The figure also presents results from
the literature review which inspired the prototype design and the
question on how prototypes from different iterations deployed in the
evaluations and contributed to the formulation of the design lenses.

A variety of research methods were employed in the above-mentioned
activities:

a) In Chapter 2, we presented a systematic review study on
interactive wearable systems for upper body rehabilitation. A
systematic review is the type of literature review that provides
an objective summary and critical analysis of current articles
relevant to a research question. It is not a common research
method in the HCI community whereas it is a typical method
to summarize evidence for clinical studies and healthcare-
oriented studies. We have followed the common stages
summarized by Lindsay S. Uman [230] including 1) Formulate
the review question; 2) Define inclusion and exclusion criteria;
3) Develop search strategy; 4) Select studies; 5) Extract data;
6) Assess study quality; 7) Analyze and interpret results and
8) Disseminate findings.

b) In Chapter 4, we applied the approach of experimental design
including quantitative methods and qualitative methods [77].
In the accuracy comparison study and within-subject field
study focused on sedentary work, we collected posture data
from the users, analyzed and reported through significance
tests. In the studies regarding users’ attitudes, we applied
multiple questionnaires (see Appendix I) concerning credibity,
intrinsic motivation, technology acceptance and usability.
Besides, semi-structured interviews and other descriptive
investigations were also applied sporadically.
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1.7 Thesis outline

Figure 1.6 shows the thesis outline and how the research questions
have been answered by the chapters.

Chapter 2 is a systematic review that explores the state-of-art in the
field of interactive wearable systems for upper body rehabilitation.

In Chapter 3, we first describe the development of a smart garment,
which we call Zishi, to support trunk and scapulothoracic posture
training by monitoring compensatory movement and synchronously
providing feedback. We present the design iterations following an
iterative design process. The chapter reports six design lenses of which
designers could use the parameters while designing smart garments
for rehabilitation.

Chapter 4 follows up on evaluation studies with different iterations.
We present the output of Zishi compared to an Optical system in an
accuracy evaluation. Then we outline how Zishi was used for motor
control training and how Zishi was evaluated in terms of ‘credibility
and expectancy’, ‘usability’, ‘technology acceptance’ and ‘motivational’
aspects with its users.

Chapter 5 describes the study about using Zishi in persons during
sedentary work to explore how smart garments and supporting
applications can help office workers to maintain a good posture, and
guide them to carry out shoulder exercises at their workplace.

Finally, in Chapter 6 we present the summary of this thesis, statement
of contributions, reflections on the methodology and future works of
this research.
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Interactive wearable
systems for upper body
rehabilitation: A systematic
review.

This chapter is based on:

1. Q. Wang, P. Markopoulos, Y. Bin, W. Chen, A. Timmermans. Interactive wearable
systems for upper body rehabilitation: A systematic review. ]. Neuroeng. Rehabil.
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My contribution is in conceiving the idea, carrying out the study selection, data
extraction and manuscript drafting.
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Abstract
Background

The development of interactive rehabilitation technologies which
rely on wearable-sensing for upper body rehabilitation is attracting
increasing research interest. This chapter reviews related research
with the aim to: 1) To inventory and classify interactive wearable
systems for movement and posture monitoring during upper body
rehabilitation, regarding the sensing technology, system measurements
and feedback conditions; 2) To gauge the wearability of the wearable
systems; 3) To inventory the availability of clinical evidence supporting
the effectiveness of related technologies.

Method

A systematic literature search was conducted in the following search
engines: PubMed, ACM, Scopus and IEEE (January 2010-April 2016).

Results

Forty-five papers were included and discussed in a new cuboid
taxonomy which consists of 3 dimensions: sensing technology, feedback
modalities and system measurements. Wearable sensor systems were
developed for persons in: 1) Neuro-rehabilitation: stroke (n=21),
spinal cord injury (n=1), cerebral palsy (n=2), Alzheimer (n=1); 2)
Musculoskeletal impairment: ligament rehabilitation (n=1), arthritis
(n=1), frozen shoulder (n=1), bones trauma (n=1); 3) Others: chronic
pulmonary obstructive disease (n=1), chronic pain rehabilitation
(n=1) and other general rehabilitation (n=14). Accelerometers
and inertial measurement units (IMU) are the most frequently used
technologies (84% of the papers). They are mostly used in multiple
sensor configurations to measure upper limb kinematics and/or
trunk posture. Sensors are placed mostly on the trunk, upper arm, the
forearm, the wrist, and the finger. Typically, sensors are attachable
rather than embedded in wearable devices and garments; although
studies that embed and integrate sensors are increasing in the last 4
years. 16 studies applied knowledge of result (KR) feedback, 14 studies
applied knowledge of performance (KP) feedback and 15 studies
applied both in various modalities. 16 studies have conducted their
evaluation with patients and reported usability tests, while only three
of them conducted clinical trials including one randomized clinical



trial.
Conclusions

This review has shown that wearable systems are used mostly for
the monitoring and provision of feedback on posture and upper
extremity movements in stroke rehabilitation. The results indicated
that accelerometers and IMUs are the most frequently used sensors,
in most cases attached to the body through ad hoc contraptions for the
purpose of improving range of motion and movement performance
during upper body rehabilitation. Systems featuring sensors
embedded in wearable appliances or garments are only beginning
to emerge. Similarly, clinical evaluations are scarce and are further
studies needed to provide evidence on effectiveness and pave the path
towards implementation in clinical settings.

2.1 Background

In musculoskeletal disorders, such as disorders of the neck-shoulder
complex or osteoporosis, and in neurological disorders such as
stroke, the integration of posture awareness of the upper trunk and
shoulder complex as a stable basis for upper limb movement is an
essential component of rehabilitation [78-80]. Therefore, feedback
on the posture of the trunk and shoulder complex and feedback on
upper limb movement may be supportive of motor learning [27].
Although the pathological mechanisms of posture deviation during
static conditions (standing, sitting) or during movement performance
(upper limb activities, posture during gait) are quite different
across the above mentioned patient populations the corresponding
therapeutic approaches share an emphasis on increasing patient
awareness of correct posture and movement patterns and the provision
of corrective feedback during functional task execution. In all of the
above patients, intrinsic feedback mechanisms that inform the patient
(e.g. proprioceptive cues) are impaired [67, 81, 82] and extrinsic
feedbackis advocated to relearn correct joint positions/posture during
movement. Traditionally extrinsic feedback is provided by a therapist,
so this way of learning is very time consuming and difficult to carry
out independently, e.g. during home exercises. Suitable rehabilitation
technologies can potentially play an instrumental role in extending
training opportunities and improving training quality.
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Posture monitoring technologies show great benefits of supporting
rehabilitation activities [21, 27]. Generally, the five categories of
methods for posture monitoring are: mechanical, optical motion
recognition system [22], depth camera-based system [23, 24] , robot-
based solutions [25, 26] and wearable sensor-based system [27]. A
substantial number of wearable posture/motion monitoring systems
for rehabilitation have been reported in literature in recent years [28-
31], though very few have been used in clinical studies. Some studies
introduce innovative wearable sensing technologies, e.g. Kortier et al.
[83] developed a hand kinematics assessment glove based on attaching
aflexible PCB structure on the finger that contains inertial and magnetic
sensors. Tormene et al. [84] proposed monitoring trunk movements
by applying a wearable conductive elastomer strain sensor. Studies
like this are primarily concerned with demonstrating the accuracy
and reliability of the technology they introduce. Another body of
research concerns evaluations of existing rehabilitation technologies
in terms of their validity. For example, Uswatte et al. [85] conducted a
validation study of accelerometry for monitoring arm activity of stroke
patients. Bailey et al. [86] proposed a study on a accelerometry-based
methodology for the assessment of bilateral upper extremity activity.
Lemmens et al. [87] report a proof of principle for recognizing complex
upper extremity activities using body worn sensors.

There are a few examples of a literature that grows fast. The need
arises to classify related works and identify promising trends or open
challenges in order to guide future research. To address this need,
there have been several reviews of research on wearable systems for
rehabilitation, which take quite diverse perspectives on this vibrant
field. An early review by Patel et al. [29] takes a very broad perspective
that covers health and wellness, rehabilitation and even prevention,
reviewing wearable and ambient technologies. Hadjidj et al. [32],
provide a non-systematic review of literature on wireless sensor
technologies focusing on technical requirements. Some studies focus
on physical activity monitoring [88, 89] a technology domain that
has had substantial growth and impact, but which is not specific to
rehabilitation. Allet et al. [89] review wearable systems for monitoring
mobility related activities in chronic diseases; this review covered
mostly systems measuring general physical activity and found no
works reaching the stage of clinical testing. Some studies provide



an in-depth overview of movement measurement and analysis
[90-92] technologies, though these are not necessarily integrated
in rehabilitation systems and are usually still at the stage of proof of
principle for a measurement technique. Vargas et al. [93] reviewed
inertial sensors applied in human motion analysis, and concluded
that inertial sensors can offer a task-specific accurate and reliable
method for human motion studies. A couple of recent surveys [38,
94] have reviewed e-textile technologies applied in rehabilitation,
though one of their main conclusions was to identify the distance
separating the requirements for applying textiles to rehabilitation
from the current state of the art. Also, they identify that the potential
of providing feedback to patients based on textile sensing remains
largely unexplored. Some studies concentrated specifically about
how feedback influences therapy outcome [68, 95, 96], however
the systems involved are not only wearable systems and all these
reviews date 6 years or longer. Wang et al. [21] reviewed wearable
posture monitoring technology studies from 2008 to 2013 for upper-
extremity rehabilitation, yet unlike the present article, no systematic
comparisons based on technology, system usability, feedback and
clinical maturity were provided. In line with Fleury et al. [38] they
found that only a few studies report the integration of wearable sensing
in complete systems supporting feedback to patients, and very few of
those have been tested by users with attention to the usability and
wearability. Given the limited nature of that survey, such a conclusion
was tentative calling for a systematic survey to gauge the state of the
art in upper body rehabilitation technologies that integrate wearable
sensors. The focus of the present survey is different regarding to the
sensor type and placement, and rehabilitation objective. The present
article contributes a different perspective to these surveys by critically
reviewing and comparing systems comprising of feedback to support
upper body rehabilitation with regard to their functionality and
usability. In this review, we focus on interactive wearable systems that
provide feedback to end-users for rehabilitation. In addition, in order
to review the latest and most innovative technological solutions that
shed alight on the state of the art wearable solutions for rehabilitation,
only articles published later than 2010 are considered.

The translation from a technical tool towards a clinically usable system
is not straightforward. Prerequisites for therapists and patients to
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use technology supported rehabilitation systems are the easy-to-use
character of the system, its added value to their habitual rehabilitation
programs and its credibility. Besides, it is of major importance to
design the system feedback as this positively influences motivation and
self-efficacy [11]. Advanced technologies provide increasing possible
forms of feedback and a growing number of studies used interactive
wearable systems to motivate patients in the intensive and repetitive
training.

As such, the purpose of this review is to provide an overview of
interactive wearable systems for upper body rehabilitation. In
particular, we aim to classify from the following aspects:

1) To inventory and classify interactive wearable systems for
movement and posture monitoring during upper body rehabilitation,
regarding the sensing technology, system measurements and feedback
conditions;

2) To gauge the wearability of the wearable systems;

3) To inventory the availability of clinical evidence supporting the
effectiveness of related technologies.

2.2 Method

2.2.1 Literature search strategy

A literature search was conducted in the following four databases:
PubMed, IEEE Xplore, ACM and Scopus. Papers addressing the following
aspects were selected: rehabilitation, upper body, posture/motion
monitoring, and wearable systems. MeSh (Medical Subject Heading)
terms or Title/Abstract keywords and their synonyms and spelling
variations were used in several combinations and modified for every
database. Articles published from January 2010 to April 2016 were
reviewed. The general search strategy including the used search terms
are listed in Table 2.1. This search includes refereed journal papers
and peer reviewed articles published in conference proceedings. Only
English articles are included.



Table 2.1 Literature search strategy

Rehabilitation “rehabilitation” OR “telerehabilitation” OR
“motor activity” OR “physical therapy” OR
“telemedicine” OR telemetry OR “motor
learning”

AND

Upper body “upper body” OR “upper extremity” OR “spine”
OR “back” OR “arm hand” OR “shoulder” OR
“elbow” OR “wrist” OR “joint”

AND
Posture / (“monitor” OR “motion” OR “posture” OR
“sensing” NOT “walking”) OR (“acceleromet*”
movement
OR “inertial sensor” OR “ sensor system” OR
monitoring “sensor network” OR gyroscope OR MEMS OR
IMU)
AND

Wearable systems | wearable OR garment OR textiles OR wireless
OR mobile OR “smart phone”

2.2.2 Study Selection Process

The article selection process consisted of following steps using the
PRISMA [97] guidelines (see Figure 2.1) A computerized search
strategy was performed for the period January 2010 until April 2016;
2) After removal of duplicates, two independent reviewers (QW and
BY) screened titles and abstracts of the remaining articles; 3) The
same 2 independent reviewers read the full texts and selected articles
based on the inclusion/exclusion criteria. In cases where a journal
paper covered the contents reported in the earlier conference
publications, the journal paper was preferred over the conference
paper. In cases where the overlap was only partial, multiple publications
were used as sources, but only counted as one in our statistics and
table entries. The consensus rates were 90.5 and 81% respectively
during the first and second review rounds; disagreement was resolved
by discussing reasons for exclusion. When authors had published
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several studies on same research initiative, only the most recent
studies were retained. In cases of disagreement between the two
reviewers, a third reviewer (WC/AT) decided whether the article
should be included or not.

c

"% Articles returned from database search (n =2181)

2—: PubMed: 644  |EEE: 755

g ACM: 540 Scopus:242

y

50 Title and abstract screening Additional articles added

E (n=281) through other sources

§ PubMed: 58  IEEE: 94 (n=18)

A ACM: 77 Scopus:52

J
— ’ Studies excluded (n=254)
= Full-text studies screened on with reasons:

2

% inclusion and exclusion criteria not a wearable system for

:::D (n=299) rehabilitation (n=77);

- without feedback (n=86);
— not for upper body posture
) Y monitoring (n=56);

S 45 full-text studies selected and for activity recognition (21);

3 analyzed robotic or exoskeleton system

£ (14)

N

Figure 2.1 Prisma [97] flowchart of the results from the literature search.

Inclusion criteria:
a) The articles concern a wearable system.

b) The system is intended for rehabilitation purposes (in home and
community settings).

c) The study includes upper body training (upper extremity, neck,
spine).

d) The system described is a movement tracking or posture monitoring
system



e) The wearable systems provide feedback to the end users of their
training results or performance

g) Articles were published in the last 6 years

h) Articles were written in English

Exclusion criteria:

a) Prosthetics, coaching and information/educational systems
b) Activity recognition systems

c) Robotic system or exoskeleton

d) The study sticks adhesive sensors to human skin directly
e) Reviews

f) Books

2.2.3 Data extraction process

Two researchers (QW and BY) extracted data independently according
to a predetermined template. The extracted data included the
technology used, the sensor placement, the feedback, validation test
level, the wearability of the system, and its purpose (patient category,
posture or trunk rehabilitation). As for feedback, the researchers
classified feedback according to the feedback modality (knowledge of
results feedback/knowledge of performance feedback, concurrent/
terminal, vibrotactile/auditory/visual). With regard to the level
of validation, it was noted whether the paper reports a technical
performance evaluation, an empirical usability test, or a clinical trial
to assess the effectiveness of the technology. In addition, this review
follows the taxonomy of (WSN) for clinical rehabilitation applications

proposed by Hadjidj et al. [32] in 2013.
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2.3 Results
2.3.1 Database Search and paper lists

An overview of the results in the different stages of the article selection
process is shown in Fig. 1. From the 2181 articles that were identified
with the search strategies, 45 papers are included in this review after
the selection process. The primary features of the surveyed systems
are summarized and compared in Table 2.2.

Table 2.2: Summary of the paper lists and features (in the end of this
chapter)

2.3.2 Taxonomy Structure

To better understand the emerging phenomenon and classify the
systems, a new cuboid taxonomy (shown in Figure 2.2) has been
proposed, which consists of 3 dimensions: sensing technology,
feedback modalities and system measurements. Each dimension
pertains to a group of different categories, and has no orientations.
These dimensions are key principles for interactive wearable systems
for upper body rehabilitation. One dimension is “sensing technology”,
it inventories the involved advanced sensing techniques such as Acc/
IMU, Flexible angular sensor, E- textile and Others. “Feedback” is
another dimension that is essential for interaction between the user
and the wear- able systems. Feedback concerns different modalities,
namely Visual, Auditory, Haptic and Multi-modal modalities. A third
dimension is “measurement”. Every system provided different
measurements of upper body kinematics which is the basis of building
a suitable application for specific pathologies. In our taxonomy,
“measurement” includes: Range of Motion, Amount of Use and Body
Segment Posture. All the 45 articles have been positioned in the cuboid
layers, and thereby the features of each system are clearly visualized.
Some systems overlap multiple cells. Remarkably, most papers (n=28)
are located at the overlap cells of using Accelerometers or IMU sensors
and providing visual feedback. We will discuss more details in following
sections.
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Figure2.2 Taxonomy of interactive wearable systems regarding sensing technology, system
measurement and feedback modalities.
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2.3.3 Status of Included Sensing Technologies

KPF sensor
Stretch sensing fabric
Electrical lead
Gyroscope

Tilt sensor

LDR sensor
Magnetometer
OLE

Flex sensor
IMU
Accelerometer

0 5 10 15 20 25

Number of studies

Figure 2.3 Sensing Technology Overview

Figure 2.3 summarizes the number of studies (horizontal axis) and
the different technologies that are used (vertical axis). Some studies
involved different technologies in their system. The involved sensing
techniques could be classified into 4 categories:

1) Acc/IMU: accelerometer, gyroscope, inertial measurement unit
(IMU);

2) Flexible angular sensor: flex sensor, optical linear encoder (OLE);
3) E-textiles: electrical lead, knitted piezoresistive fabric (KPF) sensor,
stretch sensing fabric;

4) Others: tilt sensor, magnetometer, light dependent resistor (LDR)
Sensor.

The accelerometer and IMU sensor are the most frequently used
technology within the included feedback systems (used in 38 out of
the 45 papers). An accelerometer measures proper acceleration, a
gyroscope measures angular velocity, a magnetometer measures
magnetic field, and an IMU uses a combination of these three. Systems
based on accelerometer or IMU measurements normally consist of
several sensor nodes, and can measure kinematic parameters such



as orientation, position, velocity, as well as complex body posture
and joint range of motion. Micro-electro-mechanical system (MEMS)
technology has enabled the development of miniaturized inertial
sensors [30].

In 20 studies [15, 35, 41, 63, 80, 98-101, 102-112] accelerometer(s)
have been integrated: eight of them proposed a single-accelerometer-
based system including the studies based on a smartphone built-in
sensor, three studies proposed the fusion of an accelerometer with the
gyroscope [100], optical linear encoder (OLE) module [104] and flex
sensor [102] respectively, while other studies lean on accelerometer
combinations.

Eighteen studies [10, 37,39, 51, 54, 27, 113-124] applied IMUs in their
systems, three [54, 116, 118]of them relied on a single sensor module.
Most systems used 2-4 sensors, but studies that aimed for finger
movement monitoring utilized more sensors [120, 121]. Hermanis et
al. [122] proposed a novel system that may acquire data from up to
200 sensors, and have demonstrated a smart fabric which integrates
63 sensors in a wearable sensor grid architecture. Two studies [15,
39] used Wii remote as a sensing device and five studies utilized
smartphone built-in sensors [41, 54, 112, 116, 118] supporting the
growing trend for the use of smartphones for rehabilitation.

A flexible angular sensor includes a flex sensor and OLE strip.
Deformation of the substrate of the flex sensor leads to a resistance
output correlated to the bend radius. Ambar et al.[102] proposed
a multi-sensor system with a flex sensor, force sensitive sensor and
accelerometer. OLE consists of an infrared emitter and a receiver,
which converts light information in to distance, the infrared light is
reflected off the reflective code strip [104]. Flexible angular sensor
arrays have been used on the finger for joint motion tracking. Luo et al.
[51] located multi-point OLE strips on different finger segments while
Saggio et al. [125] and Halic et al. [126] utilized flex sensors.

Three studies used e-textiles as sensors in their systems. Bhomer et
al. [65] proposed a knitted garment based on stretch sensors made of
conductive yarn. Klaassen et al. [37] applied “e-textile” goniometers
based on knitted piezoresistive fabrics (KPFs), integrated KPF strain
and KPF goniometers with IMU’s into a multi-modal sensing system.
Friedman et al. [127] located six electrical leads on a glove, registering
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the electrical connection.

Besides, some researchers explored other metrics. Rahman et al. [119]
and Salim et al.[128] proposed a glove-based motion detecting system
by integrating LDR sensors and tilt sensors separately.

2.3.4 System Feedback

Feedback is important for rehabilitation training, for supporting the
motorlearning processinmusculoskeletaland neurological pathologies
[11, 95], and for sustaining motivation during rehabilitation [67].

Feedback Modalities

Table 2.3 classifies the different feedback modalities used in the
included studies.

Table 2.3 Systems Feedback

Visual Abstract (lines, curves, [27,35,98,102,103, 128][10,
gauges, bars, or point.) 37,41,105,108, 112, 124]
3D model of limb [99-101, 104,117,120-122,
or human body or 125]
structure
Game [39,63,113,118,126,129]
Haptic Vibrotactile display [106,107,115,119]
Auditory Musical pattern [54]
Multi-modal [51, 65,80,109-111, 114,
116,123,127,130, 131]

Visual display is the most common (n=40) way to provide feedback.
With visual feedback, the users learn a motor task by therapeutic
intervention (training instruction that needs to be achieved) or
from the patient him/ herself (to compare to the correct/desired
movement). In many simple tasks, the task-relevant variable has been
represented on a normal screen in a simple abstract form of lines and



curves [41, 98, 102, 103, 105, 112], gauges [27, 108], bars [35, 128],
or a combination for showing different parameters [10, 37, 124]. For
feedback on simple task performance, a numeric or graphic display
might be sufficient, since the small number of relevant variables can be
meaningfully and directly represented with high information clarity.
Besides simple abstract feedback, the global feedback [21]about the
posture and position could be provided in a more natural way, which
is classified as natural visualizations [132]. The 3D representation
could be a virtual teacher/trainer [100, 101, 117, 130]Jor a 3D
model of a limb/hand [99, 117, 120, 121, 125]. To provide quick and
accurate feedback, some researches [104] have applied a simplified
3D mechanical model instead of a virtual human model to reduce the
rendering time of the image. To motivate the users to practice or train
longer, in several systems [39, 63,113,118, 129], the visual displays are
incorporated into a training game for motor learning, 4 more studies
[15, 51, 111, 127] also involved sound or haptic feedback in their
games. Besides, some systems combine visual and other modalities as
multimodal feedback systems [65, 109, 110, 114, 116, 123, 130]with
the aim of enhancing learning effectiveness by reducing the cognitive
load required for information processing.

In a study by Nguyen et al. [104], a virtual arm was driven by the
subject to reach a virtual ball in the simulation environment, while the
ball was controlled to move in a predefined route to guide both the real
and virtual arm movements. Our results show that virtual reality has
been commonly used within the included studies (three studies [51,
99,130]in 2010, two [104, 113] in 2011, one [117] in 2013, three [39,
120,129]in 2014 and one [121] in 2015). Further to using a computer
screen as a visual feedback display, the emergence of smartphones is
reflected on the number of the systems providing feedback on smart-
phones: 0 in 2010-2012, two [65, 116] in 2013, five [103, 108, 118,
126,128] in 2014, four [41, 110,111, 122] in 2015 and two [112, 123]
in 2016.

Vibrotactile displays have been applied in wearable systems for giving
information about navigation and directional information [115]. Luster
et al. [107] use vibrotactile cues to provide positive reinforcement
when performance goals are met during training practice in chronic
stroke. The vibrotactile feedback can be located at specific points of
interest, such as the forearm [115] or at C7 and T5 level of the spinal
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column [123], but may also cover a large limb area. Panchanathan et
al. [119] developed a flexible vibrotactile strip that can be worn on the
body for rich haptic communication. In addition, actuators’ placement
for vibrotactile feedback needs to be considered. For example, Ding
et al. [130] mentioned the threshold distances for two vibrotactile
actuators. These strips may be combined to create wearable two-
dimensional haptic feedback. The capability of haptic feedback for
presenting precise or complex information is limited, therefore they
are often used in combination with visual/ audio feedback as a multi-
modal feedback [109, 110, 123, 130].

Although only one study utilized auditory feedback as the exclusive
feedback modality in their system [54], Newbold et al. [54] explored
musically-informed movement sonification for stretching exercises,
using stable sound to facilitate stretching exercises and unstable sound
to avoid overdoing. Auditory feedback plays important role within the
studies providing multi-modal feedback. For example, as a simple and
clear notification of error or reward, e.g., as a beeping sound [123].
Furthermore, Bhomer et al. [65] proposed a more complex system in
which the sound reflects the movement of the wearer as the pitch or
volume of a tune is controlled by the stretch of a fabric sensor. Friedman
etal. [127] encouraged the subject to hit notes with music feedback to
practice hand function.

Feedback content and timing

Regarding to the content of feedback, most wearable systems present
the skill outcome or goal achievement, defined as knowledge of results
(KR) [133]. Examples are the summary feedback of the achieved
number of specific training activities [35], movement parameter scores
(range of motion, quality of movement)[27] , successful repetition
number [41, 105, 113, 124]. Knowledge of performance informs about
the movement characteristics that led to the performance outcome
[133]. One common way is to present kinematic information such as
position, time, velocity, and patterns [99, 100, 103, 104, 113]. Ding
et al. [115] and Panchanathan et al. [119] proposed feedback on arm
movement performance by vibrotactile feedback on directing towards
the correct posture. Panchanathan et al. [119] also indicated the
speed errors and how to correct them. Within the included studies, 16
studies applied KR feedback, 14 studies applied KP feedback and 16



studies applied both.

Eleven studies utilized game scenes to make repetitive movement
more engaging for the patient and to motivate them to practice or
train longer. Examples are grasping activities [39, 51], arm or finger
movement performance [111, 118, 126, 127, 129], upper limb
trajectory indication [113], and feedback based on compensatory
movements within the games [15, 63, 80] .

Bandwidth feedback is defined as feedback given only when a
movement error exceeds a certain threshold [132]. Bandwidth
feedback is beneficial for personalized feedback to individual patients.
Four papers [15, 63, 80] set compensatory movement limits as the
trigger for game effects; another three studies used the reference
position as a threshold [115, 123, 124].

With regard to timing, feedback can be given during the training
execution (concurrent feedback) or after completion of the training
(terminal feedback) [132]. Concurrent feedback has been suggested
to be effective for beginning users and terminal feedback may benefit
more the skilled user [11]. Most included studies (n = 29) applied
concurrent feedback strategies, 11 studies used both concurrent and
terminal feedback, only 5 studies used terminal feedback, 4 of them by
means of KR feedback and one study applied both.

2.3.5 Measurement

Wearable systems for the registration of body segmentjoint kinematics,
give feedback on movements like flexion, extension, abduction,
adduction, rotation and parameters such as time and speed. Hence the
dimension “measurement” could be classified into: range of motion
(movementdistance around joint or body part), amount of Use (activity
amount of body segment) and body segment posture (specific posture
or body segment to target spatial location). Similar measurements
may support various rehabilitation purposes and patient populations.
Details of each study are presented in Table 2.

Measurement for different rehabilitation purposes

The included studies for upper body rehabilitation, had following aims:
improve active joint range of motion, improve movement performance,
improve movement coordination, improve posture, improve muscle
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strength, overcome learned non-use and improve performance of ADL
(activities of daily living) skills.

Sixteen studies [10, 27, 37, 54, 99, 101, 103, 104, 112, 114, 116, 117,
120, 121, 124, 125] focused on the measurement of range of motion
(ROM) with the common purpose of improving active joint range of
motion. Studies by Timmermans et al. [27] and Parker et al. [10]also
concentrated on improving ADL skills for Stroke. Harms et al. [125]
aimed at improving posture and Newbold et al. [54] aimed at reducing
pain during rehabilitation in chronic pain patients.

The “Amount of Use” is used in 8 studies [35, 65, 102, 105-109]. Two
studies [35, 107]targeted at bilateral arm movement detection (use)
to overcome learned non-use and 2 studies [35, 102] mentioned
improving ADL skills. Jeong et al. [105], Myllymaa et al. [106], Bhomer
et al. [65], Friedman et al. [108], and Holden et al. [109] intended to
motivate the amount of exercise during general rehabilitation.

The category “Body Segment Posture” includes 24 studies [15, 27, 39,
41, 51, 63, 80, 98, 100, 110, 111, 113-115, 118, 119, 122-124, 126-
130] about measurement of specific posture such as compensatory
movement [13] and motion guidance. Most (16 out of 24) systems
aimed for improving movement performance as these studies help
users understand the desired motions and guide them through correct
movement patterns, followed by 7 studies for improving posture, two
for improving ADL skills and one for improving coordination [127].

Measurement for different target population

In addition, we inventoried the target population addressed by
interactive wearable systems (Table 2.4). Three categories are
identified: 1) Neuro-rehabilitation: stroke (n = 21), spinal cord injury
(n = 1), cerebral palsy (n = 2), Alzheimer (n = 1); 2) Musculoskeletal
impairment: ligament rehabilitation (n = 1), arthritis (n = 1), frozen
shoulder (n = 1), bones trauma (n=1); 3) Others: chronic pulmonary
obstructive disease (n=1), chronic pain rehabilitation (n=1) and other
general rehabilitation (n=14).



Table 2.4: Classification based on target population

Neuro- Stroke [10,27,35,37,39,51, 80,
Rehabilitation 102,104, 107,109, 113, 115,
118,123-125,127,128, 130,
131]
Spinal cord injury [111]
Cerebral palsy [63,129]
Alzheimer [65]
Musculoskeletal | Ligament [98]
impairment rehabilitation
Arthritis [121]
rehabilitation
Frozen [41]
shoulder
rehabilitation
Bones trauma [122]
Others COPD(chronic [116]
obstructive
pulmonary disease)
Chronic pain [54]

rehabilitation

General rehabilitation
(hand, elbow,
shoulder, total upper
extremity), no specific
pathology

2.3.6 System Wearability

Sensor placements

[99-101, 103, 105, 106, 108,
110,112, 114,117, 119, 120,
126]

Figure 2.4 illustrates the sensor placement for all the studies included

in this review with the intention of showing an overview of the sensing
module distribution on the upper body. The papers of Hermanis et al.
[122] and Bhomer et al.[65] have not been included in this figure,
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since the sensor grid system edcba [122] is capable of acquiring up to
63 sensors as a smart surface that can be worn on the back in the form
of a blazer vest and the sensing areas knitted garment [65] based on
smart textiles could cover the upper body instead of specific points.
For the remaining articles, we have found that the main concentration
of sensors is on upper arm (n= 16), forearm (n= 11), wrist (n= 14),
elbow (n=9), trunk (n= 13 including location on chest and back) and
finger (n=7).

Wearable design

Wearability has been defined by Gemperle et al. [134]as the interaction
between the human body and wearable objects. Wearability is one of
the key aspects for the acceptance of wearable systems; especially
wearable systems that are aimed for long-term monitoring have high
requirements for comfort.

From a system implementation perspective, the integration level
of electronics and textile influences the wearability to a high extent.
The integration level pertains to how electronic parts are embedded
in a wearable system. Based on Seymour et al.[62], the integration
level is distinguished into following categories: 1) Attachable, using a
container like pocket or strapped with bands; 2) Embedded, sensing
parts physically embedded into fabric, such as by conductive yarns;
3) Integrated, smart textiles sensors. In the second category, there
are two ways to embed the sensing parts into the wearable system:
with standard copper wires and with conductive yarns. Various ways
of locating the sensors in the right places have been proposed. To
be more specific, this review classified as follows: a) most included
systems are in the stage of being attachable (n = 29) [10, 27, 35, 39,

i

HHH

i
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i

iasazsassas)

2010 2011 2012 2013 2014 2015 2016

B Attachable BEHEmbedded with normal wire B Embedded with conductive textile M Integrated

Figure 2.5 Overview of Integration classification.
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41,51, 54, 63, 80,98-100, 102,103, 105, 106,108,109, 111-116, 118,
124-126, 131], which is easy for prototyping and easy for operation of
the system with a single device [63]; b) fewer studies are in the stage
of embedded systems with normal wires(n = 10) [101, 104, 107, 110,
117,120,122,128-130]; c) for availability even fewer systems sensors
are embedded in the fabric with conductive yarns (n = 2) [119, 123];
d) integrated into smart textiles (n = 3) [37, 65, 127]. Besides, O’flynn
etal. [121] proposed a glove combined stretch- able substrate material
and IMUs by customized PCB board doesn’t require fabric platform.

Figure 2.5 summarizes the number of studies in different type of
integration and in different years. Compared to systems in attachable
level, embedded systems are more aesthetic and less bulky. Although
the systemsinintegrated level with fabric-based sensing enhanced both
comfort and aesthetics, the accuracy and flexibility supporting multi-
DOF is limited [65, 121]. However with the emerging developments
in smart textiles [37, 38], fabric-based sensing are showing great
potential.

Wearable factors and requirements

Apart from system implementation issues, the efforts on improving the
systems wearability can be classified in three levels: proposing a sensor
package/platform design criteria/requirements [35, 114, 117, 123,
127]; including wearability related questions during the evaluation
of the system with users [107]and, finally, reporting lessons learned
about system wearability [105, 113, 119]. Table 2.5. summarizes
claims made about wearability in these articles. Although the wearable
systems are quite different, these quotes demonstrate current design
requirements for wearability and how factors pertaining to wearability
support these requirements. The relationship is illustrated in Figure
2.6.



Table 2.5: Quotes list about wearability requirements from included
studies

[104] Q1. “does not restrain the human movement”; Q2.
“without slipping on users’ skin”;

Q3. “be easy to wear”; Q4. “fit to human arms with
different size”;

[115] Q5. “consideration of minimum critical distance for two
adjacent vibrotactile actuators”

[114] Q6. “unobtrusive and not limit the skin and muscle
motion”;

Q7. ”"place sensor on bones, ligaments and between
muscles”;

Q8. “with some flexibility in positioning”;

Q9. “provide additional stability”;

[117] Q10. “must be non-invasive to be accepted by patient”;

Q11. “have to avoid restraining the movements that the
patient does in normal conditions”;

[123] | Q12. “fit closely to body for higher accuracy”; Q13. “Easy
to wear on and off”;

Q14. “adjustable for different size”; Q15. "light,
comfortable, appropriate for long term monitoring”;

[107] Q16. “how easy to put on/ take off the suit”;

Q17. “how easy was it to move your affected arm
compared to without wearing the wristband”;

Q18. “how comfortable/lightweight were the wristbands”;
[35] Q19. “module size was too large, draw attention”
[119] Q20. “reduce the quantity and bulk of the wiring”

[131] Q21. “attach the harness around the neck, not the
shoulders”; Q22. “stabilize the Wii Remote against the
back to prevent rolling”; Q23.“with a soft cloth cover to
prevent rubbing against the skin”;
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Based on Table 2.5 and Figure 2.6, following aspects has been
concluded:

1. Acuracy: the wearable should help locate and keep the sensor
in the right location on the body for high accuracy (Q7,9,10,19,20).

2. Comfort: wearable factors contribute both physiological
comfort and psychological comfort (Q10,19); the system should be
light (Q15,18), unobtrusive with suitable material (Q20,23) and
attachment methods (Q2).

3. Flexible: the system should guarantee human movement
flexibility (Q1,6,8,11,17).

4. Interactive: the wearable systems should support interactive
therapy (Q5);

5. Scalable: the system should address body size diversity
(Q4,14);

6. Ease of use: the system should be easy to operate and easy to
put on and take off (Q3,13,16).
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2.3.7 Evaluation

The included systems are classified into four stages based on their
evaluation status: a) no evaluation (n = 5); b) technical evaluation
(n = 25); c) clinical trials (n = 3); d) usability test (n = 17), while six
systems [114, 118, 123-125, 131] conducted both technical and
usability evaluation in their studies and one study [39] conducted
all. Some studies report evaluations from different perspectives. It is
noteworthy that not all the experiments described in the studies could
be defined as evaluation evidence. There are five studies that didn’t
provide evaluation evidence. Note that the avail- ability of “evaluation
evidence” was not used as an inclusion criterion in this study, in order
to not exclude reports on very novel systems that are presented as
proof of concept/principle as, for example, the smart fabric embedded
wearable sensor grid discussed above [122]. Figure 2.7 Illustrates the
systems evaluation status in details.

The technical evaluation was conducted with regard to the following
aspects: accuracy, sensitivity, reliability, power consumption and
feasibility. There are 25 studies that describe a technical evaluation
along such requirements, 21 studies didn’t include patients and
conducted the experiment only with healthy subjects.

Most sample sizes in the empirical evaluation studies reported are
relatively small, ranging from 1 to 10, while only seven studies [54,
102,105, 114,119,126, 127] involved more than 10 subjects, Halic et
al. [126] conducted a usability evaluation with 46 subjects.

Although 16 of the included studies involved patients and reported
usability tests, only three of these were clinical trials [27, 39, 127]
including one randomized clinical trial [127] with 12 chronic stroke
survivors for 2 weeks. From Figure 2.7, we can see that the usability
evaluation with patients is drawing more attention from 2010 to 2014.
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2.4 Discussion

This paper reviews the featured technologies developed over the
recent 6 years, focusing on interactive systems of wearable-sensing
based technology toward upper body rehabilitation. We proposed
a taxonomy that consists of 3 dimensions: measurement, sensing
technology and feedback. This new taxonomy may benefit other re-
searchers to gain deeper understanding of the emerging projects, have
more insights and explore the promising design space.

2.4.1 Discussion of wearable-sensing technologies

Advanced technologies have been developed and applied to solve the
relevant application problems [90]. Various electronic sensors and
systems have been applied in these studies, namely: accelerometer,
gyroscope, inertial measurement unit (IMU), flex sensor, optical linear
encoder (OLE), magnetometer, force sensitive sensor (FSRs), light
dependent resistor (LDR sensor), tilt sensor, electrical lead, knitted
piezoresistive fabric sensor (KPF) and stretch sensing fabric. The
accelerometers and IMU’s tend to be the most commonly used with
the following advantages: they yield accurate essential values, are easy
to use and are miniature in size.

Some new developments on innovative sensing technologies are
noteworthy and promising though they have been excluded from the
survey as they are only sensing technologies which do not support yet
any user feedback: conductive thread based stretch sensors [135], a
conductive elastomer sensor based system [84], stretchable carbon
nanotube strain sensors [136] and soft nano-patches [137]. Based on
the review study by Fleury et al. [38], the development of conductive
elastomer sensors has primarily affected the recent advancements of
textile- based motion sensing, providing comfortable garments with
high integration level of electronic components and fabric. Although
conductive elastomer based systems show accurate performance
compared to IMU sensors, the single axis measurement and languid
response limits their application for rehabilitation.

Besides, the sensing placement plays an important role for upper
body rehabilitation as a combination of locations can provide the
value of range of motion (ROM) assessment, body segment position,
usage andposition. These values are crucial for rehabilitation therapy



as their observation and interpretation influence how the treatment
develops [138].

2.4.2 Discussion of systems feedback

It is important that feedback matches the proficiency level of the
users [11]. The majority of systems (n=29) included in this review
use concurrent feedback, which is mostly suitable for persons that are
not proficient. Only 5 systems use terminal feedback and 4 of them
by means of knowledge of results. There is a lack of systems that use
fading frequency schedules that match the frequency of feedback
provision to the progress of the patient: the more proficient the user,
the less frequently feedback needs to be given so persons don’t get
dependent on the extrinsic feedback and learn to rely on their intrinsic
feedback mechanisms [11]. This is a point of attention for future
system developments.

Several feedback modalities were used. The natural visualization
displays the movement of the user’s body simultaneously with a virtual
3D modal. It could enhance the user’s learning by imitation [139]. Also,
users may enhance motor learning by mental practice, where similar
brain areas are active than during overt motor actions [140].

Haptic and audio feedback do not require visual attention during the
exercise. Haptic feedback, especially vibrotactile displays, are widely
used (n = 8) in the systems included in the study. Haptic feedback
allows patients to focus on specific body areas rather than divide their
attention to a visual or auditory display. Vibrotactile feedback has
been used to notify users on joint angle related errors and on speed
of movement [119]. Vibrotactile feedback is also capable of presenting
KP feedback [106, 115]. Auditory feedback as a substantial modality
has been applied as an exclusive feedback by one study. Newbold et al.
[54] explored musically-informed movement sonification. Bhomer et
al. [65] and Friedman et al. [127] proposed systems in which the sound
together with screen feedback reflects the movement of the wearer.
Other studies applied auditory alarms as bandwidth feedback when a
certain movement exceeds the threshold as an error notification [80,
103] or as notification for rewards [131].

Virtual reality technology has been used extensively in the included
studies. Considering the recentbooming development of VR technology
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and serious games, these technologies offer enormous potential for
increasing the training intensity, engagement and social participation
for patients.

Recent advances in smartphone technology such as their prevalence,
ability to use anywhere, powerful processing ability and integration
of sensor and display have had a major impact on their use in
rehabilitation systems. Providing feedback like visual information
on smartphones is common and effective, especially for the systems
intended for remote monitoring.

2.4.3 Discussion of system wearability

Most articles have conducted a technical, a usability, and more rarely a
clinical evaluation (only 3), while none of the included studies report
a systematic wearability assessment, which is quite essential for user
acceptance. Most included studies describe only superficially how to
attach sensors on the human body, despite that the way this placement
is done is very influential on both accuracy and comfort of the system.

Regarding the different sensing technologies and four integration
levels of electronics and textiles, most studies in category Acc/IMU are
restricted to the lowest level of integration where devices are attached
to the body rather than integrated in a wearable system through ad hoc
contraptions (e.g. Velcro strips), and sensors are distributed on body
segments (e.g. upper arm, forearm and wrist) to work as a combination
system. However, the studies within embedment level are increasing
and have the advantages of stability, comfort, unobtrusiveness and
feasibility. Studies in the category “Flexible angular sensor” are
embedded sensors in a suitable platform and precisely located at
body joint (e.g. elbow). Two studies in category “Others” embedded
the sensor in gloves. Only three studies are in the integrated level
based on smart textiles. However, applying smart textiles for posture
detection, such as resistance changing materials, pressure-sensitive
conductive sheets, knitted conductive textile and conductive yarns are
growing trends in the area of wearable electronics that should soon
be reflected in the domain of wearable rehabilitation technology [38,
141]. Currently, considering the rehabilitation context, “Acc/IMU”
show superiority for projects with a high requirement of kinematic
accuracy, while for a high preference of user experience the category
“E-textile” has more advantages.



The reviewed studies have identified a number of requirements
that may be key to improve wearability and usability of wearable
rehabilitation technology: accuracy, comfort, interactiveness,
flexibility, scalability, and ease of use. There has been little effort yet
to evaluate wearability. In this respect, the study by Cancela et al. [70]
is an inspiring example, where the Comfort Rating Scale was used
to assess perceived exertion and physiological and biomechanical
parameters were assessed to measure musculoskeletal loading.

2.4.4 Discussion of clinical validation

Only 3 systems have been clinically evaluated in clinical pilot trials [27,
39]and one randomized clinical trial [127] has been found. Compared
to the results of the review study by Timmermans et al. [11], there have
been only small improvements of the clinical evidence on wearable
sensor-based systems. This can be attributed to the long time that
technological developments require, and the fact that premature
systems do not justify the time consuming and costly process of
(randomized) clinical trials.

21 out of the 45 studies aim for stroke rehabilitation. The focus on
stroke rehabilitation is in line with the general developments in the
field of rehabilitation technology. However, it is surprising with regard
to developments in wearable sensor systems for rehabilitation as
they are mostly targeting a combination of posture monitoring in
combination with upper extremity movement monitoring which is of
great value for musculoskeletal as well as neurological pathologies.
Compared to other wearable systems that support clinical applications
for lower extremity rehabilitation and physical activity recognition,
the clinical validation proportion of wearable-sensing systems for
movement measurement during upper body rehabilitation shows
disparity.

Clinical trials are important to assess the effectiveness of the systems
with regard to the additional clinical value they may provide to the
patients for improving their condition. Such trials are also paramount
to pave the path towards implementation in clinical settings, as
therapists will be hesitant to use them without clinical validation
studies [19].
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2.4.5 Inspirations from novel wearable concepts

Researchers working on wearables from the field of textile and fashion
design and from the field of human computer interaction have been
developing inspiring wearable solutions; although their objectives
may not focus on rehabilitation, their work shows the future trend that
can enhance wearable systems for rehabilitation:

. Textile displays as visual feedback. For example, textile display
based on thermo-paint [142]. Based on the sensitive property of the
thermos-paint, both concurrent feedback and long-term feedback (e.g.
after one hour’s training) could be provided. Or display technologies
such as embedded mini LEDs or optical fibers can be embedded into
clothing.

o New forms of haptic feedback, such as inflatable interfaces like
the dynamic textile forms (e.g. origami textile structure [143]) that
move.

. Personalized design and digital fabrication, adapting their
form and functionality based on individual needs can be realized
through 3D scanning and 3D printing techniques [144]. Customization
design opens the opportunity of accurately and comfortable locating
the sensors for individual patients.

2.5 Conclusions

Researchers from different backgrounds in biomedical science,
engineering, computer science, and rehabilitation sciences have
cooperated towards the development and evaluation of wearable
systems for upper body rehabilitation. The results indicated that
accelerometers and IMUs were most commonly used and they were
used to monitor and provide feedback to patients on range of motion
and movement performance during upper body rehabilitation. New
possibilities are arising with up-coming technologies such as e-textiles
and nano-sensors. Most systems were in the stage of feasibility
prototypes, where only technical evaluations have been conducted.
Some systems have reached the maturity to support user tests, while
only three systems have been evaluated in clinical trials. There is a
growing trend for using the smartphone as a monitoring device and
as a feedback carrier. Rehabilitation training may be further improved



when wearable sensing hardware takes enhanced wearability into
account. Future research should focus on integrating advanced
textile sensors, improving usability, wearability as well as clinical
validation. The latter is of high importance to pave the path towards
implementation into clinical practice.

Abbreviations

KR = Knowledge of results, KP = Knowledge of performance, ROM= Range of
motion, FB = Feedback, FSRs = Force sensitive sensor, Accel = Accelerometer, IMU
= Inertial measurement unit, OLE = Optical Linear Encoder, LDR sensor = Light
Dependent Resistor, BW FB = Bandwidth Feedback, VR = Virtual Reality, ROM
= Range of motion, Tech. = Technical evaluation, Usab. = Usability test, Clini. =

Clinical trial, PC = Personal Computer.
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Zishi: Design Iterations of
Zishi and Design Lenses
for Interactive Posture
Monitoring Garments for
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3.1 Introduction

In Chapter 2 we have reviewed the state of the art in interactive
garments for rehabilitation. We saw how research interest into
wearable posture and motion monitoring systems for rehabilitation
has grown rapidly in recent years [34]. Continuous posture monitoring
and correction technologies providing accurate, real-time and reliable
tracking and have a great potential to support several patient groups
(neurological rehabilitation and chronic diseases). Many studies have
been published focusing on novel technologies with high accuracy,
reliability and validity evaluation of wearable devices [32], while it is
important to design the system feedback as this positively influences
motivation and self-efficacy [11, 27]. A variety of possible forms of
feedback have been explored, and growing attention is paid towards
designing interactivity in wearable systems to motivate patients in the
intensive and repetitive training [10, 34].

There have been quite a few studies, which examine upperbody posture
monitoring systems using interactive wearable sensor technologies.
However, in the previous chapter, we found only six studies out of
the 45 articles on the topic of wearable-sensing based interactive
systems concentrated on monitoring compensatory movements,
while most systems located sensors on limb segments or joints for
the measurements of range of motion, amount of use or other body
segments position. These studies are reviewed briefly below.

Dunne et al. [63] proposed an interactive system for upper extremity
rehabilitation in children with cerebral palsy which monitors trunk
movements using accelerometers providing feedback through games
played on a multi-touch display. Alankus et al. [15] concentrated on
reducing trunk compensatory movement based on Wii remote and
video games during training in stroke rehabilitation. Ploderer et al.
[124] proposed a system named “ArmSleeve”, supporting occupational
therapists in stroke rehabilitation, involving exercise and activities
addressing the control of compensatory movement. Lorussi etal. [146]
integrated a scapular strain sensor that can detect scapula movement
respecting to the sternum and rib cage in their wearable textile
platform. Lin et al. [147] developed a wearable instrumented vest for
posture monitoring which received positive feedback from their test
participants. Beursgens et al. [148] developed a vest for monitoring
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the patient posture using a single sensor while playing a serious
game intended to support arm-hand rehabilitation after stroke. Next
to the reliability of the measures, our emphasis compared to these
earlier works shifts more towards aesthetics, wearability, usability,
and motivation. Admittedly, obtaining reliable measures is key to
the effective use of posture monitoring for rehabilitation. However,
aspects like wearability and aesthetics that are key to the acceptance
of smart garments have largely been neglected. Another motivation
of our research is that higher integration of sensing components into
the garment can potentially contribute towards addressing all these
concerns. It is noted that wearable systems with bulky sensor units
[149] or sensors placed on the arm [14] are not able to track properly
the scapular motion. Besides, real-time feedback is also a key function
and little effort has been invested in establishing the usability of such
systems so far.

With this backdrop, we introduce an interactive garment system, which
we call Zishi, to support trunk and scapulothoracic motor control
training by monitoring compensatory movement and synchronously
providing feedback. Our research is a result of six iterations following
the approach of research-through-design. We will explain our design
and development process, the lessons learned and reflections for each
iteration.

Along with the several iterations, we found it's beneficial to shift
between the different perspectives. In this chapter, we also present the
lessons learned in these different perspectives, using the metaphor
of lenses for design. The idea of using the concepts of design lenses
to present the design knowledge is inspired by previous work of
Jesse Schell [150]and Bekker et al. [151]. Taking different lenses
and frequently shifting between them is necessary to take into
consideration diverse perspectives and manage diverse requirements.
Lenses help focus on a specific part while taking into the overall design
goal into account [151].

3.2 Applying the approach of research-through-design

Thisresearch builds on the knowledge from therapy, biomedical, sensor
technology, engineering, human-computer interaction and industrial
design. Given the complexity and multitude of challenges, and in
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order to balance the various requirements of function, technology and
aesthetic we adopt a research-through-design [71] approach, with the
intention of generalizing applicable and communicable knowledge
through the development of prototypes.

The approach of research-through-design comprises of methods
and processes from design practice, has been used as a common
methodology in HCI studies [71]. Following a procedure in a spiral
of cycles: identifying the design requirement, ideating concept,
prototyping, evaluating potential solutions and reflecting and
disseminating the lessons learned. Figure 3.1 illustrates the processes
we followed as a sequence of 6 cyclic iterations. At each iteration,
the design included making sketches, defining a style concept,
materials, form-giving and interfaces design which were presented
to the therapists for discussion and feedback. Iterative design and
prototyping combined four parallel activities of material testing,
electronics, garment making and interaction design [152] (p.108).
Each major iteration was followed by an evaluation step during which
the various prototypes developed were tested in a laboratory context
and, eventually, in a field context. Through the iterative process, we
have developed a set of smart sensorized garments and modular
solutions that support motion tracking by integrating different sensing
technologies and smart textiles, motivation strategy and feedback in
multi-modalities. We will describe the general system architecture in
section 3.3 and iterations in detail in section 3.4.

3.3 Overview of Zishi

In this section, we describe the overview of a smart garment system,
which we call Zishi ( Zishi is the pronunciation of a Chinese word "&35”
which means posture), to support trunk and scapulothoracic posture
training by monitoring compensatory movement and synchronously
providing feedback. Zishi is a result of multiple iterations, and we
have been calling the interactive garment system Zishi as from the
fourth iteration onwards, replacing the acronym SRG (short for Smart
Rehabilitation Garment) that we used in the first three iterations.
Zishi can support trunk and scapulothoracic motor control training by
monitoring compensatory movement and synchronously providing
feedback directly on the garment and also on a connected tablet/
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smartphone. While compensatory movement helps patients to achieve
their tasks, it can also obstruct the recovery progress and induce
orthopaedic problems. In light of this, detecting and preventing
compensatory movements warrants particular consideration for
technology supported physical therapy treatment. Zishi is a garment
that resembles in appearance and comfort everyday clothing while it is
accurate in tracking posture and easy to use.

3.3.1 Description

Zishi can monitor compensatory movement from different parts of the
upper body (shoulder, upper thoracic spine) and can be adjusted to fit
the relevant body parts. Zishi is a result of the iterative design process,
where different components have been integrated into different
versions of the garment and evaluated with users. Zishi consists of
a garment integrated with smart textiles and wearable electronics.
It presents real-time feedback as a vibration delivered through the
garment, visual and audio instructions through the android-hand held
device (smartphone or tablet). Currently, the system architecture is

o

a8

B

IMU sensor IMU sensor IMU sensor
(onT1) (on T5) (on acromion)
v v v Bluetooth 2.0
Microcontroller ; " Smartphone
(Arduino Flora) B J P

Power Supply »  Vibration

Figure 3.2(b) Star typology and Block diagram of the circuit



shown in Figure 3.2(a), featuring four parts:

(1) A flexible central node equipped with sensors, microcontroller,
communication module and flexible circuit;

(2) modular soft sensor units;

(3) a garment integrated with wearable smart textiles and connection
points;

(4) a software application that runs on a handheld device.

The modular sensor nodes are physically connected to the central
node following a star typology which is easy to implement and extend
[153], graphical representation in Figure 3.2(b), to be more specific,
the electrical block diagram of the circuit has also been presented.

3.3.2 Calculation Methods

Zishi has been designed to monitor and help prevent two kinds of
compensation movements, in the frontal and sagittal plane, which
can occur at the shoulder girdle and trunk, to avoid movement at the
glenohumeral joint. Compensatory movement of the shoulder girdle is
defined as the vertical displacement of the acromion sensor compared
to the global coordinate. During rehabilitation exercises with arm
movements below 60 °, the scapula should perform a setting, which
means that no excessive elevation or depression is allowed (see Figure
3.3a). Scapular elevation means that the scapula slides superiorly
on the thorax, as in shrugging of the shoulders (moving the superior
border of the scapula and the acromion in an upward direction). The
acromion is the most lateral point of the shoulder girdle, and its flat
part is a suitable place to put a sensor on to identify whether the
shoulder girdle is in an elevated or depressed position following the
recommendations of the International Society of Biomechanics (ISB)
edcba [19]. At the same time, patients may also develop a slight trunk
lateral flexion leading to a lean of the scapula (see Figure 3.3b). Figure
2c illustrates the compensation angle 6, consisting of a and {3, which
register the vertical deviation of the acromion compared to the neutral
position because of the scapula elevation and trunk lateral flexion. The
calculation takes as a reference the global coordinate sensor readings
in respect to the frontal plane.
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Scapula Elevation Trunk Lateral Flexion Compensation Angle

Figure 3.3 Calibration model of the compensatory movement from shoulder girdle.

(b)

Flexion and Extension Compensation Angle

Figure 3.4 Calibration model of flexion and extension movement of torso.

Compensatory movement of the trunk is defined as the additional
trunk flexion (anterior displacement) compared to a neutral position,
shown in Figure 3.4a. Two FLORA 9-DOF IMU sensors (Adafruit)
are used to evaluate the trunk posture regarding flexion/extension
accurately. The two sensors are positioned on the spine (C7/T1 and
T4/T5) (Figure 3.4b). Sensor locations were based on the evaluation



of the initial versions of the Smart Rehabilitation Garment system
(reported in [76]). For detecting compensatory trunk movements
in the flexion/extension direction, the average of the angles of the
sensors with respect to the sagittal plane is calculated, which indicates
the upper thoracic angle. When the angles obtained from the IMUs are
6 and y, then the average of § and p represents the estimated thoracic
neutral angle A, and the compensation angle is the thoracic flexion
angle w, estimated as the average variance of § and p.

3.3.3 Feedback Strategy

Feedback is important during rehabilitation training, for speeding up
learning processes, for augmenting treatment effects and sustaining
motivation [67]. Extrinsic feedback can be classified into two kinds:
knowledge of results (KR) and knowledge of performance (KP)
[67]. Typically a progress in feedback is used. Knowledge of results
feedback is more appropriate for beginners, while knowledge of
performance feedback is more appropriate for patients who have a
higher proficiency level for the required tasks. Typically feedback is
provided with fading frequency, i.e. in the beginning real time feedback
(even during task performance) is provided, thereafter feedback can
be given after task completion or after having performed a set of
exercises. They are both important at different stages of rehabilitation
and for different purposes. Knowledge of results pertains mainly to
feedback regarding the outcome and is typically given after some bursts
of training, to keep patients engaged. Knowledge of performance is
more important when patients learn a particular skill to complement
their own senses in understanding how well they carry out a specific
movement. Besides, bandwidth feedback is defined as feedback given
only when a movement error exceeds a certain threshold [132] and is
beneficial for personalized feedback to individual patients.

Figure 3.5 illustrates an overview of the elements in the user interface.
Zishi provides both KR feedback and KP feedback. KR feedback
expressed as notifications of posture deviations exceed a preset
threshold (i.e. bandwidth feedback) to the target user (e.g. red color
notification only displays when the compensatory movement over
the threshold value). KP feedback expressed as the animation of the
visual element mirrored user posture so that user could adjust their
posture accordingly (e.g. keep shoulder girdle stable to keep the
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Figure 3.5 Zishi App Interface Design and explanation of the elements

pointer on the gauge rotates within the threshold). Zishi provides
continuous feedback by means of visual and auditory information
through a connected handheld device (smartphone or tablet), and
vibration notifications delivered through the garment. The system is
able to notify patients when the readings of the sensors exceed their
personalized bandwidth.

A therapist can calibrate the device to the patient by identifying a
neutral®’ shoulder girdle and trunk postures for this patient and,
depending on the goals and progress of training, set a personalized
training bandwidth around this position that corresponds to the
allowed compensation range. The neutral position (the position
in which we calibrate) is the midstance between protraction and
retraction, and the midstance between elevation and depression. This
procedure works for patients with different pathologies and health
conditions. Figure 3.6 illustrates the feedback strategy overview.
The horizontal axis indicates the torso data and the vertical axis
indicates the shoulder data, the threshold as the dividing lines have

1 We made simply assumption of the calibration procedure: the therapist would register the current neutral /resting position
for each trial and the allowed range of movement was assumed to be symmetric around that position. In future work, we
shall replace this by capturing with the help of the upper and lower bounds defining the allowed range of movement.



segmented the coordinate plane into four parts, only the movement
data within both thresholds would be affirmed as ideal posture and
our system would provide feedback in other situations. Contrary to
posture monitoring devices that are currently available, supporting
consumer technologies, setting personal thresholds is an important
step that should ideally be carried out together with the therapist. The
application was implemented using the MIT App Inventor (see www.
appinventor.mit.edu) that is an online open-source and block-based
programming tool block-based programming tool.
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for shoulder for both torso
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Threshold
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h Posture for torso
O >
Threshold for torso Torso Data

Figure 3.6 Feedback strategy visualized in a coordinate

Figure 3.7 shows the interface during the training execution. The
workflow of the application operation is as follows:

In the first stage (a) the user starts the system which pairs the App to
the garment automatically. The user’s movements are visualized by a
rotating pointer and a numerical reading, presenting the movement
angle for flexion/extension of the torso (on the left) and the elevation/
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depression of shoulder (on the right).

In the subsequent stage (b) the device is calibrated, by setting
the neutral position and training bandwidth. Patients may follow
instructions to sit in a neutral posture and keep their upper body static
to register the “0” point of the scale as the neutral position of torso
and shoulder separately. Then the patient is asked to bend forward
until the App displays the target threshold that the therapist indicates
as the maximum acceptable; this process is repeated for setting
shoulder elevation threshold while shrugging the impaired shoulder.
The progress bar visualizes the current phase of static position and
threshold setting of torso or shoulder.

Figure 3.7c shows the interface during the actual training after the
“start” button has been pressed. The green region in the dial shows
the intended training bandwidth area. Patients can watch the screen
while training and can see whether they compensate excessively and
perhaps try to adjust their movement not to exceed the allowed range.
The remaining grey part of the dial will turn red if the pointer exceeds
the threshold. At the same time, an alarm icon will appear for 2 s with an
audio alertand vibration notifications on the corresponding part of the

Earment. In this Waz, users can be made aware of their compensator
Ex S

VEST is Connected VEST is Connected VEST is Connected
4 ® 4 9 4 ®
9 16 0 0 5.5 30
OK 30.5 OK 23 OK 30.5 OK 23
1. et TorsoStart Position (/3 v, & ") (/3 v, & ")
0 0 0 0 static limit static limit static limit static limit

START STOP START STOP

Figure 3.7 Zishi App interface design in different stages: (a) Automatically
connected. (b) Set personalized value of start position and threshold. (c) Visual
feedback when the shoulder value is over range.



movements and learn to control them. The customized threshold
setting serves as a reference target for each motion cycle. Providing
real-time feedback, we aim to support correct movement execution
and enhance motor learning, and thereby training effectiveness.

The sampling frequency of the sensor system is 50 Hz, while the
frequency of the visual display (pointer rotation) was set at 30 Hz
because to ensure a smooth visual display on the smartphone. During
the experiment, subjects performed the tasks in a controlled manner
(i.e., no explosive movements), similar to their daily training. In this
way, the system is capable of monitoring the posture in real-time and
providing subsequent feedback with inconspicuous delay.

3.4 Design Iterations of Zishi

This section provides an overview of each design iteration by
identifying its main aim, describing the improvements of Zishi in each
iteration, presenting the evaluation steps and a short reflection on
lessons learnt on the way.

3.4.1 Iteration 1-Embedding accelerometers in a T-shirt

Figure 3.9 Prototype in the first iteration.
Two Lilypad accelerometers and a Lilypad
Figure 3.8 All the materials and tools used in the  Arduino board were sewn on non-woven

first iteration. fabric separately and could be attached on
the T-shirt with snaps. Sewable LED lights
provide on-body visual feedback.
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Aim: as the start point of exploring how wearable technology could
support rehabilitation and following research-through-design
approach, we set out to create a posture tracking T-Shirt in order to
identify the main technical and design challenges and to seek design
opportunities.

Key Actions: We consulted and discussed with experts in upper
extremity rehabilitation, and decided to narrow down the purpose
of SRG to help rehabilitating stroke survivors avoid compensatory
movements during arm-hand function training. To ensure correct
execution of arm-hand training exercises, we decided to track the trunk
flexion movement. First, we experimented with different sensors for
posture monitoring, e.g. mounted a flex band sensor on the spine from
the C7 vertebrae to monitor trunk flexion while it was not long enough
to cover the target area. Eventually, we built up a simple system where
two sewable LilyPad accelerometers (on the chest and acromial base)
and a LilyPad Arduino were attached to an off the shelf commodity
long-sleeved T-shirt. Data was communicated through a serial port
with a computer to display real-time measurements corresponding to
the movement. Figure 3.8 shows materials and tools used in the first
iteration and Figure 3.9 shows the finished prototype.

Reflection: this iteration provided the opportunity to familiarize
with the problem domain and the technology, resulting in an initial
proof of concept demonstrating the feasibility of monitoring of trunk
flexion and extension using a T-Shirt. However, it became clear that
the measurements were not sufficiently accurate and stable and
improvements could be gained by a more careful and principled
placement of sensors to the body.

3.4.2 Iteration2-Garment embedded smart textile pattern
and Bluetooth communication

Aim: to implement a comprehensive garment that supports minimal
functionality to be viable as a therapy aid. Further, we aimed to increase
the reliability, accuracy, comfort and aesthetics of the garment.

Key Actions: we conducted explorations from the following four
aspects to build a complete smart garment system (published in )[64,
75].



Figure 3.10 Garment and textile pattern in Iteration 2
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a) Elaboration of appropriate sensor placement. We placed two sensors
on vertebrae C7/T1land T4/T5 on the spine instead of one sensor
on the chest, to capture thoracic posture and torso compensation
movements.

b) We tested different conductive yarns and conductive textiles (the
golden colour textile thread in Figure 3.10) with various properties,
proposed smart textile pattern (conductive fabric from Shieldex®) as
a substrate for embedding electronics.

c) Garment design as the ‘platform’ Figure 3.10 demonstrates the
prototype was an adjustable garment with two pieces with detachable
front and back parts. Combined with the elastic fabric, this concept
provides a solution for fitting people of different sizes, without
influencing comfort by tightness; this is a key factor for correct
position of the sensors during spinal movements and may also be very
important for supporting long-term use.

d) Real-time feedback of the monitoring results, an Android-based
application was developed to control the garment; the number of
trunk flexion angle was transmitted via Bluetooth and displayed on
a Smartphone. Figure 3.11 illustrates the mock-up sketch and Figure
3.12 shows the visual design of the interface. The LilyPad Vibe Board
was embedded closed to the accelerometer provide vibration feedback.

Reflection: this study was an entry point into the domain of crafting
e-textile and electronics, and developing skills for the wearable
prototype implementation. We explored how using smart textiles in
wearable projects can contribute to the implementation of reliable
and comfortable designs, which can reliably relay electrical signals
and digital information to monitoring systems. Also, we started paying
closer attention to the design of the feedback to end-users

3.4.3 Iteration 3-Interactive garment with IMU sensor
and personalized feedback

Aim: to design a posture-sensing garment that supports two different
training scenarios: first, sustaining an upright position in daily
life for avoiding spinal pain and second, notifying patients of any
compensatory trunk movements during arm-hand training (for
neurological patients).
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Key Actions: In this iteration, the accelerometers were replaced by
inertial measurement units (IMU) integrating an accelerometer, a
gyroscope and a magnetometer thus improving the accuracy and
stability of measurements. In this iteration, we experimented with a
modular design consisting of multiple sets of garments and one set of
wearable sensors. A mobile Android application was developed. A
circuit connecting the wearable sensors and other components was
realized by embroidering conductive thread. The resistance of the
conductive garment was calculated based on the sample of the
conductive threads, the conductive yarn used in the garment with a
resistivity under 100 (/m, and by adjusting the conductive paths to
balance between the aesthetics of the embroidered pattern on the
garment and the resulting resistance value. We compared the accuracy
of the measurements (published in [76]) against a commercial optical
tracker system (PST-55/110 series) that uses infrared lighting to
detect optical markers from ps-tech (see www.ps-tech.com), one L
shaped hard piece with two optical markers was attached to each
sensor (Figure 3.13 was the screenshot during the experiment from
the software of the optical tracker).

Figure 3.13 A Participant was performing the movement of trunk flexion with
infrared marker located at the sensor placements

Reflection: Based on the data analysis from the seven subjects in the
experiment, the accuracy achieved was comparable to current state of
the art in wearable sensors for rehabilitation [21]. Our system could
provide reliable feedback and performance on measuring the thoracic


http://www.ps-tech.com)

angle. While the deployment in clinical or home context need further
exploration and usability evaluation.

3.4.4 Iteration 4- Zishi, Reconfigurable smart garment
system

Aim: the garment developed in this iteration targeted at rehabilitation
training for shoulder pain patients and stroke patients with limited
arm-hand function. We set out to examine the system’s applicability
and the acceptance by patients and therapists.

Key Actions: we focused on an adjustable design of the shoulder part
and improving the reliability of the readings compared to previous
versions. For this, we embedded conductive yarn in a Z-stitch pattern
in the elastic fabric. The system consists of four parts as described in
section 3.3.1. Figure 3.14 illustrates the Zishi prototype in this iteration.

The flexible central node consists of the following components:

1) two IMU sensors with 9 degrees of freedom (Adafruit, USA),
containing an accelerometer, a gyroscope and magnetometers;

2) a multiplexer board to support multiple sensors in the system;

3) a Bluetooth module for wireless communication between the
microcontroller and smart device;

4) FLORA, an Arduino-compatible microcontroller to which all other
components are connected to;

5) 3Vlithium battery. A laser-cut conductive textile pattern was applied
as the flexible traces to connect the electronic components (shown in
Figure 3.15a).

In order to make it easier to wear, we tried a zipped garment made of
soft materials in this iteration. With the intention of guarantee a
precise shoulder sensor placement over time in the pre-defined
position, the sensor is flat (height 0.8 mm, diameter is 16 mm) and
sewn by coated conductive yarn on a soft elastic strap (Figure 3.15b)
with a Velcro-fastened at its end. One side of the strip was fixed on the
garment while the other side was flexible for adjustment (Figure
3.15c). Thanks to the adjustable design, the sensor could be positioned
at the flat part of the acromion of different patients. The movement of
the acromion during the exercises is very limited, i.e., the exercises

95



96

require keeping the scapulothoracic joint still while the arm is elevated
within the limited range of motion that is possible without
scapulothoracic movement. Thus precise sensor positioning was
ensured by having a garment at different sizes and fine-adjusting with
the Velcro fix. Aiming for an unobtrusive and comfortable garment,
coated conductive yarns were sewn on the garment, to serve as a

/

Figure 3.14 A user demonstrating the prototype of the forth iteration of Zishi
with detachable black part on the back as the central node, modular soft sensor
located on the acromion, conductive yarns were embedded in the garment and app
presenting the visual feedback on smartphone.

Wae
A i

Figure 3.15 Garment in Iteration 4: (a) Conductive textile-based traces. (b) Sensor
embedded in a Velcro strap by coated conductive yarn; (c) Velcro adjustments;



fabric-friendly embedded circuit for connecting the sewable electronic
components described above. In this way, the garment resembles daily
clothing with the aim to improve user acceptance, see Figure 3.14. This
prototype was evaluated for use in training of shoulder patients
(Figure 3.16) in a study involving eight patients with musculoskeletal
shoulder pain (reported in [154] and describe extensively in chapter 4
of this thesis). Besides, another application named ZUOZI has been
designed focused on shoulder posture which supports two modes of
operation, a “shoulder trainer” mode and a “continuous shoulder
tracker” mode, the study will be presented in Chapter 5.

Figure 3.16 A participant was performing the training task with Zishi during
the experiement, she would perform a task of placing a cooking pot, a therapist
was calibrating participant’s arm movement as a standard setting standing on her
left side.

Reflection: with this iteration, we aim to demonstrate the effectiveness
of the garment in providing feedback to patients during training.
Different feedback modalities can be beneficial at different stages or
to serve different training tasks. For instance, during the analytical
tasks like an abduction to 40 degrees, the subject could easily follow
the visual guidance and adjust their posture to stay in the personalized
movement range. During the functional tasks like lifting up a bottle,
system feedback was restricted to the periphery of the subject’s
attention, so audio notifications and vibrations were easier to follow
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than detailed visual feedback. However, feedback from users, experts,
and other designers emphasized that the aesthetics of the garment
still needed to be improved.

3.4.5 Iteration 5 - Fashionable Zishi with smart textile
pattern and magnets-based connections

Aim: this iteration aimed to demonstrate the effective integration of
wearable electronics into garments with a fashionable appearance.

Figure 3.17 Fifth Iteration, One model demonstrating Zishi, the garment looks like
a normal and fashionable vest.

Key Actions: we carried out explorations on improving the aesthetics
and integration level by:

1) trying out various fabric samples considering the factors of colour,
hand feel and style in order to make the final choice of fabric that was
integrated in the final prototype shown in Figure 3.17 and Figure 3.18;
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2) designing the structure of the garment, featuring a turtleneck design
fit the sensors on vertebrae T1 and T5, allowing the concave surface
design of the garment to act as a natural place for attaching the flexible
sensor pad (published in [123]);

3) a conductive fabric was processed into a specific pattern by laser
cutting and it was then transferred through heat transfer paper (see
Figure 3.19a); a tiny magnet (3mm in diam.) has been placed under
each of the small golden square fabric as the connection point (see
Figure 3.19b).

Figure 3.18 User familiarizes with system feedback when the elevation
movement exceeds the set threshold
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(a) (b)

Figure 3.19 Conductive fabric pattern with a magnet-based connection. (a)
Conductive fabric pattern was integrated into the garment, and the white garment
is washable while the central sensor package is taken off; (b) Sensor package was
attaching on the garment, the connection was based on tiny magnets placed under
the small golden square conductive fabrics and the white magnet zippers on both

sides; (c) circuit pattern in the sensor package.

Reflection: Compared to previous version the design of Zishi
emphasized on aspects like being physically intimate, allowing high
mobility, and being visually expressive. This garment could easily
conductive threads provide connections with the modular wearable
sensing unit as decoration without compromising the aesthetics
qualities of the garment. The pattern design was created iteratively
aiming to balance the resistance of the sewn circuit (conductive fabric)
and its appearance; we experimented with different patterns before
settling with the final embroidered pattern shown in Figure 3.19¢;
different patterns we tried were evaluated for their functional as well
as their stylish properties.




3.4.6 Iteration 6 - Zishi with Sound feedback

Figure 3.20 The sixth iteration of Zishi, electronics are concealed in the garment
with central package on the back and sensors are located on the acromion and
sternoclavicular joint.

Threshold 10 Threshold 10

Current Value 5

, U Number u Sound

Figure 3.21 Interface Iteration. (a) checkbox for function of number display and
earcon feedback. (b) threshold setting with add/subtract buttons.
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Aim: this iteration examined the combined “protraction/retraction”
and “elevation/depression” monitoring, in order to support shoulder
motor control training.

Actions: the shoulder complex and the cervical spine are closely linked,
the sensor locations were reconfigured with one sensor located on
the acromion and a reference sensor located on the flat part on the
sternoclavicular joint. We implemented a new algorithm that is able to
distinguish shoulder protraction from upper body rotation. After the
pattern design of the garment construction, sewing and tailoring, the
garment is as presented in Figure 3.20. The application was improved
to provide sound feedback that reflects movement qualities, with the
earcon frequency [155] increasing as the compensation movement
approaches the threshold. A checkbox is also provided to enable or
disable the sound and numeric display (see Figure 3.21a). Another
modification is that users can set the threshold using the add/subtract
buttons instead of logging at a specific point in previous iterations (see
Figure 3.21b).

Reflection: In this iteration, we gained experience in the integration
of conductive materials in the garment and proposed some ways to
enhance system interactivity with real-time feedback.

3.4.7 Self-reflection of the iterations progresses

Figure 3.22 illustrated how we mapped the iterations onto the layers
of user requirements as function, usability and engagement, adapted
from Aarron Walter’s emotional design pyramid showing the hierarchy
of user needs in the book “Designing for Emotion” [156].

Looking back at this iterative design process our emphasis has shifted
between different design aspects. We can distinguish three different
layers that have been addressed in parallel addressing respectively
different classes of design concerns. Different iterations did not take
on individual issues in isolation but rather, addressed them all in
combination while placing a different emphasis each time.

The first layer (see Figure 3.22) emphasizes on functionality, accuracy
and interactivity as basicrequirements for building the system, accurate
monitoring and real-time feedback are the foundational features, the
third iteration with accuracy experiment was our milestone for this
layer. The second layer addresses the aspects of ease of use, comfort
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and aesthetics which are our key contributions. We constantly gained
experience in each iteration and the fifth iteration with a fashionable
and comfort garment was a milestone in this respect. The third level
concerns emotional engagement, aiming for a delightful experience
as a motivating system focus on personalization, pleasure and even
games. The fourth and sixth iterations focused on these aspects more.

Since we didn’t conduct formal evaluation study for every iteration in
the same setting, Figure 3.22 is not a concrete conclusion, however,
it's a self-reflection how the interactive garment system has been
improved through the iterations we conducted step by step, it’s also a
self-assessment about our explorations.

3.5 Design Lenses for Interactive Posture Monitoring
Garments for Rehabilitation

3.5.1 Design Lenses

The iterative design of Zishi has taught us several lessons regarding
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how to interactive garments for rehabilitation pertaining to different
aspects in this domain such as how to track movement, the feedback
design, performing evaluations, etc. In this section we attempt to
summarize them in a way that might allow these lessons to be used
and extended in different design projects.

There are significant challenges and practical barriers to face when
designing interactive wearable garments for rehabilitation, and
there have been several attempts to compile related guidance by
researchers from different research traditions such as biomedical
science, engineering, rehabilitation, computer science and design. For
example, Seymour [62] discussed factors for fashionable wearables
including body ergonomics, perception, functionality, technology,
materials, energy and environmental impact; Hadjidj et al. [32] listed
challenges in wireless sensor networks for rehabilitation combining
application requirements and system characteristics of wearability,
comfort, durability, accuracy, safety and interactivity; Pantelopoulos et
al. [69] summarized essential evaluation features for wearable sensor-
based systems for health monitoring; Nugroho [157] introduced a
set of design attributes for designing wearable technology including
size, washability, durability, fabrication, connectivity, sensation,
usability, functionality, device position, power source, heat and
weight; Andreoni et al. [158] discussed considerations for sensorized
garments on technological features (e.g. sensor design and materials)
and design requirements (anthropometry and garment features), they
also proposed a decision tree visualizing the interdependent points;
Tomico etal. [159] made broad recommendations by presenting design
cases and recently, Postolache et al. [160]discussed the technical and
technological issues related smart clothes for rehabilitation, with
more focus on the implementation smart clothing. Though these
studies provide a valuable resource, they do not yet provide high-
level practical strategies towards designing and developing interactive
garment system for rehabilitation.

Design lenses are a way of presenting design considerations and
patterns that address high-level perspectives with a set of focusing
parameters [151, 161]. Design lenses originate in the area of game
design [150] and have been adopted also in the area of user experience
design. Our presentation follows the approach by Bekker et al. [151]
who proposed a toolkit containing four lenses of play and presented



how these can be applied in designing playful interactions. The idea
of lenses’ as a metaphor stands for the need to shift between different
perspectives and focus on specific questions without losing sight of the
broad direction. Each lens captures a coherent and distinct perspective,
they are relatively separated from each other, but overall lenses have
to be addressed in a combined matter in the design.

We adopt lenses as a way to describe the design of Zishi as: a) they help
describe design considerations in Zishi from different perspectives,
rather than tracking every decision in a historical order (which would
be tedious and dilute attention from the core design decisions); b) they
help exemplify how the lenses can be applied and what is their added
value.

An inventory of design considerations for wearables in rehabilitation
was built on the basis of the above mentioned studies. We reread
the 46 articles included in the systematic literature survey and the
6 publications describing our iterations on Zishi. In this process we
tried to identify the design considerations, aims and challenges. 102
insights (35 from Zishi) have been extracted and written down on
separate notes. Subsequently, these have been clustered inductively
insights (using the approach of affinity diagrams [162]) into six
groups which cluster related design aspects and which are presented
below as design lenses: Function, Reliability, Interactivity, Wearability,
Aesthetics and Hard & Soft connection. Figure 3.23 illustrated an
overview of the lenses including their more detailed elements and
the appropriate stage to consider in a general system architecture
of an interactive smart garment. The dashed lines show the physical
relation of the elements in the system architecture as part of sensing
and feedback modules that could be attached/embedded/integrated
into the smart garment.

In the following sections, a we will illustrate the key points contribute
to each lens and discuss how each lens can contribute to the specific
design decision by taking the abovementioned design iterations of
Zishi as examples.
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3.5.2 Lens of Function

Purpose

Pathology , —— Function
Population N

Figure 3.24 Lens of Function

The lens of function considers the purpose of the device, the pathology
it addresses and the target user group (see Figure 3.24). This lens
represents priorities originating from a clinical context. For example,
Timmermans et al. [11]proposed criteria related to therapy for sensor
rehabilitation technology, Hochstenbach-Waelen and Seelen identified
therapy-related criteria technology should meet to assist rehabilitation
[163]. Both these studies recommended that technology should be
patient-tailored and goal-tailored.

To guide design is essential to have a clear definition of the target
population and the specific rehabilitation aim as, for example:
improving the active joint range of motion, improving movement
performance, improving movement coordination, improving
posture, improving muscle strength, overcoming learned non-use
and improving performance of ADL (activities of daily living) skills,
improve social confidence, etc.[34]. It is worthy to consider how the
system could contribute to the existing therapy [29] or even contribute
to creating new therapy [19]. Wearable systems for movement and
posture monitoring can track various parameters regarding the body
segments and joint kinematics, such as: range of motion (movement
distance around joint or body part), amount of use (activity amount
of body segment) or body segment posture (specific posture or body
segment to target spatial location).

Applying the lens of function

The lens function requires multi-disciplinary input and participatory
approaches. During the development of Zishi, we collaborate closely
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with researchers from the Biomedical research institute in Hasselt
University, specifically on the efforts related to applying the lens of
function. This lens was beneficial for our project in two ways:

1) Applying the lens of function helped us understand the user needs
and to set a research direction. When the project started, we firstly
had an indistinct direction of supporting arm-hand rehabilitation
by wearable systems. We needed to make sure our chosen direction
was meaningful from a clinical perspective, so we consulted relevant
literature and we could benefit from “real-life” knowledge by meetings
with therapists, regarding how rehabilitation therapists address the
challenge of self-awareness of compensation movement. Consequently,
the design goal was shaped with the clinical experts to improve the
upper body posture by reducing excess trunk flexion. During this
process, we also were able to define more precisely the target user
group, which at the first stages of the project was elderly stroke
survivors. In later iterations, we could adjust this focus to exploit
the opportunities offered by Zishi for different target user groups
(shoulder patients and office workers).

2) Another aspect was the generation of new design concepts. Applying
the lens of function in the stage of evaluation and reflection of the
accomplished prototypes help us extract new design challenges (e.g.
to monitor protraction and retraction movement with shoulder pain
patients during the 4th iteration). Apart from regular meetings to steer
the direction of the project, a creative workshop was held in which
clinical researchers and design students participated to investigate
different ways of providing posture feedback.

3.5.3 Lens of Accuracy

This lens draws attention to monitoring reliability (see Figure 3.25). To
be applied for rehabilitation the garment needs to provide sufficiently
reliable data. This lens concerns the kinematic model, sensor type,
sensor locations, calibrating algorithms, data processing and storage,
wireless communication and power supply.

Understanding of the kinematics of the body segments is essential to
describe the angles and motions of the body segment. There is already
substantial guidance for designers as, for example, the guidelines of
International Society of Biomechanics (ISB) [164]. The orientation
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Figure 3.25 Lens of Accuracy
of the anatomical system of reference could be computed according
to the system of reference of the sensor unit following the approach
described in [165].

The main options considered during the development of Zishi regarding
the sensor technology were: 1) Accelerometer/IMU; 2) Flexible angular
sensor; 3) E-textile; 4) Others. Systems based on accelerometer or
IMU measurements normally consist of several sensor nodes and
can measure kinematic parameters such as orientation, position,
velocity, as well as complex body posture and joint range of motion. A
flexible sensor is suitable for sharp joint motion tracking. An e-textile
sensor refers to the textile-based sensors (textile capacitance sensor,
piezoresistive sensor, etc. [38]) with high requirement of sensor
placements. When determining the sensor location, it is essential to
consider the kinematic model and sensors properties.

A decision that has to be made for data is how much pre-processing,
e.g., simple motion estimation and noise filtering, should be done on the
microcontrollers embedded in the garment, versus those done on the
connected Smartphone device. This depends on the computing power
of the embedded processor and the requirements for communication
with the connected device, as pre-processing helps reduce the amount
of data that needs to be transmitted [59].

Power and Communication [166] are also fundamental considerations
for the system architecture. Currently, rechargeable Lipo batteries are
very widely used. However, due to the challenge of building a small and
flexible device, other approaches can be considered that will reduce
the need to add hard and relatively sizeable components: energy
harvesting and distributed power management (e.g. solar photovoltaic
technology [167] , integration of piezoelectric materials [166], etc.).
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Integrating such possibilities was outside the scope of this research
but could be useful to ensure longer autonomy and sustainability for
the device.

It is beneficial to consider both short-range and long-range
communication for smart garments [152]. Short-range communication
could be implemented by conductive yarns or other conductive
material processed by textile machinery in an aesthetic way [152]
(p-21). Another way of short-range communication is wireless
communication. Typically, smart garment systems are paired with
hand-held device and demand real-time communication (e.g.
Bluetooth, Wi-Fi and Zigbee) for data transmission. The system
with multiple electronic modules are mostly wired connections (e.g.
conductive material), should be designed with attention on another
lens: hard & soft connection. Smartphones can also support telecare
scenarios by connecting to secure cloud services.

Applying the lens of Accuracy

The key design decisions we made for high reliability by applying this
lens were listed as following:

1) Sensor and calculating algorithms. We have experimented with
accelerometers, flexible sensors, piezoresistive fabric and IMU sensors.
Accelerometers and IMU sensors were eventually adopted because of
their small size, high accuracy and the ease with which they could be
integrated embedded in with fabrics.

Regarding to the orientation angles, our first approach which is
illustrated in Figure 3.26, assumed a axis in the target local coordinate
frame is parallel with the world coordinate frames. When the sensor
is completely stationary, the measured vector ga of acceleration due to
gravity points vertically upwards and the intensity equals to g (9.81m/
s?) [168]. In this way, the formulate for calculating the angle around
y axis based on the accelerometer readings (ax, ay, az), as follows: ¢
=m/2-arccos|az/ga| .
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Figure 3.27 second orientation calculation method for relative movement body
segment monitoring, blue dots show the sensor locations.

In the sixth iteration was adapted this calculation to calculate the
relative motion of different part of human body instead of estimating
the relative motion of human body segment with respect to the world
coordinate system. Furthermore, the initial condition of the sensors
placed on acromion joint and sternoclavicular joint is also considered
(see Figure 3.27). Since these two local coordinate systems are not
necessarily parallel, their initial relative relation varies when being
applied to different bodies. The module embedded in the latest
iteration was Adafruit-BNO055 IMU module and its built-in fusion
algorithms provide absolute orientation and quaternion data, which is
essential for the subsequent protraction calculation algorithms.
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If we denote the quaternion of the sensor placed at sternoclavicular
joint as Q,, the quaternion of the sensor placed at acromion joint as
Q, and the quaternion Q, presents information about the relation of
the attitudes of each sensor under initial condition. While the initial
relative relation should also be estimated based on a calibration phase
(i.e. keeping still in a neutral position and reading the quaternions
output of 2 sensors representing their rotation regarding their
respective world coordinate systems).

Let Q, and Q, denote two rotation matrices R, R, and R, R, are
orthogonal matrices. Denote g, as the representation of gravity in
the world coordinate system, g as the measurement of gravity in the
local coordinate system corresponding to the sternoclavicular joint
and g, as the measurement of gravity in the local coordinate system
corresponding to acromion joint.

Transform the quaternions Q, and Q, to rotation matrices. And
transform the compounded matrix back to quaternion Q. This part
should be eliminated properly from the result obtained by direct
attitude calculation from measurements of these two sensors in
working phase.

We have g, =g, *R, and g,=g,*R,

Theng, = g, *R,"*R = g *R"*R|

And transform R,"* R, backto Q,.

So the target rotation is encoded as Q * Q" * Q,™.

2) Locate the sensors in the right location based on kinematic
knowledge. We followed the approach described in previous
studies [80, 169], shifting sensor locations from the chest to the back,
on vertebrae T1 and T5 in the 2" ijteration for the monitoring of
compensatory movement from trunk. After that we followed the ISB
recommendations in the later iterations.

3) Keep the sensors in the right location using flexible and scalable
mechanisms. We adopted a two-piece design for the garment in our
2" and 3" iteration. Velcro applied on the overlap areas made the
garment adjustable for people of different sizes and could guarantee
the sensors’ fixation [76]. However, this solution was not easy to put
on and take off (wearability lens). We decided to provide multiple sizes



for Zishi instead of the solution one-fit-all approach. In the 4% iteration,
we proposed a new fit & fix method for the shoulder sensor, details
about addressing wearability are described in the following section.

3.5.4 Lens of Wearability

Fit & Fix
Comfort
Wear on/off
Scalability
Flexibility
Weight

Wearability

Figure 3.28 Lens of Wearability

Smart garments are expected to enhance the functionality of everyday
clothing while still being comfortable, presentable and easy to take
on and off and more generally to satisfy wearability requirements.
Gemperle et al. [134] defined wearability as the interaction between
human body and wearable objects for wearable technology. Various
studies [34, 170] argued for the importance of taking wearability into
account and even proposed related requirements or principles. This
lens (see Figure 3.28) challenges the designer to balance fixation and
comfort.

Fit and fix means that the garment should fit the body and ensure the
sensors’steady fixationattherightposition even duringbig movements.
Common ways to keep sensors at the right location are: snaps, Velcro
straps, belts, knitted textiles, stretch materials or specific mechanisms
such as foldable structures or an inflatable fixture. Flat body parts that
do not move or flex a lot are conducive to stable monitoring. Fit and
fix could also help avoid the effect of clothes wrinkle. The style and
structure of the garment have direct impacts on the sensor function
[58]. For example, Dunne et al. [58] evaluated the variables of garment
style and fit through a process of amalgamating possible movements
and generated new design constraints to their final design

Comfort may concern the degree of comfort from multiple aspects,
such as physical, mental and social. Dunne et al. [171] identifies a
number of factors that influence clothing comfort, including pressure/
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constriction, texture, thermal, moisture and freedom of movement.
The process of fabric selection and prototype implementation can be
crucial in ensuring an unobtrusive design with suitable material and
attachment methods.

Ease of use refers to several aspects of daily use. The garment should
be easy to wear on/off and easy to attach and remove the non-
washable parts. Scalability means that the system should support size
variations to fit users in different types or in different scenarios. The
analysis by Griffin et al. [172] illustrated the need to consider non-
traditional sizing strategies for sensorized garments to ensure precise
sensor placement. An emerging approach that is very promising is
body scanning and computer aided fabrication customized to the body
of the user. Flexibility, light weight and adaptability of the garment are
different ways to avoid restricting body movements.

Applying the lens of wearability
This lens has been applied throughout our iterations:

1) Figure 3.29 illustrates our gradual progression towards ensuring
wearability throughout our iterations. We have strived that Zishi
could be easily put on and off while balancing other requirements, or
that users could wear Zishi as daily clothing. Figure 3.29 shows the
prototype from the 5% iteration, where we integrated a magnet zipper
on the front part of the garment, ensuring that Zishi would be easy
to put on for patients with diminished motor control. The magnetic
zipper is self-closing requiring the user to just bring the two sides of
the jacket close to each other, with rather than having to zip up

. 3rd

Figure 3.29 (left) Thumbnails embodied the wearability progress;
(right) A model was wearing Zishi easily and was pleased with the
smooth experience.




2) Lessons learned about the fit and fix in Zishi. Figure 3.30 illustrates
two examples of sensor fixation in our process. On the upside, snap
buttons (see Figure 3.30a) allow for the soft sensor module to be
easily removed or reinstalled, which is particularly convenient for
personalizing the sensor modules’ number or position or for washing
the garment. However, we also noticed some downsides. When trying
out the garment we found that the wrinkles under the snap button
base hindered sensor performance during training exercises. We then
opted for Velcro (see Figure 3.30b) on the shoulder to fix the sensor
on the acromion. In the 5% iteration of Zishi, aiming for simple and
intuitive use, zipper magnets were applied on the shoulder too. A tiny
magnet (3mm in diameter) is concealed in each of the small golden
square fabrics (see Figure 3.18). In this way, the connection is easy,

3

(b)

Figure 3.30 Fixation examples in Zishi. (a) The soft sensor module (in black colour)
can be buckled on the garment by snap fastener; (b) Stretch fabric and Velcro, a
soft elastic Velcro strip goes under the two openings of garment, maximize the
flexibility and stability.

Figure 3.31 Flexible circuit
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robust and smooth.

3) Sewable modules or miniature modules were implemented with a
flexible circuit (see Figure 3.31). A removable design of the wearable
electronics, potentially allows users to have garments made of different
materials that would be appropriate for different training applications.
Further, all the fabric samples used in our prototypes were elastic and
soft. In this way, users would feel comfort with no constraints.

3.5.5 Lens of Aesthetics

Material R
Form language

Finishing & detail Aesthetics
Social & culture

Figure 3.32 Lens of Aesthetics

This lens takes the perspective of aesthetics which are often ignored in
the field of wearable rehabilitation technology. Aesthetics are crucial
for system acceptance to the point that they can determine its final
success [158]. Andreoni et al. argued that aesthetics are together with
function and technology the three main requirements for designing
smart garments [158]. Designing the system not only for rehabilitation
but also to allow self-expression, the lens of aesthetic (see Figure 3.32)
calls for balancing factors such as: material, form language, finishing &
detail and influences from social & cultural, etc.

The selection of material including textile and fiber, their structures
and properties will influence the cutting pattern and finishing. We list
three main considerations: a) Colour and texture selection may reflect
fashion design, user preferences, culture, etc. Advances in smart fiber
(e.g. led fiber and photonic band gap fiber (Karma Chameleon project
[173]) and thermochromic inks, dynamic textile colour and pattern
are all innovations that have been applied recently in smart garment,
creating new ways of colour experience. b) Considering the factors
“fit & fixation” and “comfort” in the lens of wearability, various soft,



stretchable and breathable textiles can be employed. c¢) The intended
environment and seasonal requirements should also be considered
during fabric selection.

The factor “Form language” refers to shape and styling. It is essential
to consider the body in terms of 3D form in the process of sketching,
illustrating technical drawings and paper prototype on the tailor’s
manikin. Ensuring that both design and cutting lines work in harmony
may lead to clean and minimal styling [174]. It is a challenge to
naturally merge hard electronics into the textile, instead of casually
fixing them at some point.

The high quality of finishing in fabrication, cut, proportion and detail
(e.g. logo) will contribute to the ‘feel good’ factor. Designers can follow
the fashion design process to design the pattern-cutting, tailor, stitch
and work with new techniques such as laser cutters, 3D printer,
computerized knitting machines and embroidery machines. Some
design details such as the clothing labels, zip openings, clean garment
edges may contribute unforeseen enhancements.

[t is also important to focus on social and cultural influences. Wearing
the smart garment may lead to people perceptions like “high-tech”. On
the other hand, users may also feel embarrassed and concerned that
they will be labelled as “strange”. Pervasive smart garments rely on
users wearing the system over the long-term, in daily contexts, which
relies heavily on wearer’s emotional and social comfort.

Figure 3.33 (a) sketch in the 3" iteration; (b) pattern design in the 6" iteration; (c)
zoom-in figure shows the label, texture of the fabric and finishing detail in the 5
iteration.
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Applying the lens of aesthetics

|

RS
s

gyt
E52

)

=

AVAY
K2
REEKEN

a
a3

aY
O

X

Figure 3.34 design progress. (a) the back part design of the final
prototype in 5th iteration; (b) embryonic form with pins fixed the fabric

on a manikin; (c) tailoring; (d) testing the patch
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Figure 3.33 presents some examples of our general design process
(e.g. sketches and pattern design) considering the lens of aesthetics.
The interactive garment was designed with aims to look friendly and
familiar in order to offer better engagement.

Figure 3.34 illustrates an example towards the form language by
showing the back design of Zishi in 5% iteration and the design
process. The flexible central node could fit in the concave space by the
magnet zipper, thus achieving an integral surface. From the aesthetic
perspective, we created a feeling that when the sensing partis attached
the garment is a whole piece that is not obtrusive. We aimed to design
the structure of the clothes, not simply add on devices.

3.5.6 Lens of Interactivity

Feedback characteristic ,
Feedback design criteria Interactivity
Gamification

Figure 3.35 Lens of Interactivity

This lens (see Figure 3.35) focuses on the interactive guidance a smart
garment can offer to patients and the emerging user experience.
Particularly, it is of major importance to design the system feedback as
this positively influences motivation and self-efficacy [11]. Wearable
systems raise questions about the interactive experience grounded
in the body, give both physical and virtual dimension to interaction.
This lens considers the characteristics of feedback, interaction
design principles regarding feedback design or even gamification as
a potential approach. This lens challenges designers to think how to
provide accurate, reliable, understandable and pleasurable feedback.

It is important that feedback matches the proficiency level of the users
[11], which determined by the modality, contents and timing [95],
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their characteristics are summarized as follows:

1) Content: program and parameter feedback provides information
towards movement pattern, summary feedback and average feedback
due to the amount of information, bandwidth feedback based on a
custom threshold for error magnitude and focus of attention. Feedback
strategies could be established based on underpinning theories [10]
and real contexts.

2) Modality: visual, auditory, haptic or multi-modal feedbacks.

3) Timing: terminal and concurrent feedback, the frequency of
feedback provision.

In Chapter 2, we have discussed extensively the feedback mechanisms
supported by wearable rehabilitation technology. However, the
transition from a technical tool towards a clinically usable system is
not straightforward. Prerequisites for therapists and patients to use
technology supported rehabilitation systems are the ease-of-use of
the system, its added value to their habitual rehabilitation programs
and its credibility. There have been several attempts by researchers
to distill related design guidance. Willems et al. [175] identified a
set of guidelines for patient feedback design in stroke rehabilitation
technology. Hochstenbach-Waelen and Seele [163]inventoried criteria
technology should meet, multiple items towards feedback and software
have been explained. Timmermans et al. proposed criteria related
to feedback on exercise performance. Designers and researchers are
also recommended to draw lessons from the classical principles, for
example, Jakob Nielsen’s ten heuristic principles [176].

Besides, a game may increase both the quality and quantity of
patients’ training by providing a motivating context and decreasing
the monotony of repeated motions [36]. Numerous studies argued
that gamification design feedback contributes crucially to achieving
effective engagement [36, 80, 177]



Applying the lens of interactivity
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Figure 3.36 interface design

By applying the lens of interactivity, Zishi was accompanied with
the real-time application including on-body vibration feedback and
visual and sound feedback from the app (see figure 3.36). Besides, the
following lessons were learnt:

1) Real-time feedback is essential, which is known to be effective for
beginning users [11]. Since we target motor-control training, real-
time feedback helps users achieve self-awareness of their movement
performance. We used green and red colours to indicate user their
concurrent status so that they are informed whether their posture is
in the acceptable range.

2) The application on smart devices should be easy to understand and
operate; the design should avoid information overflow. For example,
our initial design provided compensation data for torso and shoulder
concurrently as both values are relevant. However, users got confused
as tracking the two parameters put excessive demands on their
attention.

3) Personalization and adaptivity. To support goal setting by patients
and to apply the device in diverse situations, personalization and
adaptivity are vital. Zishi supported personalization by registering the
user’s neutral position and allowing them to personalize thresholds.
The feedback modalities are also personalized as users could enable
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or disable the modality by checkbox anytime. For beginners, simple
feedback may prevent information overload, for experienced users,
more elaborate feedback may enhance the system applicability.

4) Towards motivational aspects, engaging feedback strategy should
be nicely presented by the graphical user interfaces. We adopted the
pointer to simulate user’s movement in a clear and natural way.

3.5.7 Lens of Hard & Soft crafting

Integration level
Cont?luctlve materl.al Hard & Soft
Fabric manufacturlng Craft

Interconnection

Figure 3.37 Lens of Hard & Soft crafting

Hard and soft connection is one of the most paradoxical problems
in wearable prototypes, it pertains to the balance between accuracy
and wearability. This lens (see Figure 3.37) takes the perspective of
garment implementation, addressing a set of very practical concerns.
The integration between electronic modules and a textile substrate can
be classified into three levels as explained in Chapter 2 (i.e. attached,
embedded and integrated).

Conductive materials are essential for reliable joining electrical
modules and textile. The conductive material consists of conductive
threads/yarns, conductive fabric and conductive ink. Andreoni et al.
[158] classified yarns in two categories of metal yarns (e.g. stainless
steel) and yarns containing electro-conductive fibers (e.g. carbon-
coated threads). Locher et al. [178] have listed different types of
conductive yarns including plain wire, twisted yarn, tinsel, plated yarn,
plated strips and double twisted yarns. Pre-tests of their properties
(e.g. resistance) are essential before integrating the material.

Previous studies [160, 178] have concluded different ways of
incorporating smart materials into the textile structure by different
manufacturing and treatment technologies including: embroidering,



sewing, non-woven textile, knitting, weaving, spinning, braiding,
coating/laminating, printing and chemical treatments. Previous
E-textile summer camp [179] and Kobakant et al. [180] have
demonstrated copious hands-on E-textile solutions and inspirations
on their website. Frequently used approaches are listed as following:
1) soldering and welding; 2) sewing and embroidering; 3) sealing and
isolating; 4) adhesive bonding; 5) hook & loop; 6) magnet and snaps;
7) IDC connector, etc.

Applying the lens of Hard & Soft crafting.

Appropriate interconnection mechanisms and connection procedures
are crucial ingredients for crafting smart garments. Figure 3.38
illustrates some examples of the different connections we used in
the design iterations. We applied different approaches because of the
different material properties, while ensuring the good function of the
electronics as well as the flexibility and robustness of textiles [178].
For example, the polyester conductive thread was fixed on conductive
fabric with a pronged cap in the 2" iteration. However, the resistance
of the whole system turned out to be quite high because the selected
yarn and the tailored tool for the pronged cap were hard to operate
when the target was far from the fabric edge. However, since the
resistance of the adopted conductive yarn was quite high, the system
was not stable enough to support tests with users.

(d)

Figure 3.38 Explorations of connections in the different iterations. (a) Polyester

conductive thread and fabric with pronged cap; (b) Stainless conductive thread
with snaps embedded in the garment; (c) Electronic modules mounted on the
flexible PCB; (d) Laser cutting the conductive fabric pattern and transfer to the
substrate fabric by heat-press machine; (e) Coated conductive thread sewed and
soldered with the sensor.
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3.6 Conclusions

This chapter has recounted the iterative design progress of developing
the interactive garment, described the system overview and proposed
design lenses towards different perspectives while designing smart
posture monitoring garments for rehabilitation.

Wessetouttodesignagarmentasa platform forarm-hand rehabilitation.
We have proposed a design of the smart rehabilitation garment
system, providing feedback on compensation movement to improve
users’ correct execution of exercise. The integration of smart textiles
design to wearable systems contributes to implementing the reliability
and comfort of posture monitoring systems. The system can be used in
different context and training approaches and the adjustable design
ensures the sensors stay in the right positions. Due to the modular and
cost-effective design, the system has a good potential for accuracy and
comfort.

The six lenses presented, have been articulated in order to guide
interaction designers and researchers who are interested in
designing developing interactive smart garments for rehabilitation.
The development of interactive rehabilitation technologies attracts
researchers from different backgrounds such as biomedical science,
engineering, rehabilitation, computer science and design as an
interdisciplinary field. Our explorations have encoded some different
perspectives that designers and researchers can focus on while
designing and developing interactive posture monitoring garments for
rehabilitation. Taking different lenses and frequently shifting between
them is necessary to take into consideration of diverse perspectives
and manage diverse requirements. Lenses help focus on a specific part
while taking into account the overall design goal. There may well be
some overlap contents of several lenses (e.g. factor “fit & fixation” and
factor “form language”), on the other hand, switching between lenses
can help designers to approach designing wearables for rehabilitation
from different perspectives [151]. The design narrows down on key
design considerations and specific factors that may provide valuable
guidance to researchers, designers and engineers new to this hybrid
area. In the future, we will explore how the lenses may be employed
in future wearable system development and the community could
leverage the knowledge.
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4.1 Introduction

Chapter 3 presented the design and development of Zishi, as an
iterative design process, both the act of designing and the act of
evaluating designs are essential. In Chapter 2, we distinguished three
different kinds of evaluation: technical evaluation, usability evaluation
and clinical evaluation. Our systems have been deployed in the lab
test and real context for different target users. A pilot study was set
up to evaluate the accuracy performance (with the 3™ iteration). Two
studies (with the 4% iteration) have been conducted exploring about
users’ attitude towards system credibility and expectancy, intrinsic
motivation, technology acceptance and usability. We recruited
shoulder pain patients and therapists in Hasselt, Belgium and stroke
patients and therapists in Shanghai, China.

4.2 Accuracy Evaluation

With the third iteration of Zishi, a pilot study was set up and
administered in order to evaluate the performance of the garment
for measuring the thoracic angle. We compared Zishi to a commercial
optical tracker (PST-55/110 series) that uses infrared lighting
to detect optical markers from ps-tech (see www.ps-tech.com).
Experiment data are presented by the mean value, standard deviation,
and root mean squared errors (RMSE). Written consent was acquired
from each participant prior to the experimental sessions. This was a
non-clinical study without any harming procedure and all data were
collected anonymously. Only healthy participants were involved to
register simple motions in a non-invasive way, and without collecting
any personal data on the participants. Therefore, according to the
Netherlands Code of Conduct for Scientific Practice, ethical approval
was not sought for the execution of this study.

4.2.1 Experiment setup

By using the 3D motion capture system one L shaped hard piece
with two optical markers was attached to each sensor. The raw data
provided by the system are the space coordinates and we calculate the
angles between two space vectors by applying the calculation model.
Seven subjects without any related pathology (4 female and 3 male)
participated in this experiment. After putting on the garment they
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markersY

Figure 4.1 Experiment Setting, subject stood in front of the optical tracker with two
infrared markers attached to each sensor.
were introduced to how to interact with the application to control the

prototype wearable system . Then participants were asked to stand
in a marked position in front of the optical tracker. Figure 4.1 shows
the experiment setup. The experiment procedure is as follows: 1)
stand straight with feet flat on floor, keep still (last for approximately
2 seconds to implement the calibration process) then click button on
smartphone to set personalized “0” as the starting position; 2) bend
forward until the App displays 15° and keep still; 3) bend forward
further to 30°, 45°, 60° and 75° separately. 4) The subjects repeated
the exercise series three times, for every target angle in random order.
While the participants stood still, the observer recorded the data with
the optical tracker.

4.2.2 Results

Table 4.1 Evaluation Results

15 30 45 60 75
17.45 |33.39 48.27 63.47 79.08
2.61 3.66 3.71 3.79 4.56

1.14 1.29 1.97 1.62 1.93

Table 4.1 presents the average RMSE (root mean squared error) and
standard deviation results. The average value of the three times
measurements from 7 subjects are illustrated in Figure 4.2. The RMSE
increases with the flexion angle. The reason may be that the sensor is
placed in loose contact with the skin, so the alignment of the sensor to
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the body shifts slightly when the angle increases. The RMSE presents
the average deviation extent, and the global RMSE value is 3.57. The
accuracy achieved is comparable to the state of the art in wearable
technologies (as shown in our survey [21] and the systematic survey of
chapter 2), while arguably improving on aesthetics and wearability
substantially.

5

Error (Degree)
I

0 15 30 45 60 75 90
Angle (Degree)

Figure 4.2 Mean Value and Standard Deviation
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Figure 4.3 Linear regression analysis

Figure 4.3 demonstrates the single linear regression
analysis, a significant regression equation was found
(F(1,6512)=9,74e+05,p<0.000), with an R%?of 0.993. The gold standard
value (data from optical system) could be predicted as 2.43 + 1.02
(data from Zishi system).
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Figure 4.4 Bland and Altman analysis

In order to assess agreement between two methods of measurement,
we also performed the Bland and Altman analysis[181, 182]. Figure
4.4 demonstrates the analysis results which confirmed the acceptable
deviation between the two methods (bias = 3.2 and and the 95% limits
of agreement are 6.5 and -0.03) .
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4.3 Motor control training for the shoulder with smart
garments

4.3.1 Introduction

Shoulder problems are very common. In reaction to pain or in order to
unload painful structures, patients tend to develop altered movement
patterns which can be seen as compensatory movements [13]. Thus,
rehabilitation treatment should involve correct positioning of the
scapulothoracic joint scapula on the thorax by means of active muscle
recruitment and re-education. Patients need to learn an optimal
scapular orientation in relation to the thorax. Currently patients learn
such a ‘scapular setting’ referring to an instruction manual, or by
relying on verbal and auditory assistance by their therapist [183].

Posture monitoring technology can help detect and subsequently
reduce the compensatory movement patterns of the scapula on the
thorax in several ways. First, it can support the patient in executing
scapular setting exercises by providing objective feedback on the
scapular setting and trunk position which can contribute to the
effectiveness of the training. Secondly, it can be supportive for
therapists, since it can be an addition to the manual/verbal/auditory
assistance they provide to patients. Lastly, it provides continuous and
objective feedback, which can potentially improve the quality of the
training. However, before a technical measurement or rehabilitation
tool can be clinically applied, information about the ease of use of the
system [27] and attitudes by users towards this technology is required.

The aim of this study is to evaluate users’ attitudes regarding
the usability, credibility, acceptance, and motivational aspects of
technology-supported postural feedback during scapular training in
patients with musculoskeletal shoulder pain and in physical therapists
who treat patients with shoulder disorders. The study received ethics
clearance from the ethics boards of Jessa hospital (Hasselt, Belgium)
and Hasselt University. The study comprised of two parts; in the first
part patients were asked to use Zishi while executing scapular setting
exercises and in the second part, physical therapists tried out Zishi
themselves and evaluated the system as a therapy aid.
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4.3.2 Participants

Eight patients with musculoskeletal shoulder pain receiving
rehabilitation training and five physiotherapists from the rehabilitation
center of Jessa hospital were recruited and signed the informed consent
before the study. Eight patients with pain from musculoskeletal origin
(five females and three males) agreed to participate in our study. Their
ages ranged from 45 to 59 years (M=50, SD=6.44) and they had been
following shoulder rehabilitation training for 9.7 months on average
(SD = 5.8) and their mean SPADI score was 45.3 (SD = 15.3%).

Theinclusioncriteriaforthe shoulder patients were: 1) main complaints
at shoulder girdle; 2) older than 18 years of age; 3) presence of at
least one of the following signs: positive Neer test, positive Hawkins-
Kennedy impingement, painful arc during active abduction/flexion,
pain during one or more of following movements: external rotation/
internal rotation/ abduction/ flexion; 4) understanding spoken and
written Dutch.

The exclusion criteria were: 1) Surgery at the shoulder complex or
cervical spine in last 6 weeks, 2) comorbidity: paresis and sensory
problems of neurological origin/diabetes mellitus/rheumatoid
arthritis, pain severity 8/10 or more in the last 48h, adhesive
capsulitis/frozen shoulder, 3) having any insurance compensation
claims in progress.

4.3.3 Materials

Zishi was made available in two sizes. The materials for the experiment
also included an Android-based tablet with the App installed, an
adjustable shelf, a cooking pot (weight 300g, size 6 inches) and a
bottle of water (0.51). Although Zishi is capable of providing feedback
in 3 different modalities, only visual and audio channels were enabled
during the experiment to prevent information overload (vibrotactile
feedback was disabled).

4.3.4 Protocol

Based on discussions with therapists, it was decided to only focus on
the right part (shoulder girdle feedback) of the interface to avoid that
concurrent feedback on two different aspects of posture (i.e. from
the trunk and the shoulder girdle) would be too difficult for patients



60°

Shoulder Flexion

to handle given that they were not yet familiar with the system and
its feedback. Before starting the experiment each participant filled
in two pre-test questionnaires: a socio-demographic questionnaire
(name, date of birth, gender, height, weight, contact information,
shoulder pain suffering time and position, handedness and whether
they had surgery on shoulder) and the Shoulder Pain and Disability
Index (SPADI) questionnaire [27], a self-administered inventory
to gauge the shoulder pain they experience at the moment and the
disability of shoulder functioning. The SPADI questionnaire generates
a score ranging between 0-100, reflecting the amount of disability
of a person, with higher scores corresponding to a higher degree of
disability. Researchers, who are also musculoskeletal physiotherapists,
demonstrated Zishi to the participants and explained its operation and
interface contents. Subsequently, the participant put on the garment
and ran through the calibration procedure. All tasks were performed
in a standing position, with help from a researcher where necessary.
During task-execution, the patient was instructed to stabilize the
scapula on the thorax and avoid inappropriate scapular elevation
or depression. The neutral scapular position was calibrated and the
threshold for allowed compensatory movement was set at 10° of
scapular elevation or depression.

Test participants were asked to perform the following tasks:

Saggital
Plane

Frontal
Plane

40°
Elevation in the
Scapula plane I

(a) (b)
Figure 4.5 Movement description: (a) Shoulder flexion; (b)Elevation in scapula
plane.

Scapula Plane
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Figure 4.6 Task Execution: (a) Standardized calibration of arm movement with
goniometer; (b) The subject is performing task 4, lifting the bottle to the board.

1) Task 1: analytical shoulder flexion. The subject was asked to perform
60° of shoulder flexion with the thumb up and the elbow extended (see
Figure 4.5a). A bar was placed in front of the patient at 60° to indicate
the appropriate level of flexion. The range was determined with a
goniometer, as shown in Figure 4.6a.

2) Task 2: functional shoulder flexion, placing a cooking pot. The
subject was asked to place a cooking pot from a plate on a shelf that
was located in front of him/her. The height of the shelf and the distance
from the patient were standardized. The subject started with his arms
alongside his body and with the elbows in 70° of flexion (determined
with goniometry). The height of the shelf was adjusted accordingly. The
patient had to perform 60° of shoulder flexion with extended arms, to
place the pot on the shelf. Once subjects had placed the cooking pot on
the shelf, they were asked to put it back on the shelf in front of them.

3) Task 3: analytical elevation in the scapular plane. The subject was
asked to perform 40° of shoulder elevation in the scapular plane (30°in
front of the frontal plane) with an extended elbow and with the thumb
pointing upward (see Figure 4.5b). A bar was placed in the scapular
plane, next to the patient at 40° of humerothoracic elevation to indicate
the appropriate level of elevation. The range was determined with a
goniometer.

4) Task 4: functional elevation in the scapular plane. The patient was
asked to place a bottle of water (0.51) on a shelf that was located next to



him in the scapular plane. The height of the shelf and the distance from
the patient was standardized. At the starting position, the patient had
his arms alongside his body and his elbows in 70° of flexion (measured
with a goniometer). The bottle was in the hand of the tested arm side.
The shelf was placed so that the patient had to perform 40° of scapular
plane shoulder elevation with an extended arm to place the bottle on
the shelf. Figure 4.6b shows a subject performing task 4.

Five therapists participated in the second part of the study. They
performed the same protocol as described above, in order to gain
a first-hand experience of the system before providing their own
appraisal of it.

At the end of the test sessions, participants were asked to fill in a
number of questionnaires that assessed different aspects of the system.

4.3.5 Outcome measures

Credibility and expectancy

To evaluate whether participants think that Zishi is a potentially
credible aid for treating shoulder pain (credibility), and whether they
feel it will facilitate improvement of their condition (expectancy) we
asked them to complete the Credibility Expectancy Questionnaire
(CEQ [184]). The CEQ includes a credibility factor (to indicate
how believable, convincing and logical treatment is) as well as an
expectancy factor (expected improvements). In therapists, only the
questions related to credibility were asked, as they are not assumed
to have a musculoskeletal problem they are treating with the device.
The questionnaire consists of 4 questions on what subjects ‘think’ in
section 1 and 2 questions on what subjects ‘feel’ in section 2, while the
factor credibility is derived from the first three thinks questions and
factor expectancy is derived from the remaining questions.

Intrinsic motivation

As we assume that interactivity will make exercise more engaging
and will increase patient motivation to train, we asked them to fill in
the Intrinsic Motivation Inventory (IMI [185]). The full version of IMI
consists of 45 questions addressing 7 subscales. Since the subscale
‘Perceived Choice’ is not relevant for our system, we only focused
on the other 6 subscales including ‘interest/enjoyment’, ‘perceived
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competence’, ‘effort/importance’, ‘value/usefulness, ‘relatedness’
and ‘pressure/tension. The ‘interest/enjoyment’ subscale is
considered as the self-report measure of intrinsic motivation.
‘Perceived competence’ subscale shows how capable the subjects
feel and theorized as predictors of intrinsic motivation. The ‘effort/
Importance’ and ‘pressure/tension’ subscales respectively measure
subject’s effort investment and pressure during the task performance.
The subscale ‘value/usefulness’ aims to capture the extent to which
people internalize and develop more self-regulatory activities
when experience is considered as valuable and useful for them
[185]. Questions in the subscale ‘relatedness’ are designed to reflect
the degree of participants’ perceptions and expectations of social
connection when using the system.

Technology acceptance and usability

To evaluate whether participants would be likely to use such a
device, we assessed technology acceptance using ‘Unified Theory
of Acceptance and Use of Technology’ (UTAUT [186]). Developed in
the field of information systems management, the UTAUT inventory
measures variety of factors that are known to predict use of technology.
However, UTAUT is not very explicit about system usability, which is an
important concern for interaction design. For this reason participants
were also asked to complete the Computer System Usability
Questionnaire (CSUQ[187] ) developed by IBM which is a short,
reliable, and widely used questionnaire for assessing system'’s usability.
The CSUQ questionnaire consists of 19 items for measuring user
satisfaction with four perceptions of satisfaction: overall satisfaction
(Q1-Q19), system usefulness (Q1-Q8), interface quality (Q16-Q18) and
information quality (Q9-Q15). Finally, we also asked several questions
addressing the general experience and quick impression of the system
usability: two rating questions (R1-“How easy can you understand the
feedback?”; R2-“How easy was it to take the vest on and off?”) and two
open questions (01-“What do you like about the system?”; 02-“What
would you change about the system?”).



Credibility and expectancy for therapists

The therapists filled in the credibility component only of the CEQ
questionnaire. Furthermore, to assess the general impression and
usability, and to receive suggestions for improvement of the interface
design, several open questions were asked (for example, “What do you
think about the arrow - was it clear? Should you replace it by an avatar?
Or by an image of yourself?” To learn about therapists’ opinions about
the feedback strategy, we asked the questions: “Do you prefer feedback
during or after the exercise?” and “Do you prefer feedback about the
manner of movement (knowledge of performance) or only on the
result of movement (knowledge of results)?”.

4.3.6 Results of patients’ evaluation

Table 1 presentsthe group Median, IQR scores and one-sample Wilcoxon
signed rank test results of the different questionnaires and their
subscales. Scores range from 1-7 for all factors apart from credibility
and expectancy which range between 3 and 27. Abbreviations: IQR =
Interquartile Range, Sig = Significance level of Wilcoxon Signed-Rank
Test for One Sample, comparing to the neutral score of each scale.

Measurement results of credibility and expectancy

Patients scored highly both the credibility and the expectancy (see
Table 4.2) as both scores were higher than the neutral score of 13.5
(credibility Median= 22.5, p = 0.011, IQR= 3.5; expectancy Median=
20.2,1QR=3.55;p=0.012).
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Table 4.2. Overview of system scores.

Credibility/ | o . jibility 22.5 (3.5) 0.011
Expectancy
(CEQ) Expectancy 20.2 (3.55) 0.012
Interest/Enjoyment 6.43 (0.82) 0.012
Perceived competence 5.25 (1.96) 0.028
Intrinsic | g¢fort /Importance 5.8 (1.9) 0.025
Motivation
(M) Value /Usefulness 5.93(1.93) 0.012
Relatedness 5.6 (2.05) 0.012
Pressure/Tension 2.2 (2) 0.025
Performance expectancy | 5.37 (1.75) 0.018
Behavioral Intention 5.67 (1.58) 0.058
Technology | Attitude towards 5.3 (0.85) 0.012
Acceptance | technology
(UTAUT) | Self-Efficacy 5.25(1.19) 0.16
Effort expectancy 5.62 (1) 0.011
Facilitating conditions 5.25(1.44) 0.024
System usefulness 5.63 (1.53) 0.012
Usability
(CSuUQ) Interface quality 5.67 (1.33) 0.011




il
-

T T T T T T
Interest Perceived Effort Value Relatedness Pressure
competence

Figure 4.7 Subscale findings of the Intrinsic Motivation Inventory questionnaire
evaluated in patients with shoulder pain.

Measurement results of intrinsic motivation

Figure 4.7 illustrates shows that scores given for the six subscales
of the IMI questionnaire. For all subscales, patients scored well
above the neutral score of 4 (see also table 1), with the exception of
the subscale ‘pressure/tension’ which is a negative predictor (“less
pressure is better”) and should be ideally below the neutral. The
‘interest/enjoyment’ subscale which is considered the most direct
self-report measure of intrinsic motivation, indicated that the subjects
were more than neutral motivated to use the system significantly
(Median=6.43, IQR=0.82; p=0.012). The ‘perceived competence’ and
‘effort/importance’ subscales resulted in acceptable scores and the
‘value/usefulness’ and ‘relatedness’ subscales were scored highly. The
low score of subscale ‘pressure/tension’ showed that subjects did not
experience pressure or tension during the task.

Technology acceptance and usability

We use UTAUT to assess the constructs that influence technology
acceptance (Behavioral intention) and use (Behavior) of the Zishi
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Figure 4.8 Technology acceptance was measured with the UTAUT questionnaire,

achieving positive evaluations by the participants.
system. The results (see Figure 4.8) indicate that the subjects
believed that Zishi may help them (Performance expectancy) and
they expect that it will require little effort to use (Effort expectancy).
In general, patients were positive towards using the Zishi for training
their shoulder, reporting high scores on the behavioral intent scales
(Behavioral intention), rated positively contextual factors that would
influence their ability to use the Zishi (Facilitating conditions) which
suggests that they believe that the technology could be integrated
in the current treatment practice. For the subscales of Behavioral
Intention and Self-Efficacy participants did not rate significantly higher
than the neutral point of the scale. However, at closer inspection this
result can be exclusively attributed to one participant scoring at the
opposite side of the scale than all other participants, perhaps because
of a misinterpretation of the scale. If this outlier is removed, then also
these scores are found to be significantly higher than neutral (p=0.018
for both subscales).

Table 4.2 shows that system usefulness and interface quality were



both rated very high. Overall, the results indicate the high appreciation
and good usability since the questionnaire comprises questions on the
ease of use, ease of task completion, ease to understand and learn, and
interface comprehension. However, three subjects found it difficult to
understand and answer items Q11, Q12 and Q15, so we didn’t report
subscale information quality and overall satisfaction. While it is
noteworthy that (Q13-“The information provided by the system is easy
can you understand the feedback”) was rated positively (Median=10,
IQR =1.75, in a scale of 10).

In addition, the garment was found easy to take on and off (Median=10,
IQR =1.75). Regarding to the first open question (01-“what do you
like about the system”), only 5 subjects responded. They said that
Zishi is good for their training because of the correct, direct and
understandable feedback. One subject even mentioned that she will
recommend it to other shoulder pain patients, while two subjects
mentioned that the app did not seem easy to use at home for older
people. Only one subject replied to the second open question (02-
“what would you change about the system”) requesting to make the
pointer sharper.

4.3.7 Results of therapists’ attitudes

The 5 therapists gave credibility accreditation (Median = 20, IQR=5.5),
which indicates that therapists find the system credible for shoulder
pain rehabilitation. Concerning the open questions, 3 therapists agree
with the current design, while 2 therapists propose that replacing the
arrow by an avatar would increase motivation. All therapists indicated
that providing concurrent feedback about the movement is essential.
Three therapists stated that both concurrent feedback and end of
session feedback would be appropriate. On the question “How do you
want patients to receive feedback?” all therapists missed a summary of
the performance progression and would like a control to choose which
feedback is shown to the patient (torso or shoulder). The therapists
complained about having to hold the tablet during training requiring
a stand on which to place the tablet during training. The positive
aspects were summarized as follows: “Useful, user friendly, easy and
no preparation time, can motivate patients.”
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4.3.8 Discussion

Evaluation of patient attitudes towards the prototype reveal a very
positive perception of the system concept. Zishi is perceived as credible
and usable, while training with the system is overall experienced as
motivating. That participants expressed a wish to take Zishi home
to train is particularly promising. Zishi appears to strike a balance
between accuracy and comfort, it is easy to use and does not require a
lot of space. Compared to wearable sensors that have to be attached to
the body with straps or adhesives (e.g., the XSens system), designing
the wearable to look like everyday clothing can make it unobtrusive,
especially if extra attention is paid to aesthetic/fashion aspects. The
wearability of the system enables training daily living tasks as has been
demonstrated by the tasks included in the evaluation of our experiment
(e.g., placing the cooking pot on a shelf). This ensures the relevance of
training to improving the daily life of patients but also the potential to
extend scapular setting training at home. Besides, Zishi was perceived
as useful and ease of use (short set-up time) by therapists.

The gauge in the Zishi interface accompanied by a numeric reading is
clear and efficient for simple training tasks. Although it is valuable to
monitor compensatory movement from the trunk and shoulder at the
same time, the combined dials pose a large cognitive load to patients
and for this reason we did not expose participants to both dials at a
time, especially because there was not the opportunity for them to
familiarize with the system through repeated training sessions.

Half of the participants mentioned their preference and trust in
concurrent feedback, which is known to be effective for beginning
users [11], since they can correct the posture immediately. Based
on the comments form the patients, it appears that the bandwidth
feedback strategy has been useful for improving the user’s posture
awareness. Audio feedback triggered when participants moved out of
the training bandwidth is helpful without requiring visual attention
during functional tasks.

By using conductive materials such as conductive yarn and textiles Zishi
supports a reconfigurable and robust connection between the garment
and sensing package, ensuring both the wearability and aesthetic
quality. The high intrinsic motivation of patients participating in the
evaluation, and the positive credibility and acceptance scores indicate



that patients are very positive about integrating Zishi into their current
training. A larger scale study may also be able to explore in more depth
potential effects of age, gender, experience and voluntariness of use on
the attitudes regarding this technology.

4.3.9 Conclusion

A number of requirements for wearable rehabilitation garments
have been addressed in the iterative design and development of the
Zishi system. This work illustrates how technology can monitor
compensatory movements for supporting a shoulder-training
program. The evaluation demonstrates the credibility of the approach,
the high usability of the system, and its positive reception by patients
and therapists in terms of technology acceptance and motivation to
train with the system.

Now that we have knowledge of the feasibility of the system by the
end-users in a clinical context, a trial on the clinical effectiveness of the
system, in comparison to traditional rehabilitation methods, is the next
imperative step. Future studies should examine whether the system is
effective in motor learning for shoulder patients, and whether it helps
achieve gains the quality and intensity of the rehabilitation. Further,
the potential of the device to support independent rehabilitation
training needs to be investigated in the future.

4.4 Stroke Patients’ Acceptance of a Smart Garment
for Supporting Upper Extremity Rehabilitation

4.4.1 Introduction

Stroke has a high incidence all over the world [3], including China
where a recent study found that stroke is the leading cause of adult
disabilities in China [3]. In 40 to 50% of stroke survivors, upper
extremity function is affected, leading to a decreased quality of life [4,
5]. Stroke impairs the trunk control which is considered important
for supporting upper-extremity function[228,229]. The decreased
physical mechanisms negatively influence the stability of the shoulder
complex and may cause musculoskeletal shoulder pain or dysfunction
[226]. According to previous study [9], shoulder pain affects one-
third of stroke patients. De Baets et al. [227] explored scapulothoracic
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control in individuals with stroke as scapulothoracic functioning
concerns correct shoulder function.

Often a long rehabilitation process is needed to regain function up to
a level that varies from patient to patient, after which point patients
are discharged. At that point and given resource limitations such as a
limited number of rehabilitation hospitals and limited availability of
therapists, itis hard for out-patients to continue their training program
at home [188]. For this reason technologies that can support patients
continue to train independently are very promising to allow the
continuation of training at home. When training at home, technology
support may offer motivating feedback that guides towards optimal
exercise performance. Training in a home setting is also a solution for
cost reduction and improved quality of life outcomes [189]. Training
after rehabilitation care in the daily life can improve arm hand function
further [190].

Several task oriented training approaches have shown to improve
arm hand skilled performance and decrease disability in stroke
patients [27, 191]. However, it has been shown that stroke patients
show compensatory anterior displacement of the trunk during upper
extremity movements such as reaching [12] and grasping [192]. Such
compromise the effectiveness of the training, and should be avoided
or reduced. Also, De Baets et al. [225] have shown that stroke patients
show reduced motor control at the shoulder complex during arm
movements. It has also been shown that stabilization of the trunk
[193, 194] and shoulder complex [18] leads to improved arm hand
performance, and should therefore be taken into account during the
rehabilitation program. Wee et al. [195] found external trunk support
(wasn’'t constraining) improved trunk control and upper extremity
function in stroke patients. As intrinsic feedback mechanisms are
impaired in stroke patients, extrinsic feedback is warranted during the
learning process.

There are many wearable technologies being developed to support
upper extremity rehabilitation [34]. With wearable and pervasive
technologies maturing rapidly in recent years, it has become possible
to track posture unobtrusively during daily life, so as to encourage
users to correct their posture. The advantages that wearable systems
can bring pertain to comfort, ease of use, low cost and accuracy and



Fig.4.9 A subject is instructed of performing task 2 in Huashan hospital.

practical aspects such as not taking space [32]. While it is of major
importance to assess the opinion of the system’s users, i.e., therapists
and patients, regarding their acceptance of technology, the usability
and credibility of the proposed technology, and their motivation to
use it. In this study, we focus on the stroke patients with limited upper
extremity function. In order to find the determining factors of user
acceptance and gain insights for further iterations.

4.4.2 Subjects

Inclusion criteria were: 1) diagnosis of stroke, 2) age 218, 3) able to
give informed consent of participation, 4) able to perform the tasks,
5) ability to read and understand Chinese. Exclusion criteria were:
1) surgery at the shoulder complex or cervical spine in last 6 weeks,
2) presence of aphasia, 3) cognitive disorder, MMSE score <17 [10],
4) Paresis or sensory problems of neurological origin or rheumatoid
arthritis or other medically unstable disorders that would intrude the
task performance.

4.4.3 Protocol

The ethics board of Huashan Hospital (Shanghai; China) approved
the study (No.251 (2014)). The researcher welcomed the participant
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and gave a brief introduction of the working principle of the garment
and explanation of the interface. After giving informed consent, each
participant filled in a socio-demographic questionnaire. Participants
would put Zishi on and the researcher would provide assistance only
when requested. The researcher would adjust the Velcro strip to mount
the IMU sensor precisely on the acromion. Afterwards the patient was
invited to perform a movement protocol, consisting of 4 standardized
tasks: 1) analytical shoulder flexion; 2) placing a cooking pot on a shelf
as functional shoulder flexion (as shown in Figure 4.9); 3) analytical
elevation in the scapular plane; 4) functional elevation in the scapular
plane. (see description in section 4.3.4).

4.4.4 Materials and Outcome Measures

We standardized the materials for the experiments as described in
section 4.3.3, Each session took place in the normal training room of
the participating hospitals. This study focuses on the evaluation of Zishi
in terms of patient attitude regarding: intrinsic motivation, technology
acceptance, credibility and usability. In this way, we examined the
same outcome measurement as explained in section 4.3.4. All the
questionnaires were translated from the English version to Chinese
and adjusted lexically to fit the context of using Zishi while doing the
training tasks by our researcher and checked by another Chinese PhD
student in rehabilitation department in FuDan University.

4.4.5 Data Analysis

Data from the questionnaires were analyzed with group median scores,
interquartile range and one sample Wilcoxon signed-rank test was
used to evaluate differences with the neutral point of the scale (SPSS
Inc., Chicago, IL). All the subscales in the questionnaire were 7-point
Likert rating scales except the CEQ which used a 9-point scale ranging
from 1 to 9. We consider the median value of each scale as the neutral
score, scores around the neutral score are moderate value, scores
higher than neutral are positive, lower than neutral are negative. We
applied one-sample Wilcoxon signed rank test to compare the Median
score against the scale’s neutral score (marked in redline in the Box
plot) of each scale.



Table 4.3. Questionnaire Scores List

Credibility/ | - . gibility 22.5 (3.5) 0.011
Expectancy
(CEQ) Expectancy 20.2 (3.55) 0.012
Interest/Enjoyment 6.43 (0.82) 0.012
Perceived competence 5.25 (1.96) 0.028
Intrinsic | gffort/Importance 5.8 (1.9) 0.025
Motivation
(M1 Value /Usefulness 5.93 (1.93) 0.012
Relatedness 5.6 (2.05) 0.012
Pressure/Tension 2.2 (2) 0.025
Performance expectancy | 5.37 (1.75) 0.018
Behavioral Intention 5.67 (1.58) 0.058
Technology | Attitude towards 5.3 (0.85) 0.012
Acceptance | technology
(UTAUT) Self-Efficacy 5.25(1.19) 0.16
Effort expectancy 5.62 (1) 0.011
Facilitating conditions 5.25 (1.44) 0.024
System usefulness 5.63 (1.53) 0.012
Usability
(CSuUQ) Interface quality 5.67 (1.33) 0.011
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4.4.6 Results from the Patients

17 persons after stroke were recruited from 3 rehabilitation centers:
Huashan Hospital, the Tianshan Hospital, and First Rehabilitation
Hospital in Shanghai (China). Their mean age was 55 years (SD
=13.5). However, patients from the First Rehabilitation Hospital were
only available to participate in the experiment between their regular
training sessions, all tests had to be performed within one day and
some patients had to go for examinations and were not available
for all tests, therefore their questionnaires are only finished in part.
The number of involved subjects for each questionnaire is listed in
Table 4.3 together with the results of group Median and one-sample
Wilcoxon signed rank test.

Intrinstic Motivation

All 17 subjects filled in the IMI questionnaire (see Figure 4.10). The
results on the ‘interest/enjoyment’ subscale indicates that the subjects
were positively (MED=5.14, IQR=1.64) motivated to use the system
during rehabilitation exercises. The ‘perceived competence’ subscale
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Figure 4.10 Boxplots for the IMI questionnaire subscales.



obtained a high score (MED =5.6, IQR=1), which suggests that patients
considered themselves competent to use the system. The subscale
‘value’ was scored moderate (MDN=4.67, IQR=1.29) which suggests
that patients thought training with Zishi was moderately important.
The subscale ‘effort/importance’ obtained a good score indicates
patients were willing to put effort. The subscale ‘pressure’is scored low
and indicates that patients were executing the tasks without pressure.

Technology acceptance and self-efficacy

The UTAUT questionnaire (see Figure 4.11) was filled in by 10 out of
the 17 subjects. The subscale ‘effort expectancy’ was rated positively
(MED=5.36, IQR=1.94) and indicates that subjects expected little effort

11N
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Figure 4.11 Boxplots for the UTAUT questionnaire subscales.

Abbreviations: PE= Performance expectancy, EE=Effort expectancy, SI= Social
influence, FC= Facilitating conditions, ATUT=Attitude towards using technology,
SE=Self-Efficacy, AX= Anxiety, BI=Behavioral Intention.
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to use Zishi. Subscale ‘performance expectancy’ showed that subjects
moderately (MED =4.5, IQR=0.63) believed that Zishi would help to
improve performanceinthetraining. Also the subscales ‘social influence’
resulted in a moderate score, indicating that subjects thought that
“important others” would probably not use or recommend Zishi. Zishi
does have the potential to be integrated in the current rehabilitation
situation and has support on the subscale ‘facilitating conditions’ as
this item was scored slightly higher than the neutral score. Although
the abovementioned four factors are strong predictors for behavioral
intention (technology acceptance) in the traditional UTAUT model, the
subscale ‘behavior intention’ (MED =3.67, IQR =3.33) fluctuates a lot in
the scale, reflecting a rather high dependence on personal intention.
This score was influenced by 3 subjects who gave very low scores(one
subject gave score one for each item in ‘behavior intention’). However,
subjects reported a high ‘self-efficacy’ score (MED =5.5, IQR=1.5) and
an acceptable score for ‘attitude towards technology’ (MED = 4.8,
IQR=1.1).

Credibility and Expectancy

Eleven subjects answered the CEQ questionnaire. Patients were
neither positive, neither negative about system credibility. The
credibility (MDN = 16, IQR = 4) was slightly higher than the sufficiency
threshold (15 over 27), while the expectancy was positive (MDN=17 .4,
IQR=4). This indicates that Zishi was considered as a moderately
credible system and patients were positive in respect to the expected
effectiveness of the system for the improvement of upper extremity
performance.

System Usability

Seven subjects completed the CSUQ questionnaire (see Figure 4.12).
The system was considered of good usability as the system overall
satisfaction score was rated positively (MED =5.11, IQR=0.95). The
information on the screen was also perceived to be really easy to
understand as subjects rated it very high for the questions addressing
the information presented (MDN=5.83, IQR = 1.67). System usefulness
and interface design was rated above the sufficiency threshold (4 over
7).
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Figure 4.12 Boxplots for the CSUQ questionnaire subscales.

4.4.7 Results from the Therapists

The four therapists who provided instruction for the participating
patients answered the 3 questions addressing Credibility in the CEQ
questionnaire. Therapists gave a high score with regard to treatment
credibility (MED=20.5, IQR = 6.75), which suggests that they find Zishi
a credible addition to task training.

Regarding to the open questions, two therapists mentioned that the
garment was easy to put on and take off (T4). One therapist thought
the grey color of the garment is suitable for the hospital while two
therapists preferred multiple color choices. Three therapists thought
the pointer design for feedback was clear, while one mentioned
the pointer and dashboard on the screen could be even bigger. Two
therapists proposed replacing the pointer by animation or by a 3D
avatar and one of them suggested VR game integration for enhancing
the delectation, this point was confirmed as two of the therapists
mentioned the preference of gamification. Zishi was considered as
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convenient and useful: “It’s an intuitive visualization of compensatory
movement, convenient and efficient” (T1), “Convenient, practically to
use and can be widely popularized” (T2). T3 mentioned that the audio
feedback was quite helpful for the patients who cannot control their
shoulder movement very well. Besides, therapists pointed out their
concerns and suggestions: “Tightness and compactness of the garment
need improvement, the interface is a bit plain, more functions such as
arm-hand training programs with animation tutorials and remote
progress dashboards that could be accessed by therapists are needed for
home rehabilitation” (T1); “The requirements for the patient’s cognitive
level is a bit high.” (T2) and “Not applicable for controlling shoulder
movement with patients who are still facing serious obstacles regarding
to functional motor ability” (T3).

4.4.8 Discussion

The purpose of this study has been to evaluate the patients’ motivation,
technology acceptance, credibility and expectancy and usability with
regard to the Zishi garment for stroke patients and their therapists.
Patients reported high motivation to use Zishi and rated its usability
favorably, but they expressed moderate confidence in towards using it
independently for home rehabilitation.

High Motivation with Smart Garments Supported Training

This study demonstrated high motivation for a wearable system
supported training. Stroke patients gave positive scores in terms
of ‘interest’ on the IMI, similarly for the subscale ‘attitude towards
technology’ of UTAUT. These results are compatible with previous
findings [27, 80, 127] that patients can be intrinsically motivated
towards wearable technology in rehabilitation. Further our results
indicated that participants appreciated that the system provides real-
time compensation feedback

Usability Analysis

Respondents found both Zishi the garment and the application usable,
easily to operate by oneself. One major concern for wearability is
how easy it is to put the garment on and take it off, which were both
appreciated by our participants. Zishi fulfilled the requirement that
patients are willing to invest little effort for learning a new system. In
order to minimize the subject’s cognitive load required for information



processing, we tried to make the interface simple and only show the
essential information. The questionnaire results also reflected this
point regarding to the high scores from factors ‘perceived competence’
from IMI, ‘self-efficacy’ from UTAUT and ‘system information’ from
CSuQ.

Moderate confidence with Technology in Domestic Environment

The subscales ‘value’ from IMI, subscale ‘performance expectancy’

from UTAUT, subscale ‘credibility’ from CEQ and ‘system usefulness’

from CSUQ resulted in mid scores which also explains the mild score
of ‘Behavioral Intention’. Based on the feedback from the therapists,
this may because of the following context reasons: “Our patients
are not used to do the rehabilitation at home since most of them are
inpatients. They are used to train under the supervision of the therapist.
Patients relied on therapists in the hospital and were taken good care
by their family members or nursing workers at home” (P3); Further,
installation at home may be perceived as a barrier. For example, a
recent experimental study requiring participants to use a wearable
system for Fugl-Meyer assessment succeeded to recruit 24 patients
for using it in a clinical setting, while only 5 participants agreed to
join the experiment in a home setting; the reason for this low number
was the complexity of the installation and lack of awareness of the
importance of home rehabilitation. Besides, two subjects appeared
to confuse the research prototypes developed for scientific research
with a commercial product, and were worried about being drawn into
promotional campaigns, “I gave score 1 as I thought maybe your agency
will call me for product promotion” (S6). However, therapists gave high
score of credibility and good comments of usability for Zishi. This
indicates that Zishi has good potential to be used in the current therapy
while to improve the perceptions of usefulness one would need first
improve awareness regarding the value of home rehabilitation. Finally,
future studies aiming to assess patient attitudes could reduce the role
of the researcher in the experiment, letting the whole interaction take
place between the therapist and the patient as would be the case for
the actual deployment of the technology in therapy.
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4.4.9 Future work

Both therapists and patients seemed to need more engaging feedback,
asking for example that feedback should be made more playful with
the introduction of gaming elements. This also suggest that further
developments in feedback should be more adaptable, providing more
options for advanced users, such as simple rewards and punishments.
More rewarding elements towards their lower compensation
movements will be added, for example increasing scores, happy face
and encouraging word “well done”. In this way, the smart garment
system provides feedback on the manner of task performance and will
increase a person’s confidence in doing the task correctly, improving
patients’ self-efficacy; While adding such gamification features is
straightforward, future research would still need to demonstrate that
they enhance the effectiveness of the system in treating stroke.

This study used validated instruments measuring attitudes towards
the system that are key to its successful implementation in clinical
practice. More extensive studies could try to validate potential relations
between these variables in order to understand how different aspects
of the system, such as enjoyment, usefulness and usability contribute
to the intention to use such wearable posture correction technology.
More importantly, behavioural measures regarding adherence to
training and the posture during training may be taken to assess
the effectiveness of the device, which may be tested extensively in
randomized clinical trials.

4.4.10 Conclusion

The results of this study demonstrate that stroke patients are
motivated to use Zishi during rehabilitation and they consider the
system usable. Patients are hesitant to use the device independently
compared to training with therapists. At this moment Zishi is preferred
of being used in collaboration with other rehabilitation tasks in a
clinical setting. Based on the positive results, we are currently further
developing the system, especially taking into account the suggestions
about the feedback design for long-term using and potential context of
home rehabilitation.



4.5 Discussion

This chapter argues that wearable posture and upper body movement
monitoring technology can be of great value for motor control training
for rehabilitation. The two usability studies illustrate how technology
can monitor compensatory movements for supporting a motor control
training program.

Though the patient group’s pathology (musculoskeletal shoulder pain
vs. stroke) and culture background (Belgium vs. China) were different
from one another and participants number was small, the experiment
target of improving the training’s quality by avoiding compensatory
movement was consistent and performed tasks were standardized. We
would like to discuss some interesting insights while comparing the
results. Results from both studies demonstrated the credibility of the
approach, indicated that participants were (intrinsically) motivated to
use Zishi and Zishi was perceived with high usability and wearability,
Zishi was considered to be a potential aid to support therapists. In the
shoulder study, patient attitudes towards the prototype revealed a very
positive perception of the system concept. That participants expressed
a wish to take Zishi home to train was particularly promising. While
regarding to the positive reception in terms of technology acceptance
in the study conducted in Belgium, participants’ attitude towards
system usefulness, behavior intention (mainly about will you consider
to use Zishi at home in future) in the study conducted in China was
relatively less. Possible reasons were discussed in section 4.4.6.3
and include limitations of the survey approach used and concerns of
Chinese patients towards automation of therapy. Future evaluation
studies should consider the use of Zishi in a domestic environment and
its adequacy for supporting home rehabilitation training.
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Zuozi: The design and

evaluation of a wearable system

supporting shoulder posture
correction

This chapter is based on:

1.] Du, Q Wang, L De Baets, P Markopoulos” Supporting shoulder pain prevention
and treatment with wearable technology” in Proceedings of the 11th International
Conference on Pervasive Computing Technologies for Healthcare, PervasiveHealth
17, Spain,2017;

My contributions to paper 1 is in the planning, the protytpe development
(garment), execution of the experiement and writing parts of the paper. The app of

Zuozi has been developed by Jiachun Du, as well as the data analysis.
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5.1 Introduction

Shoulder pain is very common, adversely influencing arm function and
the psychological state of people, decreasing daily life performance
and increasing anxiety or depression [196]. A review of 17 studies on
the prevalence of shoulder pain found that results range between 6.9-
26% for the point prevalence, 18.6-31% for the 1-month prevalence,
4.7-46.7% for 1-year prevalence and 6.7-66.7% for lifelong prevalence
[197].

Figure 5.1 Office worker was wearing the posture monitoring garment and using
the shoulder training application.

The occurrence of shoulder pain can be related to improper sitting
posture and limited exercise for the shoulder joint; it may already afflict
people during early adulthood [198]. Poor posture is often associated
with computer work as users often maintain poor postures for a long
time while focusing on their screens. Researchers have suggested that
educating users on how to sit correctly while working with computers
can help reduce shoulder pain [199]. However, maintaining a good
posture is not simply a matter of knowing how to sit correctly, but of
remembering to do so, and being able to comply with related advice
consistently.

Advances in wearable sensing open up the possibility to apply
technologies for the prevention of musculoskeletal disorders [200].
Wearable technology has been widely used for posture and movement
monitoring [201]. Comfort, aesthetics and other practical requirements



also need to be addressed along with accuracy and unobtrusiveness
in order to enable regular use in different contexts where people live
and work. Further, the manner in which postural feedback and advice
are presented to users is crucial for the effectiveness and acceptance
of such technologies. Currently, most available solutions are limited to
simple audio or vibrotactile notifications for poor posture. This help
reminds users to correct their posture but can also be annoying or
completely ignored if they arrive at an inconvenient moment.

This research explores how wearable technology and multi-model
feedback support posture correction and shoulder training exercises in
daily computer work (see Figure 5.1). While shoulder pain prevention is
interesting for various age groups, this study targets young adults who
spend substantial time at a computer while sitting at their desks. The
Zishi smart garment for posture monitoring [202] has been enhanced
to provide vibrotactile notifications at different joint areas in order
to suggest adaptations to posture. A supporting application named
ZUOZI has been designed which supports two modes of operation, a
“shoulder trainer” mode and “continuous shoulder tracker” mode.

5.2 Related work

There have been quite a few studies that developed wearable posture
monitoring technology. Previous work such as monitoring the posture
of the lower back [95, 203] or the trunk [231] have demonstrated
the potential wearable systems for tracking posture. Compared to
technologiessuchasopticalmotionrecognitionorrobot-based tracking,
wearable systems can bring advantages pertaining to lower costs, fewer
restrictions/constraints upon the operational environment and low
intrusiveness, which may even allow their use during daily life. A good
example of a low-cost consumer level wearable device is the Lumo lift
[204] a device providing vibrotactile feedback for posture correction,
reminding its user to stand straight. However, the movement of the
shoulder involves several joints that connect to various tendons and
muscles and simply keeping the torso straight up does not constitute
a correct posture. Rather the shoulder girdle should be stable and
relax with arm movements below 60 degrees which is so for most
sedentary occupations [205]. Thus to discriminate different postures
reliably several sensors needed to be attached to different parts of the
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body. Wang et al. [154] use IMUs to support posture tracking. They
emphasize how attention must be paid to placing sensors accurately
and fitting them close to the body to prevent measurement artifacts
resulting from deformations or movements of the garment.

Such posture monitoring technologies need to be coupled with
effective feedback mechanisms that will help and motivate users to
correct their posture. Common to the technologies described above is
the emphasis on providing real-time extrinsic feedback regarding the
posture, what is often called knowledge of performance [206]. During
the initial stages of a posture correction scheme, this may help users
to understand how to improve posture, though it could lead to reliance
on this feedback [95]. In order to track progress and motivate behavior
change, also knowledge of results is required which describes the
performance of the subject with respect to a set goal [206]. Typically,
a combination of both forms of feedback in order to support motor
learning is necessary.

A recent survey of empirical evaluations of posture feedback
technologies used in rehabilitation advises against relying exclusively
on the visual modality [95]. This is even more so for posture
monitoring through the day when the user’s visual attention is
dedicated to different tasks. Accordingly, researchers have explored
the use of haptic feedback intended as a peripheral display [207] and
vibrotactile feedback [208]. However, the integration of such feedback
with wearable technology capable of monitoring shoulder movements
has not been reported yet.

5.3 Overview of ZUOZI

We introduce a shoulder posture tracking and exercise training
system which comprises of the smart garment Zishi [154] and an
android application called ZUOZI. The ZUOZI application contains two
functions: a shoulder trainer and continuous shoulder tracker. These
are described briefly below.

5.3.1 Continuous Shoulder Tracker

The continuous shoulder tracker contains two different kinds of
feedback: The first is the instant feedback on current posture. If the
user is in a correct posture, the ring will be in green with the words
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Figure 5.2 Screenshots of continuous shoulder tracker (top) and shoulder trainer
(bottom).

“Keep on!” If the user is in a wrong posture, the ring will become red
with the words telling “Sit straight!” (see Figure 5.2). If the poor posture
lasts for longer than 10 seconds, the application will send a signal for
vibration to the vest with Bluetooth. The second is the performance
of the user on the hour scale and day scale. Knowledge of results is
supported by the summary feedback provided here.
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5.3.2 Shoulder Trainer

Figure 5.3 The definition of torso and shoulder angle. Two sensors on the spine
providing data of angle M and N. Torso angle is the average of them. Sensor on the
shoulder provides data of static posture in angle P and moving in angle Q. Shoulder
angle is Q minus P.

The self-exercise tutorial instructs users how to perform shoulder
training exercises independently. Research already indicates that
in persons with musculoskeletal shoulder pain, a scapulothoracic
posture retraining program results in reduced shoulder disability and
pain [196]. Following the suggestion with the therapists, we included
6 kinds of exercises that required stable scapula, e.g. arm abduction
to 40 degrees (see Figure 5.2). The black circle in the middle of the
bar is the current value of the ‘shoulder angle’ The green part means
correct range. The red part means wrong range. Different shoulder
exercises have different correct and error range. If the user does a
certain shoulder exercise correctly the black circle is expected to fall
into the correct range. If the movement is incorrect the black circle
will fall into the error range and the system will count an error. The
number displayed underneath indicates how many times a shoulder
exercise has been done correctly. An animation in the middle shows
how to do the exercise with instructions in the text below it.

5.3.3 Detection of Poor Postures

Poor postures are detected by considering both the torso and the
shoulder angles (see Figure 5.3). The torso angle refers to the angle
between the spine and the vertical plane, and the shoulder angle refers



to the shoulder girdle elevation angle. The angle between the torso and
the arm does normally not exceed an angle of 45-60 degrees during
normal PC work and during which shoulder girdle elevation angle
would be lower than 20 degrees. We settled on some thresholds for
these values which have to be considered together for the detection of
poor postures as explained below.

If the absolute value of the ‘shoulder angle’ is larger than 20 degrees
and smaller than 45 degrees or if the sum of the absolute value of
‘shoulder angle’ and ‘torso angle’ is larger than 60 degrees, an error
will be recorded because during PC work (arm abduction angle below
45-60°) the shoulder girdle should not elevate much. However, when
the angle between the torso and the arm is more than 60° (for example
when a user is taking a book from a shelf, taking a cup to drink), then
it is naturally accompanied with shoulder girdle elevation more than
45°. As such this should not be counted as an error.

5.4 Iterations of ZUQOZI

ZUOZI was implemented on the Samsung Note 3 with the Android
operating system. The design went through several iterations following
a ‘design through research’ approach with quick design cycles in search
for a suitable feedback strategy. Frequent and informal tests with five
volunteers who accepted to try out the system regularly provided
formative feedback which guided its iterative design and development.
Below we explain more how we shaped the current system based on
their feedback.

5.4.1 Iteration Design for Shoulder Trainer Detection of
Poor Postures

The first prototype was a series of static pictures that show how
to do shoulder exercises (see Figure 5.4). Arrows indicated how
the movements need to be corrected. Users proposed several
recommendations for improvement during the usability test: “Could
you add animation to the exercises? I can follow it easier.”(P2). “Is it OK
to tell me whether I'm doing the exercises correctly or not by the sensors
on the vest?”(P4). The users valued highly their learning cost, the effort
they had to put to learn something new for the application. They asked
that the interaction should be consistent with popular designs, for them
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Figure 5.4 Initial design of shoulder trainer and posture tracking.

to understand and use it easily. “Maybe you should follow the pedometer
apps on the market. That would make it easier to understand.” (P5). A
lot of design decisions were made with the help of users: (1) Changing
the notification colors from blue/red to green/red as in traffic lights;
(2) Adding animations for exercises guidance (3) Providing instant
feedback from the sensors for the shoulder exercises.

5.4.2 Continuous Shoulder Posture Tracking

As with the shoulder trainer volunteers tried out the application
and provided formative feedback. Here we focused on improving
the vibration feedback. Earlier work on the understandability of
haptic feedback in different contexts has shown that it is difficult to
encode complex information using vibration patterns [198, 209] and
interpreting vibrotactile notifications requires focal attention by users.
Several vibration patterns with different durations (varied from 0.5
seconds to 3 seconds) were evaluated with six users from the target
group. Example reactions were: “I think half a second is not long enough
to make me aware if  am working. The longest version (3 seconds) is just
good enough because it is comfortable as well as strong enough.” (P2).
“Don’t try to vibrate immediately if I did something wrong. Maybe I'm
taking my cup! Also to tell me once is enough!” (P1).



To avoid irritation from multiple alarms, a threshold delay of 10
seconds for error indication was introduced based on a similar study
[210]. The duration of the vibration was set to three seconds. This
means that if an incorrect posture is detected for longer than 10
seconds, the vibration would be activated once. Thus the system will
not give an extra vibration if the user continues to perform incorrect
posture. If the user corrects the posture, the vibration alarm will be
reset and activated again when it detects incorrect posture next time.

5.5 Evaluation of ZUOZI

The evaluation of ZUOZI followed a two-pronged approach. A short-
term usability evaluation conducted in context for the shoulder trainer
and a one-day field test for the continuous posture tracking. We
describe these below.

5.5.1 Evaluation of the Shoulder Trainer

Methods

After the formative evaluations conducted during the iterative development
of ZUOZI, we set up a summative evaluation of the shoulder trainer (see
Figure 5.5). 17 participants, students and staff with ages 18 to 30 (M =
23.06, SD = 2.90, 9 males and 8 females) from our university were invited
to a usability test that focused on how able they were to learn to use it
for the first time. After being introduced to the system, they were asked
to carry out a set of exercises 10 times following the instructions on the
interface and they would receive its feedback. They then filled in a standard
System Usability Scale [211] questionnaire with rating scales ranging from
1 meaning “strongly disagree” to 5 meaning “strongly agree” and were

interviewed briefly regarding their overall experience with the system.

- !

Figure 5.5 A participant going through the usability test.
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Results

The SUS scores are shown in figure 5.6. The overall SUS was positive
(M = 63.53, SD= 9.23). This compares favourably to the industry-
wide mean score of 62.1 of 324 evaluations of products using SUS as
reported by [211], which is particularly encouraging considering the
early research nature of this prototype. The question “I would imagine
that most people would learn to use this system very quickly” was rated
the highest (M = 4.35, SD = 0.61) from the questionnaire. The question
with the lowest score (M = 1.76, SD = 0.75) is “I need to learn a lot of
things before I could get going with this system” which indicates that
the efforts made to reduce learning cost were successful.
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Figure 5.6 Average score of SUS questionnaires. The
lines are 95% confidence interval

5.5.2 Field Test of Continuous Posture Tracker

Methods

To evaluate the effectiveness of the system a within-subjects
experiment in a field setting was carried out; this was a baseline-
treatment-withdrawal design [201, 212]. Here, the treatment concerns
the provision of feedback regarding posture. Concretely the first 2
hours would be the baseline stage in which the shoulder posture was
tracked, but participants could not receive any feedback from the
application (neither visual nor haptic). In the treatment stage which
lasted the next 4 hours, participants could check the ZUOZI application
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for feedback on their performance (if they wanted to) and the haptic
feedback on the vest was activated. Both haptic and visual feedbacks
were removed in the last 2 hours (withdrawal stage) 25 participants,
students and staff with ages 18 to 28 (M = 24.08, SD = 3.03, 10 males
and 15 females) from our university were invited to the field test.
Participants wore the smart vest for 8 working hours (excluding
the time of lunch, walking, etc.) to collect posture data. We let them
choose wherever they liked to work to disrupt as little as possible
their daily routine. They had been informed about the experiment
content beforehand, and they received a brief tutorial session of the
system before starting the experiment. Then the researcher turned
on the system and calibrated it to each participant. The participant
was also asked to try a few incorrect postures to feel the change in
haptic and visual feedback. After everything was set up properly the
actual experiment would start. The start time would be recorded by
the researcher. Participants were asked to get on with their work as
usual; they could walk around for a rest or go to the toilet or have short
discussions as their daily working routine. When they wanted to leave
their seat, the vest would be taken off and the data recorded during
that time were excluded from the analysis.

To evaluate the overall user experience, we then held a semi-structured
interview with each participant which pertained to five main questions:
(1) How comfortable is it to wear? (2) How do others react? Do you feel
strange to wear it? (3) Describe any interesting events relating to using
it. (4) What'’s your opinion about the feedback? (5) For what reasons
might you want to use it for longer?

To gauge the user experience, we used a method called emotional
curve based on the Memoline [213]. At the end of the eight-hour trial,
participants were asked to draw a curve illustrating how their feelings
varied over time during the session: The horizontal axis represented
time and the vertical axis the valence of the users’ emotions. This way
we could capture the evolution of the user experience over time. To do
so with other instruments like questionnaires would require repeated
measures which can be annoying and interfere with the experience
measured itself.

Posture data from Zishi was sampled every 5 seconds. Each sample
contained year, month, day, hour, minute, second, the “shoulder angle”,
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the “torso angle” and error. Datasets were stored in one XML file in
the smartphone. Around 5000 samples were collected during the
8 working hours for each participant. Irrelevant data, such as those
collected when the user went out for a phone call, would be excluded
in the data analysis. Erroneous data caused by system errors (for

example one participant accidentally dropped the battery) was also
excluded.

The results are described into two parts: (1) Quantitative data that
reveals statistic findings of the posture angles and occurrences of
poor posture, (2) Qualitative data that reveals user’s feeling of the
experiments and the system.

Quantitative Findings

The measurements of different periods were averaged according to
the three different stages. In this section, changes in participants’
posture performance during different stages are reported. Raw data
and data after tiredness curve calibration are presented below.

Bascline Treatment ‘Withdrawal
{No Feedback) (Haptic & Visual Feedback) (Mo Feedbaek)

0.5 1 1.5 2 25 3 3.5 4 4.5 5 55 6 6.5 7
Time (0.5 hour)

Figure 5.7 Average occurrences of poor posture before and after calibration. From
hour 0.5 to 2 is the baseline stage. From hour 2.5 to 6 is the treatment stage. From
hour 6.5 to 8 is the withdrawal stage. The X axis is the time unit of half an hour (8
hours in total). The Y axis is the occurrences of poor posture in percentage. The
lines are 95% confidence interval.

B Raw
B Calibrated



The raw and calibrated data of occurrences of poor posture is presented
in Figure 5.7.

The average occurrences of poor posture of the baseline stage (B) is
2491% (SD = 27.61%), of the treatment stage (T) is 17.40% (SD =
13.19%), and of the withdrawal stage (W) is 33.24% (SD = 25.73%).
A drop was observed in the average of occurrences of poor posture
in the treatment stage. The occurrences of poor posture rose higher
in the withdrawal stage. However, from the interviews with users, it
was found that posture was directly influenced by them getting more
tired during the day. For this reason, raw data was transformed by
subtracting a tiredness curve representing the temporal variation of
posture caused by fatigue.

Table 5.1: Pairwise comparisons of the occurrences of poor posture in different
stages for raw data and calibrated data.

Raw BvsT 1.483 0.151
Bvs W -1.239 0.227
TvsW -2.907 0.008
Calibrated BvsT 2.302 0.030
Bvs W -0.353 0.727
TvsW -2.574 0.017

According to [214] the muscle fatigue model should be in the form
of natural logarithm A tiredness curve should have a similar form of
function y=a*In(x), where y is the calibration of occurrences of poor
posture and x is the time in the unit of half hour. Parameter o was
calculated as the difference between the occurrences of poor posture in
the baseline stage minus those in withdrawal stage, divided by In(16).
The function was finally defined as y = 0.0318*In(x). After removing
the tiredness curve, the average occurrences of poor posture in the
baseline stage (B) is 22.38% (SD = 27.61%)), in the treatment stage (T)
is 10.71% (SD = 13.19%), and in the withdrawal stage (W) is 24.75%
(SD = 25.73%).
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A repeated measure ANOVA was conducted to compare the effect of
the feedback upon the number of poor postures detected in the three
different experiment phases (baseline-treatment-withdrawal) (see
Table 5.1). A significant effect of providing feedback was found when
analyzing both the raw data (F (2,23)=4.494, p=0.023) as well as the
calibrated data (F (2,23)=4.834, p=0.018). Pairwise T-tests found a
difference between treatment and withdrawal stages for both the raw
data (t(24)=-2.907, p=0.008) and the calibrated data after removing
the tiredness curve (t(24)=-2.574, p=0.017).

These results provide initial evidence that our system can decrease the
occurrence of incorrect sitting posture within a single day. Also, we
note a gradual decline in the occurrences of poor posture during the
day which may suggest that participants learn to keep a good posture
by using the system.

We observe a peak of occurrence of poor postures at the start of the
withdrawal stage. This peak exists even if we calculated the trimmed
mean. We consider this as a rebound after users suddenly received
no feedback from the ZUOZI system. We can see in the next 1.5 hour
the occurrence of poor postures is recovering to a similar level as the
baseline stage. This trend of recovering is more significant if we look at
the calibrated data. From this, we can infer that users were relying on
the ZUOZI system for the feedback of poor postures. After they received
no feedback, their sitting habits drew back to the baseline level, which
showed the importance of the treatment.

Qualitative Findings

The interviews were recorded, and affinity diagrams were made to
classify their quotes thematically. Participants commented on the
wearability and the social influence after they used the system for a
working day.

Regarding comfort, there were few reservations: “Yes it is comfortable.
Except the circuit is on my back and pushes against the back of the
seat.” They felt comfortable using the device, e.g., “Nobody felt strange
because the circuit is covered by the cloth.” (P12)

They became quite conscious of it, and in some cases they realized it
influenced their behaviors in unexpected ways: “I would intentionally
move less because I thought I was wearing a circuit.” (P5)
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Figure 5.8 Memolines of participants reporting a positive (top) or negative
(bottom) feeling compared to other stages in the treatment stage.
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groups corresponding to two different patterns that could be found
in the reported experiences. The first group describes a positive
feeling during the treatment stages with vibration and visual feedback
compared to other stages (Figure 5.8, top). In contrast, the second
group describes other stages more positive than the treatment stage
(Figure 5.8, bottom).

For those who reported positive feelings during the treatment phase,
they claimed that the vibration gave them quite a nice feeling. They
felt like they were doing something to improve their working postures.
Some also benefited from the visual feedback on the smartphone.
However, not everyone would check the phone even if they had
received vibration feedback.

For those who had a negative feeling in the treatment phase, most of
them claimed that the vibration was disturbing. Some felt that the
system was difficult to attend to all the time. Also, it appears that
feelings related to their work were integrated into the curve.

5.6 Discussion

During the study, most of the users reacted to wearable technology
as a novelty. They claimed that they would not use a system that was
weird or counterintuitive. Smartphone applications and simple haptic
feedback were selected for this study to help them get used to the
system with most of its parts being quite familiar.

During the evaluation of the shoulder trainer, it was noted how users
mentioned effort or, as they called it, the ‘energy’ that they spend
every day in order to change or maintain desirable behaviors in their
daily lives. They would not be prepared to invest much effort into
learning and adapting to a new system. For this reason, we prioritized
learnability of the system. Several suggestions for improvement were
mentioned. Specifically, for the shoulder exercise, it would be good to
indicate the user if they are doing correctly or not in real time. Also,
animations would work better than simply static pictures.

In the field evaluation of the continuous posture tracker, participants
seemed to be very aware of the vest even without any feedback.
Wearing the sensors in this way, while new to them, was not something
they disliked or resented. Participants held diverse views regarding



the intrusiveness of the feedback. One thing they all agreed on was
they can easily ignore the feedback when they are in the flow of their
work. On the one hand, this is positive as it shows that the system
causes little disruption. On the other hand, it could also mean that
it may be less effective in real life use: people may be having a poor
posture exactly when they are very much absorbed by their work.
Longer term field testing in real life use may be needed to examine this
issue more thoroughly. Another point worthy of a deeper investigation
is applying activity recognition algorithms, so that the system could
distinguish sitting from other activities/postures, provide more
precise notifications and encouragement during exercises.

Test participants, especially female, complained about the vest for its
aesthetics. However, they praised that luckily with the cloth on the
circuit few people noticed that they were trying out a prototype.
Making the feedback unnoticeable to others is necessary for the
acceptance of the system that aimed at behavior change. Aesthetic
improvements upon Zishi have already been made to address this issue
(see Foigure 8 illustrated that the ZISHIigure 5.9), but this improved
design was not ready in time for the field tests. Also, contrary to the
tested version which is unisex, this new design addresses female users
only.

Figure 5.9 Aesthetically redesigned version of the ZiShi upper body posture
tracking garment.
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The field experiment demonstrated that posture is influenced in
the expected direction, though further evidence may help con-
solidate these findings. The data was collected in one day and
there is a possibility of reactivity in the results with participants
gradually adjusting to the experimenter’s expectations. Our
results could be strengthened by evaluating behavior on shorter
intervals on different days and at different times of the day, to
also eliminate the potential confound of tiredness.

5.7 Conclusions and future work

This research examined how wearable technology and supporting
applications can help office workers maintain good posture and guide
them to carry out shoulder exercises at their workplace. Specifically,
we described a smart garment designed to monitor upper body
posture that provides vibrotactile notifications at different joint
areas in order to remind users to correct their posture. We presented
the design and evaluation of a related smartphone application that
supports shoulder training exercises to treat and prevent shoulder
pain. The usability of the system for shoulder training was evaluated
positively in a laboratory test (N=17). The effectiveness of the system
for posture monitoring was assessed with a field deployment (N=25)
in which students working with laptops used the posture monitoring
system for a whole day. The results demonstrate the system can help
the participants to improve their posture in sedentary work.

This chapter makes the following contributions: a) it introduces a
novel wearable system that can help users carry out shoulder training
exercises and continuously monitor their postures b) it presents
evidence regarding the usability of the system c) it presents evidence
regarding the effectiveness of the system for shoulder posture
correction and an evaluation of the user experience during a field trial.

Methodologically this work combines an interesting set of techniques
well known and practiced in the field of user experience design, but
which have not yet been applied in the domain of personal health
informatics and rehabilitation technology. Arguably this chapter can
provide a useful example to guide their further fruitful application.

Our evaluation also demonstrated a stepwise approach to evaluating



systems aiming to support behavior change. First, the system is
designed in an iterative fashion before summative tests are attempted.
Then user attitudes and basic usability were evaluated; success in
this case was seen as a precondition for moving to a short field test.
The field test was just long enough to show the effectiveness towards
motivating behavior change and to evaluate how the system is
experienced in context. Such evaluations can be either repeated until
the effectiveness of the system has been sufficiently demonstrated, or
followed up by longer-term field tests to evaluate issues of participant
fatigue, dropping out, but also compliance over the longer-term with a
behavior change goal.

Our system is representative of an emerging class of technologies
that allow more targeted and precise self- tracking than current
commoditized general-purpose activity trackers. Like many other
aspects of our behavior, movement and life, good posture is hard to
maintain, but doing so can provide several benefits to users. Developing
interactive technologies that can be worn during long hours, and that
can help people achieve changes they wish regarding posture, is an
area that will attract more research interest and is likely to be used
widely in the next few years.

175



176



Conclusion

This chapter is based on:

1. R. Bootsman, P. Markopoulos, Q. Qi, Q. Wang, A. Timmermans. “ Wearable
technology for posture correction at work”, (current status: submitted to the

International Journal of Human-Computer Studies)

2. ]. Du, P. Markopoulos, Q. Wang, M. Toeters, T. Gong. ShapeTex: Implementing
Shape-Changing Structures in Fabric for Wearable Actuation. In: Proceedings
of the Twelfth International Conference on Tangible, Embedded, and Embodied
Interaction. ACM; 2018. p. 166-176.

My contributions to paper 1 is in in its conception and writing parts of the paper.
The system development and evaluations have been performed by Rik Bootsman
and Qi Qi. My contribution to paper 2 is in the system design and writing parts of
the paper. Jiachun developed and evaluated the system.
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6.1 Summary of Thesis

Wearable technologies for posture monitoring and posture correction
are emerging as a way to support and enhance physical therapy
treatment, e.g., for motor control training in neurological disorders
or for treating musculoskeletal disorders, such as shoulder, neck, or
low back pain. While related research has been primarily concerned
with demonstrating the required accuracy and clinical validity
of measurements, less attention focused on the requirements of
aesthetics, wearability, ease of use and motivation. Therefore, the work
presented in this thesis developed a garment for interactive posture
correction to be used in rehabilitation and prevention. The central
research question of this thesis is: How to design interactive posture
correction garments to support rehabilitation?

In Chapter 2, we conducted a systematic review of the study the state-
of-art (RQ1). We compared published works on interactive wearable
systems for movement and posture monitoring during upper body
rehabilitation, with respect to the sensing technology they use,
system measurements, feedback conditions, system wearability and
availability of clinical evidence. The selected 45 articles have been
positioned in a cuboid taxonomy with three dimensions: a) Sensing
technology, such as Acc/IMU, Flexible angular sensor, E- textile and
Others; b) Feedback modalities, namely Visual, Auditory, Haptic and
Multi-modal; ¢) Measurement, as the basis of building a suitable
application for specific pathologies includes Range of Motion, Amount
of Use and Body Segment Posture. We compared works with respect to
sensor placements, classifications from an implementation perspective
and with respect to wearability.

In Chapter 3 we set out to find the answers about how to design
interactive posture correction garments to support rehabilitation
(RQ2) and what should be considered when designing interactive
posture correction garments to support rehabilitation (RQ3)? We
have applied the approach of research-through-design by iteratively
designing, evaluating the interactive garments and reflecting
the generated knowledge. Chapter 3 first presents an interactive
posture correction system called Zishi (Zishi is the pronunciation
of a Chinese word "&#4” which means posture, the early iterations
named as Smart Rehabilitation Garment), designed to support trunk



and scapulothoracic posture training by monitoring compensatory
movement and synchronously providing feedback with visual
instruction, training overview, auditory feedback on a handheld
device and vibration on the garment. Through the six iterations, we
have developed a set of smart sensorized garments and modular
solutions that support motion tracking by integrating different sensing
technologies, smart textiles, motivation strategy and effective multi-
modal feedback. Interactive garments as our design prototypes played
central role in the generating process of communicated knowledge. The
lessons learned through the iterative process, the knowledge gained
from multi-disciplines and insights based on the selected papers in
Chapter 2 have triggered the formulation of six design lenses: Function,
Accuracy, Wearability, Aesthetics, Interactivity and Hard & Soft
connection. Subsequently, Chapter 3 illustrates the key considerations
of each lens and how we applied the lenses in the design iterations
of Zishi. Design lenses encapsulate the main considerations in this
application area; they can be helpful in this interdisciplinary field as
shifting fluently between them may help designers and researchers to
focus on a specific perspective while taking into account the diverse
design requirements. In the future, we need to explore how the lenses
could be employed by other designers or researchers.

Chapter 4 focuses on the evaluation Zishi exploring the extent to
which patients and therapists accept the interactive garment for
rehabilitation (RQ4). The accuracy of posture tracking was assessed
by comparing to an optical tracking system (3™ iteration); the accuracy
achieved was comparable to the state of the art in wearable systems
while arguably improving on aesthetics and wearability substantially.
Subsequently, two studies (with the 4* iteration) were conducted to
assess users’ attitudes towards the system credibility and expectancy,
intrinsic motivation, technology acceptance and usability. The study
involved eight shoulder pain patients and five therapists. Participants
performed 4 tasks (analytical shoulder flexion, functional shoulder
flexion placing a cooking pot, analytical flexion in the scapular plane,
functional flexion in the scapular plane placing a bottle of water)
with guided feedback on a tablet that was provided through inertial
sensors embedded in the Zishi system at the scapula and the thoracic
spine region. Patients and their therapists found the smart garment
system a credible aid for rehabilitation and patients expect it helps
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towards their recovery. The system was found highly usable and
users were motivated to train with the system. Another study focused
on stroke patients’ acceptance of the interactive garment supported
training. We recruited seventeen patients and four therapists from 3
hospitals (in Shanghai, China). Participants performed the four tasks
as standardized in the shoulder study. We found that patients were
motivated to use Zishi and they consider the system as easy to use.
Patients were hesitant to use Zishi independently compared to training
with therapists.

In Chapter 5, we set out to examine the extent to which the interactive
garment can support shoulder posture correction (RQ5). Specifically,
we examined how Zishi and a supporting application called Zuozi
(Zuozi is the pronunciation of a Chinese word "A424&” which means
sitting posture)can help office workers maintain good posture during
a working day and guide them to carry out shoulder exercises at
their workplace. In a one-day field test participants used Zishi for
continuous posture tracking. Results presented evidence regarding the
system’s usability and were promising as to its potential to improve
shoulder posture correction in real life conditions. The sustainability
of such posture correction over the longer term is the subject of future
research.

6.2 Contributions
This PhD research resulted in following contributions:

1. The design and development of Zishi. This thesis presented the
design and development of a set of interactive garments for posture
correction and potentially supporting motor control training in
rehabilitation. To our knowledge, Zishi (named as Smart Rehabilitation
Garment in earlier studies [215]) was the first interactive garment
system that supports trunk and scapulothoracic motor control
training by monitoring compensatory movement and providing
tailored real-time feedback. Zishi is different to related wearable
systems [34] supporting rehabilitation training, for example, the vest
in [10]"page”:"1-13""volume”:"14""issue”:"1" abstract”:"Background
Evidence indicates that post - stroke rehabilitation improves function,
independence and quality of life. A key aspect of rehabilitation is the



provision of appropriate information and feedback to the learner.
Advances in information and communications technology (ICT acting
as containers for holding sensor units and system aimed at broader
kinematic data, a full body sensing system for stroke rehabilitation in
[145] was not equipped with real-time feedback and results are stored
and presented on request, the system presented in [15] focused on
reducing trunk compensatory movement based on the Wii remote
and the knitted garment in [57] aimed at motivating body movements
rather than monitor compensatory movements. Zishi illustrates how
wearable technology can monitor compensatory movements for
supporting motor control training programs for upper-extremity
rehabilitation. Besides, the interactive garment system (Zishi)
improves upon the current state of the art of wearable technologies for
rehabilitation as our iterative design process encompassed a broader
set of user considerations including aesthetic appearance, wearability,
ease of use, motivation.

2. Deeper insights into the attitudes of patients and therapists
towards interactive garments for rehabilitation. Before a technical
measurement or rehabilitation tool can be clinically applied, it is
important to ensure the ease of use of the system [27] and positive
attitudes by users towards this technology is required. Through the
evaluation studies, the attitudes of patients and therapists towards
the system were measured using standardized survey instruments
regarding the usability, credibility, acceptance and motivation. The
first study focused on musculoskeletal shoulder pain patients (in
Hasselt, Belgium) and the second study focused on stroke patients
(in Shanghai, China). The two studies demonstrated the credibility of
the approach. Further, patients were (intrinsically) motivated to use
Zishi and Zishi was perceived as having high usability and wearability.
Zishi can support therapists, since it can be an addition to the manual/
verbal/auditory assistance provided to patients.

3. Overview of interactive wearable systems that comprising
of feedback for upper body rehabilitation. This thesis presented
a systematic review on interactive wearable systems for upper
body rehabilitation, regarding the sensing technology, system
measurements, feedback conditions, system wearability and
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availability of clinical evidence. Results indicated that accelerometers
and IMUs were most commonly used to monitor and provide feedback
to patients on range of motion and movement performance during
upper body rehabilitation. Most publications describe systems which
are at the stage of feasibility prototypes, reporting evaluations against
technical requirements. Some systems have reached the maturity
required to support user tests, while clinical evaluations are scarce and
further studies are needed to provide evidence on the effectiveness
in training and to pave the path towards implementation in clinical
settings. We also concluded that future research should focus on
integrating advanced textile sensors, improving usability, wearability
as well as clinical validation. Our findings and insights could benefit
researchers and designers from different backgrounds in biomedical
science, engineering, computer science, and rehabilitation sciences in
developing and evaluating interactive wearable systems for a specific
function in upper body rehabilitation.

4. Design knowledge regarding interactive wearables for
rehabilitation. Trough the iterative design process, several insights
were gained formulated as six design lenses: Function, Reliability,
Wearability, Aesthetics, Interactivity and Hard & Soft connection.
Previous studies have already identified design considerations and
requirements for wearable systems [62] or sensorized garments [158,
160]. The design lenses extend such views with practical strategies
towards designing and developing interactive garment system
for rehabilitation; such practical strategies pertain to individual
lenses. Designers need to shift between lenses focusing on different
perspectives while considering all holistically in a given design context.

5. Preliminary evidence regarding the effectiveness of the
interactive garment supporting shoulder posture correction
during a field trial. The effectiveness of the system for posture
monitoring was assessed with a field deployment (N=25) in which
students working with laptops used the posture monitoring system for
a whole day. The field study followed a baseline-treatment-withdrawal
design, in which areduction was observed in the average of occurrences
of poor posture in the treatment stage based on the quantitative data
analysis. Further the evaluation contributes evidence that interactive
garment can support posture correction in real life conditions.



6.3 Future work

This thesis presented our research on designing interactive garment
for rehabilitation in the past years, while there is extensive space to
explore further. We now address three directions for future directions.

6.3.1 Clinical evidence study

This research examined patient attitudes in small-scale studies and
with limited exposure to the system. As such, it cannot make claims
regarding the effectiveness of the system to support training, for which
larger sample sizes and training outcome measures would be needed.
Having established the feasibility of the system and its preliminary
acceptancy be end-users in a clinical context, a trial on the clinical
effectiveness of the system, in comparison to traditional rehabilitation
methods, is the next step.

Future studies should examine whether Zishi could potentially
increase the training time and training efficiency of the training, the
future study should also report users’ attitudes towards this solution
while comparing against similar systems and traditional therapy.

Further, the potential of the system to support independent
rehabilitation training needs to be investigated in the future, with
efforts on improving the customization of feedback location and
modality. Enhance the feedback design to allow for customization of
content, modality and scheduling, and summary feedback. Besides,
whether the system helps achieve gains the quality and intensity of the
rehabilitation needs to be investigated by a field test Zishi for training
in a home environment.

6.3.2 Smart garment for other pathologies

The evidence presented in this study suggests that Zishi is promising
as a technology to support rehabilitation training by helping patients
maintain a good posture. This can be useful for several patient
groups. So far, the Zishi garment has been evaluated for training with
musculoskeletal shoulder pain, stroke patients and shoulder posture
correction for sedentary work. Potential future applications include
arm-hand training for other patient groups, such as multiple sclerosis
patients or spinal cord injury patients, in combination with interactive
applications that support exercise programs, as for example The
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Zishi garment may be also of great value to monitor compensatory
movements in combination with interactive tabletops as in [148], or
in combination with tablet applications as in [148] or special purpose
training devices such as TagTrainer [19].

We will integrate more functions in interactive garments. For example,
concerns wearable sensing technology can be applied for the
prevention of occupational low back pain, and more specifically how
smart garments can help nurses to maintain correct posture. The
BackUp (see Figure 6.1) sensing shirt is fashioned after the nurse
uniform and is adorned with sensors to track low back posture. A
connected smartphone application provides notifications about
adverse low back postures and can provide tips for how to correct
posture. Conductive thread was embroidered onto the shirt to create a
conductive pattern on which the electronic components could be
connected.

Figure 6.1 BackUp, a smart shirt for tracking lower back posture and the feedback
it gives via a smartphone

Notifications of bad posture serve as feedback, promote awareness,
but also serve as a form of ‘punishment’ in applied behavior analysis
terms, which encourages them to eliminate the relevant behavior.
However, notifying users about adverse posture might not be
enough to help them improve it. BackUp is aimed at increasing users’
awareness of poor posture, its antecedents and of ways to correct it.
Communicating the cause of the poor posture to the user can also
increase awareness of which actions can potentially lead to lower back
pain. Patients with low back pain have a diminished ability to actively



control the movements of the low back due to disturbed intrinsic
feedback mechanisms [216]. Therefore it is important to also instruct
them how to adjust their posture rather than just giving feedback . The
interaction ensures that knowledge about improving one’s posture
becomes associated to a context/activity. The rationale behind this is
that when the shirt is not worn, the environment could still trigger a
habit learned while wearing the shirt so that users will correct their
posture in a sustainable way.

BackUp has been evaluated in a field test, the evaluation adopted A-B-
A-C reversal design using mixed methods to collect both quantitative
and qualitative data. Results from the data show that nurses have the
motivation and ability to use the system to maintain correct posture.
The decrease of occurrences of bad posture in using the system
suggest successful outcome of motivational strategy in short term.
Further research is now warranted to determine the effectiveness and
sustainability of persuasive strategy for behavior change of posture to
prevent occupational low back pain in long term.

6.3.3 New forms of wearable actuators

Research in smart textiles and garments has mostly focused on the
integration of sensing technology. In order to make garments that
are truly interactive it is also essential to develop technologies for
actuating smart garments and textiles. The integration of actuators into
wearables has been less explored and particularly so with regards to
mechanical actuation to support haptic output, movement and shape
based output. Traditionally actuation on wearables relies on external
mechanism such as motors, shape memory alloy and soft robotics to

provide the force for shape transformation.

Figure 6.2 The fabrication of vinyl cutting ShapeTex. (a) design the pattern; (b) use
the vinyl cutter to cut the metal sheet; (c) transfer the metal pattern on fabric; (d)
remove the excessive part; (e) attach the polymer tape on top.
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In order to lower the threshold for prototyping wearable shape-
changing interfaces but also to improve the performance of such
interactive materials, we need to develop fabrication approaches
accessible to designers and to understand the requirements and
opportunities designers find in using these new materials. We are
developing a novel thermal shape-changing fabric called ShapeTex
[217], which has a three layers structure: A thin copper/aluminum
layer, a fabric and an ultra-high molecular weight polyethylene
(UHMWPE). We explored two fabrication process using etching and
vinyl cutting. Figure 6.2 demonstrates the fabrication progress of vinyl
cutting which is safer, cleaner, faster and compatibility with aluminum
tape in various colors, while etching is more suitable for precise
pattern with very thin lines.

0

Figure 6.3 (a) ShapeTex samples; (b) Textile Garden is an art exhibit based with

several moving pieces simulating leaves and flowers with ShapeTex; (c) Crazy
Coil is a fashion design exhibit where coil shaped pieces of ShapeTex that pop
up in response to temperature rising in the head; (d) Botanic Hat is a hat-design

featuring a ShapeTex flower that blossoms in response to heartbeat variation.

ShapeTex bends when current goes through it and recovers its
original shape when it cools down. ShapeTex is accessible to fashion
designers and interaction designers. From an aesthetic perspective,
designers can display shape-changing information in an aesthetic way
with customized metal patterns. Figure 6.3 presents several concept
prototypes that help illustrate the relevant space of opportunities.
While the limitation is that ShapeTex can only provide small and slow
force for visual transformation and cannot suitable of supporting some
force feedback (e.g. haptic feedback in rehabilitation training).

Actuation can support new forms of interactivity, providing alternatives
to overused modalities such as audio and video with the benefit of



a close coupling of feedback to body parts. A major opportunity for
research in wearable actuation for rehabilitation pertains to the
integration of spatial and temporal aspects of the actuation to sensed
human movement. Future work will further explore the integration
of ShapeTex in interactive clothing together with fashion, interaction
designers and therapy researchers.

Consolidating design knowledge

The proposed design lenses have emerged inductively to summarize
and articulate our own design experience but have not yet been applied
in a formal study by other designers. In order to ensure their relevance
and utility for other designers, they need to be applied prescriptively
in a design process and perhaps iteratively improved.

6.4 Concluding Remarks

Wearable sensing technology for posture monitoring and correction
has been attracting increasing attention. Since the 1990s when
pioneering researchers demonstrated the first smart shirt [218],
numerous research projects and products have been developed.
Researchers are also attempting to integrate miniaturized computing
devices and sensors into textile fabrics for rehabilitation interventions
and preventions and now there is the opportunity for the application
of smart garments to enhance the quality of life and the experience of
their rehabilitation.

To date, there are already various assistant tools and technologies
available for posture correction, for example, elastic posture control
brace or shoulder tape as passive methods, sensorized cushions,
wearable accessory device Lumolift [219], Alex [220] and on-
skin device Upright [221] providing notification for bad posture
on sedentary work. The commercial success confirmed that these
wearable solutions has been well received by early adopters. While we
have discussed the advantages of smart garment for rehabilitation with
enhanced applicability (multiple body parts monitoring), usability
(e.g. easy to operate and unobtrusive), wearability (e.g. comfort as
daily clothes), interactivity (e.g. diverse feedback) and aesthetic (e.g.
clothing style) in this thesis. Though there are still obvious barriers
[222](e.g. manufacturing challenges) to the mass consumer market of
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smart garments and few adoptions of smart clothing for rehabilitation
in current market, the research projects on smart garments for
medical and healthcare [223], relevant technologies [38] and social
attentions are rapidly growing, not to mention the efforts from high-
tech companies like Google [224] (e.g. the Jacquard project, which
allow weaving interactive textiles at scale and they have announced
smart jacket together with Levi’s which integrated Jacquard gesture-
sensing threads), we are positive for the near future that smart garment
integrate into our life. Zishi has been exhibited in the Dutch Design
Week in 2015 and in 2017 (see Figure 6.4) ; we used this opportunity
to disseminate results to the public and gauge reactions. While this
reactions do not by themselves represent reliable research data we
noticed a shift in opinion which may be partly due to the development
of the garment and partly due to the changing attitutudes of the public:
the earlier considerations of interactive warables as something distant
to their lives have given way to curiosity. Though our research has
explored the opportunities and constraints of interactive garment in
the context of rehabilitation following a design driven approach rather
than a marketing perspective, we anticipate that commercialization
and making inroads to the market would accelerate our vision.

Do (not. feed
the makers

Figure 6.4 Zishi was exhibited in exhibitions of ‘Manifestations‘ and ‘Do
(not) feed the makers’ during Dutch Design Week 17"

Reflecting back the gained knowledge and insights, the next steps for
future research are to integrate advanced textile sensors (e.g. soft,



flexible and well integrated in textiles or the joining technologies),
to explore wearable actuators (e.g. textile display and shape
changing interfaces) and to deploy the system in clinical validation
(e.g. effectiveness study). Besides, future project need abundant
corporations between the researchers from human-computer
interaction, rehabilitation, advanced textile technology, biomedical,
electronic engineering and industrial design.
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Appendix

This appendix presents the English version of all the questionnaires.
Origianl questionnaires used in the study of motor control training
for the shoulder with smart garments were in Dutch. Origianl
questionnaires used in the study of stroke patients’ acceptance of a
Smart garment for supporting upper extremity rehabilitation were in
Chinese.

Credibility and Expectancy Questionnaire

We would like you to indicate below how much you believe, right now, that the
therapy you are receiving will help to improve your lifestyle / functioning. Belief
usually has two aspects to it: (1) what one thinks will happen and (2) what one
feels will happen. Sometimes these are similar; sometimes they are different.
Please answer the questions below. In the first set, answer in terms of what you
think. In the second set answer in terms of what you really and truly feel. We do
not want your course convenors to ever see these ratings, so please keep the sheet

covered when you are done.

Setl]

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

1. At this point, how logical does the course offered to you seem?

1 2 3 4 5 6 7 8 9
not at somewhat very
all logical logical logical

2. At this point, how successfully do you think this system will be for
the treatment of your shoulder symptoms?

1 2 3 4 5 6 7 8 9
not at somewhat very
all logical logical logical



3. How confident would you be in recommending this course to a
friend who experiences similar problems?

1 2 3 4 5 6 7 8 9
not at somewhat very
all logical logical logical

4. How much improvement do you think will have occurred in your
shoulder symptoms at the end of the therapy?

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

not at somewhat very
all logical logical logical
Setll

For this set, close your eyes for a few moments, and try to identify what
you really feel about the system and its likely success. Then answer the
following questions.

1. How much do you really feel that the therapy will help you reduce
your shoulder symptoms?

1 2 3 4 5 6 7 8 9
not at somewhat very
all logical logical logical

2. How much improvement do you feel that symptoms will have
occurred at the end of the therapy in your shoulder?

not at somewhat very
all logical logical logical
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Intrinsic Motivation Inventory

B For each of the following statements, please indicate how true it is
for you, using the following scale:

1 2 3 4 5 6 7
not at all true somewhat true very true
Interest/Enjoyment

1. I really enjoyed this training.
1 2 3 4 5 6 7

not at all true somewhat true very true

2. This training was fun to do.
1 2 3 4 5 6 7

not at all true somewhat true very true

3.1 found this was a boring training.
1 2 3 4 5 6 7

not at all true somewhat true very true

4. This training did not hold my attention at all.
1 2 3 4 5 6 7

not at all true somewhat true very true

5.1would describe this training as very interesting.
1 2 3 4 5 6 7

not at all true somewhat true very true
6. I thought this training was quite enjoyable.

1 2 3 4 5 6 7

not at all true somewhat true very true
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7. While I was doing this activity, | was thinking about how much I

enjoyed it.
1 2 3 4 5 6 7
not at all true somewhat true very true

Perceived Competence

8. I think I am pretty good at this training.
1 2 3 4 5 6 7

not at all true somewhat true very true

9.1 think I do this training pretty well compared to other participants.
1 2 3 4 5 6 7

not at all true somewhat true very true

10. After working at this training for a while, I felt pretty competent.
1 2 3 4 5 6 7

not at all true somewhat true very true

11. I am satisfied with my performance at this training.
1 2 3 4 5 6 7

not at all true somewhat true very true

12. I was pretty skilled at performing this training activity.
1 2 3 4 5 6 7

not at all true somewhat true very true

13. This was an activity that I couldn’t do very well.

1 2 3 4 5 6 7
not at all true somewhat true very true
Effort/Importance

14. 1 have put a lot of effort into this training.

1 2 3 4 5 6 7

not at all true somewhat true very true
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15.1didn’t try very hard to do well at this training.

1 2 3 4 5

not at all true somewhat true

16. I tried very hard on this training.
1 2 3 4 5

not at all true somewhat true

17. It was important to me to do well at this task.
1 2 3 4 5

not at all true somewhat true

18. I have not put much energy into the training activity.

1 2 3 4 5
not at all true somewhat true
Pressure/Tension

19. 1 did not feel nervous at all while doing this.
1 2 3 4 5

not at all true somewhat true

20. I felt very tense while doing this training.
1 2 3 4 5

not at all true somewhat true

21.1was very relaxed while doing these exercises.
1 2 3 4 5

not at all true somewhat true

22.1was anxious while working on this training.
1 2 3 4 5

not at all true somewhat true

6

7

very true

7

very true

7

very true

7

very true

7

very true

7

very true

7

very true

7

very true



23.1felt that I was under pressure during training.

1 2 3 4 5 6 7
not at all true somewhat true very true
Value/Usefulness

24.1believe this training could be of some value to me.
1 2 3 4 5 6 7

not at all true somewhat true very true

25. I think this activity is useful for improving my shoulder symptoms.
1 2 3 4 5 6 7

not at all true somewhat true very true

26.1 think this training is important because I can use my shoulder and

arm-hand more and better.
1 2 3 4 5 6 7

not at all true somewhat true very true

27.1would be willing to do this again because it has some value to me.
1 2 3 4 5 6 7

not at all true somewhat true very true

28.1think that doing this activity could help me to use my affected arm
and hand more in everyday activities.
1 2 3 4 5 6 7

not at all true somewhat true very true

29. 1 believe doing this activity could be beneficial to me.
1 2 3 4 5 6 7

not at all true somewhat true very true

30. I think this is an important activity.
1 2 3 4 5 6 7

not at all true somewhat true very true
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Relatedness

31. 1 felt really distant to this training.
1 2 3 4 5 6 7

not at all true somewhat true very true

32. I would like to get a chance to practice this training method/

training system more often.
1 2 3 4 5 6 7

not at all true somewhat true very true

33.1would like to practice this training method / training system more
often.
1 2 3 4 5 6 7

not at all true somewhat true very true

34.1do not feel that I can really trust this training method / system.
1 2 3 4 5 6 7

not at all true somewhat true very true

35. 1 am attracted to this training method / training system
1 2 3 4 5 6 7

not at all true somewhat true very true



The Unified Theory of Technology Acceptance

Questionnaire (UTAUT)

For each statement, indicate the extent to which you agree with it. Use

the following scale:

1 2 3 4 5 7
totally disagree totally agree
I think the vest and the feedback are useful for my 34567

rehabilitation.

Working with the vest and the feedback is fun. 4 6
The vest and the feedback intimidate me. 456
By using the vest and the feedback, I can perform some 4 6
tasks faster.

I could work with the system if I had a built-in help 34567
function for assistance.

People who are important to me think that I should use 34567
the system.

In general, the organization has support the use of the 34567
system.

I feel apprehensive about using the system. 456
If I could take the system home, I predict I would use the 4 6
system in the coming months.

I think my interaction with the system would be clear and 34567
understandable.

I could work with the system if I had a lot of time for the 34567
task for which the system was designed.

I have the necessary resources for the vest and feedback 34567
system.

[ find the vest and the feedback easy to use. 4 6
I'm afraid I may lose a lot of information by pressing a 456
wrong button when using the feedback system.

I could work with the system if no one around to give me 34567
instructions.

If I could take the system home, I would expect to use the 34567
system in the coming months.

Using the vest and the feedback is a good idea. 4

I would find the system useful. 4 6

A specific person is available for assistance with problems 456

with the vest and feedback system.
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The management of the organization helped me withthe| 1 2 3456 7

use of the vest and feedback.

Using the vest and the feedback is a bad idea 12 7

By using the vest and the feedback, my productivity | 1 2

increases.

If I could get the system home, | would plan to use the| 1 23456 7

system in the coming months.

I could work with the system if [ can ask someone forhelp| 1 2 3456 7

when I get stuck.

The vest and the feedback makes my training more| 1 2 3 4 56 7

interesting.

People who have influence on my behavior think that [| 1 2 3456 7

should use the vest and the feedback.

I think I can easily become skillful at using of thevestand | 1 2 3456 7

feedback system.

I hesitate to use the vest and the feedback, becauselam| 1 2 3 4 56 7

afraid to make mistakes that I can not repair.

It is easy for me to learn how to use the Vest and the| 1 2 3456 7

feedback.

I have the knowledge necessary to use the vest and| 1 23456 7

feedback system.

I can not use the vest and the feedback in combination| 1 2 34 5 6 7

with other systems I use.

I like to work with the vest and feedback system 1234567
To remind you of the scale:

1 2 3 4 5 6 7

totally disagree totally agree



The Computer System Usability Questionnaire

1. In general, I am satisfied how
easy this system is to use.

Strongly
disagree

45

Strongly
agree

2. It was easy to do this
system.

Strongly
disagree

45

Strongly
agree

3. I can effectively complete my
training using this system.

Strongly
disagree

45

Strongly
agree

4.1am able to complete my training
quickly using this system.

Strongly
disagree

45

Strongly
agree

5.1 am able to efficiently complete
my training using this system.

Strongly
disagree

45

Strongly
agree

6. 1 feel comfortable using this
system

Strongly
disagree

45

Strongly
agree

7. It was easy to learn to use the
system.

Strongly
disagree

45

Strongly
agree

8. I believe I become productive
quickly using the system.

Strongly
disagree

45

Strongly
agree

9. The system gives error messages
that clearly tell me how to fix
problems.

Strongly
disagree

45

Strongly
agree

10. Whenever I make a mistake
using the system, I recover easily
and quickly.

Strongly
disagree

45

Strongly
agree

11. The information(such as on-line
help, on-screen messages and other
documentation) provided with this
system is clear.

Strongly
disagree

45

Strongly
agree

12.Itis easy to find the information
I need.

Strongly
disagree

45

Strongly
agree

13. The information provide with
the system is easy to understand.

Strongly
disagree

45

Strongly
agree

14. The information is effective in
helping me complete my work.

Strongly
disagree

45

Strongly
agree

15. The organization of information
on the system screens is clear.

Strongly
disagree

45

Strongly
agree

16. The interface of the system is
pleasant.

Strongly
disagree

45

Strongly
agree
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17. 1 like using the interface of this | Strongly Strongly
system. disagree 1234567 agree
18. This system has all the functions | Strongly Strongly
and capabilities I expect it to have. | disagree 1234567 agree
19. Overall, I am satisfied with this | Strongly Strongly
system. disagree 1234567 agree




Publications

Publications related to this thesis

Journal Paper:

Q. Wang, L. De Baets, A. Timmermans, W. Chen, L. Giacolini, T. Matheve
and P. Markopoulos, “Motor Control Training for the Shoulder with
Smart Garments”, Sensors, doi:10.3390/s17071687

Q.Wang, P. Markopoulos, B. Yu, W.Chen and A. Timmermans, “Interactive
wearable systems for upper body rehabilitation: a systematic review”,
Journal of NeuroEngineering and Rehabilitation, 2017;14:20

Q. Wang, W. Chen, and P. Markopoulos, "0 & ERXRHFE LR EDN
FABYIAR 5528k / Application of Wearable Systems in Upper Extremity
Rehabilitation: Research and Practice (review)”, Chinese Journal of
Rehabilitation Theory and Practice, 2016; 22:12. DOI: 10.3969/].
issn.1006-9771.2016.12.022

Q. Wang, A. Timmermans, W. Chen, J. Jia, L. Ding, L. Xiong, J. Rong and
P. Markopoulos,’Stroke Patients’ Acceptance of a Smart Garment for
Supporting Upper Extremity Rehabilitation”, Journal of Translational
Engineering in Health and Medicine (current status: accepted).

«

R. Bootsman, P. Markopoulos, Q. Qi, Q. Wang, A. Timmermans.
Wearable technology for posture correction at work”, (current status:
submitted to the International Journal of Human-Computer Studies).

Book Chapter:

Qi Wang, Wei Chen, Panos Markopoulos, “Smart Garment Design
for Rehabilitation” in ICTs for Improving Patients Rehabilitation
Research Techniques, Communications in Computer and Information
Science,Vol. 515, pp 260-269.ISBN: 978-3-662-48645-0,2015;

223



224

Conference:

J. Du, P. Markopoulos, Q. Wang, M. Toeters and T. Gong. “ShapeTex:
Implementing Shape-Changing Structures in Fabric for Wearable
Actuation.” In: Proceedings of the Twelfth International Conference on
Tangible, Embedded, and Embodied Interaction. ACM; 2018. p. 166-
176.

J. Du, Q. Wang, L. De Baets, P. Markopoulos, “ZUOZI: Feedback of
Postures for Shoulder Pain Treatment with Wearable Technology”.
PervasiveHealth'17.

Q Wang, Marina Toeters, Wei Chen, Annick Timmermans, Panos
Markopoulos, “Zishi: a smart garment for posture monitoring”, In Proc.
Of the 34th Annual ACM Conference on Human Factors in Computing
Systems (CHI'16), San Jose, CA, USA, 2016;

Q. Wang, “Designing Posture Monitoring Garments to Support
Rehabilitation”, In Proc. International conference on Tangible,
Embedded and Embodied Interaction (TEI), Eindhoven, the
Netherlands, 2016;

Q. Wang, W. Chen, A.A.A. Timmermans, C. Karachristos, ].B. Martens, P.
Markopoulos,”Smart Rehabilitation Garment for Posture Monitoring”

in 37th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), Milan,2015;

Q. Wang, P. Markopoulos, W. Chen, “Smart rehabilitation
garment design for arm-hand training” in Proceedings of the 8th
International Conference on Pervasive Computing Technologies for
Healthcare,PervasiveHealth ‘14, German,2014;

Q Wang, W Chen, P Markopoulos, “Literature review on wearable
systems in upper extremity rehabilitation” in IEEE-EMBS International
Conference on Biomedical and Health Informatics (BHI), Spain, 2014;

Other Publications

Sun, X, Loy, Y, Li, T, and Wang, Q. Designing Wearable Device-Based
Product and Service Ecosystem. In Cross-Cultural Design Methods,
Practice and Impact. Springer, 2015, vol.9180,108-115.

Tao, Y., Wang, G., Hong, Y., Wang, Q., Yao, C., and Ying, F. DrumGenius:
bridging learning-gap with interactive musical instruments. Proc.



CSCW Companion’14, 241-244.

Wang, Q,, Ying, F, Caj, ], and Cheng, Y. Designing to augment memory
appreciation: The system of Mobile-light. TEI'13-work in progress.

Ying, E, Tao, Y, Wang, G., and Wang, Q. VisibleSound: Perceiving
Environmental Sound with 4D Form. In Advanced Materials Research,
vol.718,1777-1781.

Ying, F, Cai, ], Wang, Q., et al. Cultural Design Method on Multi-Sensor
Technology Design: A Case of Interactive Lamp Design. In Applied
Mechanics and Materials, vol.321, 553-557.

Press:

“Live News” in CCTV-13, Oct 31st, 2015;

Exhibitions:

Mind the Step, Dutch Design Week 15’

Global Grad Show, Dubai Design Week 15’

China Design Award 16’

Manifestations, Dutch Design Week 17’

Do (not) feed the makers, Dutch Design Week 17’

225



226

Acknowledgements

This part is one of the parts that I am eager to write, as there are great
people who gave me, taught me, inspired me and moved me so much!

Thank you, Panos. [ have imagined how my PhD life could be and how
my promoters would be when I was still in China, however you’re much
more beyond my imagination and my expressiveness. You're the one
introduced me to the world of design research with countless support.
You inspired me the possible directions, you guided me the detailed
tasks, you answered me all my questions, you indicated the lessons I
learnt, you encouraged me and you're always a happy person to work
with. I would like to quote an old saying in Chinese “—B7AIf &85 /AR",
means “a day as a tutor, I respect you a life as a father”.

Thank you, Wei. I feel grateful to our predestined relationship and
your support all along. The first time you inspired me in your speech
in Hangzhou, in the following years you gave me valuable help for my
study in Eindhoven and Shanghai, you always had my back as an elder
sister.

Thank you, Annick. You are my idol, I will never forget how you
encouraged me and inspired me. I feel appreciate of your profession,
your winningness and your patience.

Thank you, Marina and Martijn. You are the experts who gave me so
many tips and hands-on techniques of wearable.

Also many thanks to all the people who supported me and I enjoyed
a lot of our corporations. Especially Liesbet in Hasselt, | admired a lot
your profession on our studies and writings. Jiachun, you're a young
talent that I feel so luckily to work with you. Bin, I've benefitted so
much by our numerous discussions. And Karachristos, Luca, Xiaoyu,
Qi Qi, Rik, Thomas and all the therapists who joined my studies in
Hasselt and Shanghai.

[ will miss a lot our Eindhoven-based and Industrial design-based



Chinese union, made my life fascinating. I had great time in the UCE
group, thanks to all my lovely colleagues, great memories for me.

Thanks to my dearest father, mother, brother, parents-in-law and all
my family members. I can’t succeed without your love and support!

And to you, Feng and Yiyi, 215, E1R1).

This doctral research was supported by a full PhD scholarship awarded
by the China Scholarship Council (CSC).

227



228

Curriculum Vitae

Qi Wang was born on 21st of May 1988 in Handan, China. In 2010,
She received her bachelor degree in Industrial Design (cum laude
in Zhejiang Province) from Zhejiang University where she was
recommended for admission to her master study, she obtained her
master degree in 2013 with great interests in the field of Human-
Computer Interaction. Subsequently, she was awarded the scholarship
from Chinese Scholarship Council (CSC) for her PhD research in the
Industrial Design Department in Eindhoven University of Technology
(Tu/e) in the Netherlands. This thesis is the result of her research topic
of “Designing Smart Garments for Rehabilitation”.

She won multiple design awards including Red Dot Award and IDEA
Award. During her master’s education, she was also a design intern at
Samsung design in Shanghai. Her work at Tu/e has been exhibited at
Dutch Design Week 15 &17 and Dubai Design Week 15.

Qi Wang is married to Feng Xu and mother of Jingyi Xu.




X0
30K
£

000000 xx
R A
b

x
3
£
3
£




	OLE_LINK1
	OLE_LINK2
	OLE_LINK29
	OLE_LINK30
	_GoBack
	_Ref279755490
	Introduction
	1.1 Motor Control during Upper-Extremity Rehabilitation
	1.2 Wearable technologies for posture monitoring and correction
	1.3 To design systems that are aesthetic, wearable, easy to use, motivating and accurate
	1.4 Interactive garments for upper-extremity rehabilitation
	1.5 Research Objectives
	1.6 Research Approach
	1.7 Thesis outline

	Interactive wearable systems for upper body rehabilitation: A systematic review.
	Abstract
	2.1 Background
	2.2 Method
	2.2.1 Literature search strategy
	2.2.2 Study Selection Process
	2.2.3 Data extraction process

	2.3 Results
	2.3.1 Database Search and paper lists 
	2.3.2 Taxonomy Structure
	2.3.3 Status of Included Sensing Technologies
	2.3.4 System Feedback
	2.3.5 Measurement 
	2.3.6 System Wearability
	Sensor placements

	2.4 Discussion
	2.4.1 Discussion of wearable-sensing technologies
	2.4.2 Discussion of systems feedback
	2.4.3 Discussion of system wearability
	2.4.4 Discussion of clinical validation
	2.4.5 Inspirations from novel wearable concepts

	2.5 Conclusions

	Zishi: Design Iterations of Zishi and Design Lenses for Interactive Posture Monitoring Garments for Rehabilitation
	3.1 Introduction
	3.2 Applying the approach of research-through-design
	3.3 Overview of Zishi
	3.3.1 Description
	3.3.2 Calculation Methods
	3.3.3 Feedback Strategy

	3.4 Design Iterations of Zishi
	3.4.1 Iteration 1-Embedding accelerometers in a T-shirt
	3.4.2 Iteration2-Garment embedded smart textile pattern and Bluetooth communication
	3.4.3 Iteration 3-Interactive garment with IMU sensor and personalized feedback
	3.4.4 Iteration 4- Zishi, Reconfigurable smart garment system
	3.4.5 Iteration 5 – Fashionable Zishi with smart textile pattern and magnets-based connections
	3.4.6 Iteration 6 – Zishi with Sound feedback
	3.4.7 Self-reflection of the iterations progresses

	3.5 Design Lenses for Interactive Posture Monitoring Garments for Rehabilitation
	3.5.1 Design Lenses
	3.5.2 Lens of Function
	3.5.3 Lens of Accuracy
	3.5.4 Lens of Wearability
	3.5.5 Lens of Aesthetics
	3.5.6 Lens of Interactivity
	3.5.7 Lens of Hard & Soft crafting

	3.6 Conclusions

	Zishi: Evaluations
	4.1 Introduction
	4.2 Accuracy Evaluation
	4.2.1 Experiment setup
	4.2.2 Results

	4.3 Motor control training for the shoulder with smart garments
	4.3.1 Introduction
	4.3.2 Participants
	4.3.3	Materials
	4.3.4	Protocol
	4.3.5	Outcome measures
	4.3.6 Results of patients’ evaluation
	4.3.7  Results of therapists’ attitudes
	4.3.8 Discussion 
	4.3.9 Conclusion

	4.4 Stroke Patients’ Acceptance of a Smart Garment for Supporting Upper Extremity Rehabilitation
	4.4.1 Introduction
	4.4.2 Subjects 
	4.4.3 Protocol
	4.4.4 Materials and Outcome Measures
	4.4.5 Data Analysis
	4.4.6 Results from the Patients
	4.4.7 Results from the Therapists
	4.4.8 Discussion 
	4.4.9 Future work 
	4.4.10 Conclusion 

	4.5 Discussion

	Zuozi: The design and evaluation of a wearable system supporting shoulder posture correction 
	5.1 Introduction
	5.2 Related work
	5.3 Overview of ZUOZI
	5.3.1 Continuous Shoulder Tracker
	5.3.2 Shoulder Trainer
	5.3.3 Detection of Poor Postures 

	5.4 Iterations of ZUOZI
	5.4.1 Iteration Design for Shoulder Trainer Detection of Poor Postures 
	5.4.2 Continuous Shoulder Posture Tracking

	5.5 Evaluation of ZUOZI
	5.5.1 Evaluation of the Shoulder Trainer
	5.5.2 Field Test of Continuous Posture Tracker

	5.6 Discussion 
	5.7 Conclusions and future work
	 

	Conclusion
	6.1 Summary of Thesis
	6.2 Contributions 
	6.3 Future work
	6.3.1 Clinical evidence study 
	6.3.2 Smart garment for other pathologies
	6.3.3 New forms of wearable actuators

	6.4 Concluding Remarks

	Reference
	Appendix
	Credibility and Expectancy Questionnaire 
	Intrinsic Motivation Inventory
	The Unified Theory of Technology Acceptance Questionnaire (UTAUT)
	The Computer System Usability Questionnaire

	Publications
	Publications related to this thesis 
	Journal Paper:
	Book Chapter:
	Conference:
	Other Publications 


	Exhibitions:
	Acknowledgements 
	Curriculum Vitae 

