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ABSTRACT ARTICLE HISTORY
Purpose: Telerehabilitation systems have the potential to enable therapists to monitor and assist stroke Received 19 July 2022
patients in achieving high-intensity upper extremity exercise in the home environment. We adopted an Revised 5 January 2023
iterative user-centred approach, including multiple data sources and meetings with end-users and stake- Accepted 17 February 2023
holders to define the user requirements for home-based upper extremity rehabilitation using wearable
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Methods: We performed a requirement analysis consisting of the following steps: 1) context & ground- rehabilitation; upper
work; 2) eliciting requirements; 3) modelling & analysis; 4) agreeing requirements. During these steps, a extremity; requirements;
pragmatic literature search, interviews and focus groups with stroke patients, physiotherapists and occu- wearables

pational therapists were performed. The results were systematically analysed and prioritised into “must-
haves”, “should-haves”, and “could-haves”.

Results: We formulated 33 functional requirements: eighteen must-have requirements related to blended
care (2), exercise principles (7), exercise delivery (3), exercise evaluation (4), and usability (2); ten should-
haves; and five could-haves. Six movement components, including twelve exercises and five combination
exercises, are required. For each exercise, appropriate exercise measures were defined.

Conclusion: This study provides an overview of functional requirements, required exercises, and required
exercise measures for home-based upper extremity rehabilitation using wearable motion sensors for
stroke patients, which can be used to develop home-based upper extremity rehabilitation interventions.
Moreover, the comprehensive and systematic requirement analysis used in this study can be applied by
other researchers and developers when extracting requirements for designing a system or intervention in
a medical context.

» IMPLICATIONS FOR REHABILITATION

e This study provides an extensive overview of user requirements for home-based upper extremity
rehabilitation using wearable motion sensors in stroke patients.

e These requirements can be used as a basis for developing home-based UE telerehabilitation
interventions.

e Including these requirements may facilitate the clinical implementation of such telerehabilitation
systems.

e The comprehensive and systematic approach used in this sudy can be applied by other researchers
and developers when extracting requirements for designing a system or intervention in a medical
context.

Introduction Rehabilitation can improve UE capacity and regain independence

Stroke is the leading cause of adult disability worldwide, and the in daily life activities [3], ideally starting within the first five weeks
incidence is still rising [1]. Motor impairment is one of the most post-stroke to maximally utilise the potential of recovery of UE
common symptoms, initially present in about 75% of stroke capacity [4]. Key elements of motor rehabilitation include a high
patients [2]. Upper extremity (UE) motor impairments restrict number of repetitions, task-specific exercises, and context specifi-
patients’ capacity and performance of daily life activities. city [5].
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Despite its efficacy, applying high-repetitive UE rehabilitation
interventions in clinical practice remains problematic [6,7].
Currently, the intensity of task-related exercise is often low [8-10].
In clinical rehabilitation, the availability of therapists to provide
intensive supervised therapy is limited [11]. Moreover, cognitive
and motivational issues limit patients in performing exercises
independently outside therapy sessions [12,13]. Literature showed
that when patients were discharged home, the main reported bar-
riers to exercise were related to fatigue and the availability and
distance from the exercise places. Additional reported barriers
were the absence of a person to assist with the exercises and a
lack of knowledge on how to perform exercises [14]. The limited
amount of exercise may induce suboptimal recovery of UE func-
tion [15] and may lead to deterioration of UE capacity after being
discharged home from rehabilitation [16].

Telerehabilitation for stroke patients is evolving rapidly [17-19],
and there is growing evidence of its efficacy and non-inferiority in
improving UE capacity compared to wusual care [17-20]
Telerehabilitation is an alternative method of providing conventional
rehabilitation (diagnostics, treatment and monitoring) at a remote
location, using information and communication technology [18].
Telerehabilitation includes technologies such as phone and video
consultations and virtual reality, as well wearable motion sensors are
increasingly being used [18,21]. Wearable motion sensors can consist
of any type (e.g., accelerometers, gyroscopes and microelectrome-
chanical systems) of sensors integrated into wearable objects or dir-
ectly worn on the body to measure human movement [22].
Compared to usual care and other telerehabilitation technologies,
wearable motion sensors have advantages, such as being relatively
inexpensive and unobtrusive and allow real-time movement tracking
and feedback in real-world settings [21]. With that, it enables thera-
pists to monitor progress, personalise treatment, and assist patients
in achieving high intensities of exercise therapy in the home environ-
ment without direct supervision. Therefore, wearable technologies
are promising to overcome barriers experienced with current inten-
sive therapy programs and may reduce healthcare costs [13,19].

Although telerehabilitation is compelling and shows advan-
tages compared to conventional rehabilitation, patients and thera-
pists experience barriers in using telerehabilitation in daily
practice [19,23,24]. Common barriers are the unease of use, reli-
ance on someone else’s help, exercises not being tailored to the
preferred skills and level of abilities, lack of flexibility of schedule
and location, and a lack of interaction with therapists [25-28]. To
improve the adoption of new technology, end-user involvement
is essential throughout the development and implementation pro-
cess [23,24,27]. Nowadays, end-users are often involved in some
way in the development of telerehabilitation. Still, the same bar-
riers to using technology in clinical practice are present [29], and
there is no evidence for an optimal single step-by-step approach
to involve end-users in developing telerehabilitation systems [30].
Instead, researchers need to select the most suitable research
methods for their research objectives, the research context, and
the characteristics of the participants. Ideally, multiple data sour-
ces should be combined, such as scientific literature and qualita-
tive data collected from various stakeholders [30].

Current literature generally provides user requirements for
stroke telerehabilitation, regardless of the specific user context
and characteristics [31-33]. There are no particular recommenda-
tions for home-based UE stroke rehabilitation using wearable
motion sensors. This study aims to define the user requirements
for home-based UE rehabilitation using wearable motion sensors
for sub-acute stroke patients. To overcome previously reported
limitations of current telerehabilitation systems, we follow an
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iterative user-centred approach using multiple data sources,
including a pragmatic literature search, interviews and focus
groups with end-users, and meetings with various stakeholders.

Materials and methods

We conducted a requirement analysis described by Nuseibeh &
Easterbrook [34] to define user requirements of a home-based UE
rehabilitation system for sub-acute stroke patients (seven days to
six months post-stroke [35]) using wearable motion sensors. We
distinguished three categories of user requirements: 1) functional
requirements, 2) required exercises, and 3) required exercise
measures. The functional requirements define the functions of a
system, which are specifications of the system’s behaviour. The
required exercises represent the exercises that must be included
in the home-based UE rehabilitation system. The required exercise
measures represent the constructs that need to be evaluated and
given feedback on when patients perform the exercises without
direct supervision in the home environment.

The requirement analysis included the following steps [34]: 1)
Context and groundwork: to familiarise with the topic and pro-
vide a base for eliciting requirements. 2) Eliciting requirements:
communicating with users to determine their requirements. 3)
Modelling and analysing requirements: document the elicited
information in an understandable and organised way (e.g., user
scenarios and user journeys) to formulate precise, complete,
unambiguous requirements and prioritise those requirements. 4)
Agreeing requirements: verify that the requirements accurately
present users’ needs. See Figure 1 for an overview of the
methods.

Participant recruitment

The users from whom we elicited and verified the system require-
ments were stroke patients, occupational therapists, and physio-
therapists. We have used purposive criterion sampling to recruit
these users.

In four rehabilitation centre stroke units and one primary
physiotherapy practice in the Netherlands, we recruited occupa-
tional therapists and physiotherapists with more than three years
of experience with UE stroke rehabilitation. Therapists did not
need to have an affinity for using technology in rehabilitation. To
verify requirements, we applied the same criteria.

We also included adult patients (> 18years) with an ischemic
or haemorrhagic unilateral stroke resulting in one-sided UE motor
impairment. Participants receive rehabilitation for their UE impair-
ments and can voluntarily lift the impaired UE against gravity (>
30 degrees shoulder anteflexion). We initially recruited sub-acute
patients admitted to inpatient rehabilitation. However, we also
included patients discharged home, possibly in the chronic phase
post-stroke. We asked them to reflect retrospectively on their
experiences during the sub-acute stage when transitioning from a
rehabilitation centre to home. Patients were excluded if they had
comprehensive aphasia resulting in the inability to provide
informed consent or understand the interview questions. All par-
ticipating patients provided written informed consent.

Context and groundwork

To familiarise with the users and the context of stroke rehabilitation,
one researcher (AL) observed usual rehabilitation care, consisting of
individual and group UE rehabilitation sessions, in the stroke ward
of Rijndam Rehabilitation (Rotterdam, the Netherlands).
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Figure 1. Overview of the requirement analysis. *PACT: People Activity Context Technology.

Next, we conducted a pragmatic literature search of guidelines,
systematic reviews, and meta-analyses until September 2020 in
PubMed to get acquainted with the literature on UE stroke
rehabilitation interventions and treatment principles. We used
combinations of the following Medical Subject Headings (Mesh):
stroke, rehabilitation and upper extremity, and applied the follow-
ing filters: systematic review, meta-analysis, guideline and practice
guideline. One researcher (AL) screened the titles, abstracts and
full texts when needed to select studies that met the following
criteria: including adult stroke patients (> 18 years) and evaluating
the effects of physical exercise interventions for the paretic UE on
International Classification of Functioning, Disability and Health
(ICF) function or activity level outcomes. Studies were excluded
when evaluating medication, passive interventions (e.g., passive
joint mobilisations), technical neurophysiologic interventions (e.g.,
transcranial brain stimulation), mental exercises (e.g., motor
imagery), robotic interventions (e.g., robot-assisted therapy) or
when solely including patients in the acute or chronic phase post-
stroke. AL summarised the intervention characteristics, efficacy,
treatment principles and the use of technology in the included
studies. Next, studies were categorised based on their topics:
Blended-care principles (principles related to the mixture of online
therapy and in-person treatment), Exercise principles (principles
related to an exercise intervention, e.g., task specificity), Exercise

delivery (the specifications of an exercise intervention; e.g., the
number of sets and repetitions), Exercise evaluation (the specifica-
tion of measuring and evaluating exercise progress), and Usability
(the degree to which the intervention (including technology) fit
the intended use). Studies could be assigned to multiple catego-
ries. Using the categorised results as background information, two
researchers (AL and GR) formulated interview questions related to
the categories to interview therapists (Supplementary file A) and
patients (Supplementary file B) and to conduct focus groups with
therapists (Supplementary file C). We considered this a pragmatic
search since the aim was to get acquainted with the literature,
and only one researcher searched one database and used a lim-
ited number of search terms.

Eliciting requirements

To elicit the requirements, we conducted nine interviews and six
focus groups with physiotherapists or occupational therapists, and
nine interviews with stroke patients between September 2020
and July 2021. All participants were introduced to the research
aims and the starting points of this research, which are providing
home-based, UE exercise therapy using wearable motion sensors.
To facilitate the selection of specific exercises, we made an inven-
tory of the top ten most reported UE rehabilitation goals among


https://doi.org/10.1080/17483107.2023.2183993
https://doi.org/10.1080/17483107.2023.2183993
https://doi.org/10.1080/17483107.2023.2183993

patients and therapists. Two researchers (AL and GR) analysed the
movement components in each of the ten goals, following the
definitions of the movement components as reported by
Lemmens et al. [36]. Next, focus groups were conducted by one
(AL) or two researchers (AL and GR) with therapists about the
most relevant exercises and exercise measures related to those
movement components. Focus groups were conducted in the
rehabilitation centre or online (due to COVID-19 restrictions).
Patients were interviewed individually to allow more personal
questions about the impact of stroke on their daily lives, goals,
and personal experience with UE stroke rehabilitation. One
researcher (AL) interviewed patients in the rehabilitation centre or
at the participants’ houses when patients were discharged home.
During the focus group, notes were made, and the interviews
were recorded and transcribed verbatim.

Requirement modelling and analysis

Based on the interviews and focus group results, we developed
user scenarios using the PACT (People, Activities, Contexts, and
Technologies) framework. User scenarios provide detailed descrip-
tions of the context, users, and motivations [37]. The PACT is a
validated guideline to specifically construct a user scenario in the
context of medical tele-treatment, from which functional require-
ments can be extracted [23]. In addition to the user scenarios, we
developed a user journey, describing all actions the user should
take before, during and after using a home-based UE rehabilita-
tion system and the possible interactions between the user and
the system. From the user scenario and journey, we extracted
requirements.

Next, we prioritised requirements. Therapists individually
ranked the selected exercises from one to three, indicating the
most relevant exercises for the target patients. We selected the
two most important exercises for each movement component
based on the ranking. The exercise measures and the functional
requirements were prioritised using the MoSCoW technique
(“Must-have”, “Should-have,” “Could-have”, and “Won’t have”) [38].
Prioritisation was based on the qualifiers “importance” from the
patient and therapist’s perspective and “risks (for therapy quality)”
from the therapist’s perspective [38]. The prioritised requirements
were listed in tables.

Preliminary results were presented and discussed during stake-
holder group meetings, including representatives from rehabilita-
tion technology companies, physiatrists, physical therapists and
occupational therapists involved in stroke rehabilitation, biomech-
anical technicians, and stroke patients.
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Agreeing requirements

To verify the validity of the requirements and requirement priori-
tisation generated from the focus groups and interviews, we con-
ducted verification focus groups and interviews with therapists
and patients who were not involved in the step of eliciting
requirements. Two additional focus groups, including occupa-
tional therapists and physiotherapists providing UE rehabilitation
to stroke patients in three rehabilitation facilities in the
Netherlands, were conducted online by one researcher (AL). The
patient’s perspective was also included in the verification. Eight
stroke patients discharged home from a rehabilitation centre were
interviewed by one researcher (AL) at their houses. During the
focus groups, notes were made, and the interviews were recorded
and transcribed verbatim.

Results
Pragmatic literature search

The pragmatic literature search resulted in 124 studies; 40 met
the inclusion criteria (Supplementary file D) and were categorised
into five topics.

Focus groups and interview descriptives

After nine interviews with patients, six focus groups and nine
interviews with therapists, the five topics were discussed, and no
new information regarding those topics occurred. Eight verifica-
tion interviews with patients and two verification focus groups
with therapists confirmed the previous findings and resulted in
two additional ‘should haves’. Each focus group lasted 1 to 1.5h,
and the interviews took about 45min each. Table 1 shows the
numbers and characteristics of all participating patients and thera-
pists (Table 1).

Functional requirements

We have formulated 33 functional requirements: eighteen must-
haves, ten should-haves, and five could-haves. Each requirement
is presented in Table 2 and described in more detail in the
second column.

Therapists indicated stimulating activity of the paretic UE in
daily life and exercise training as important exercise principles
(Table 2: 1, 2). They agreed on the importance of task-related and
high repetitive exercise training using functional objects (Table 2:
3, 4, 5). Feedback on the exercises must be provided to the
patient after completing an exercise session and in real-time on
both quantitative and qualitative elements of movement (Table 2:

Table 1. Characteristics of patients and therapists who participated in interviews or focus groups.

Stroke patients

Therapists

Individual Verification Individual Focus group  Verification group
interviews (n=9) interviews (n=8) interviews (n=9) (n=7) (n=5)

Age (years; median, IQR) 63 (48-76) 60.5 (49-76) 32.5 (31-59) 33 (31-48) 31 (24-59)
Gender (male/female) 5/4 71 1/8 2/5 1/4
Type of stroke 6/3 6/2

(ischemic/hemorrargic)
Post-stroke phase 6/3 5/3

(sub-acute/chronic)
Time since stroke (days) 65 (53-214) 150.5 (75-193.75)
Setting (primary practice/rehabilitation 6/3 0/8 1/8 0/7 1/4

centre)
Profession (occupational therapist/ physiotherapist) 5/4 3/4 2/3
Stroke rehabilitation experience (years; median, IQR) 10.5 (5-37) 11 (5-25) 8 (3-37)
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Table 2. Functional requirements divided into must-haves, should-haves, and could-haves.

Themes

Requirement

Specification

Must-haves 1

10

1

Exercise principles

Exercise principles

Exercise principles

Exercise principles

Exercise principles

Exercise principles

Exercise principles

Blended care principles

Blended care principles

Exercise delivery

Exercise delivery

The system measures and
stimulates the activity of
the paretic UE in daily life.

The system provides and
stimulates UE exercises.

The system provides high
repetitive UE training.

The system provides task-
related training.

The exercises allow interaction
with functional objects.

The system allows patient-
specific goal setting and
provides feedback on those
goals.

The system motivates patients
to accomplish pre-set goals
and adhere to the
intervention. ?

The system allows blending
remote therapy (e-therapy)
and face-to-face therapy.

The system allows low-
threshold contact between
therapists and patients.

The system instructs the
patient on performing the
exercises safely and
correctly.

The system allows adaptation
of the intervention to
patient-specific needs and
goals.

The system measures daily UE activity for patients
who can use their paretic UE in daily life (to
facilitate, stabilise, or as the leading UE during
functional activities).

Sensory and/or visual triggers on the wearable
sensor(s) remind and stimulate patients to use the
paretic UE.

The daily UE activity module can be used in
combination with or individually from the exercise
module.

The system provides UE exercises for patients who
can lift their paretic UE (> 30-degree shoulder
anteflexion) and have some finger extension (FMA
item finger extension > 1).

The UE exercise module can be used in combination
with or individually from the daily activity module.
For a list of required exercises: See Table 3.

The system advises a number of repetitions per
exercise per session to the patient, based on the
therapists’ input.

Exercises are related to patients’ most common UE
functional goals.

Exercises focus on the movement components of the
most common functional UE tasks within patients’
goals.

Exercises focus on more complex functional tasks by
combining the movement components.

Exercises target the paretic UE; the ipsilesional UE
can be used to facilitate or stabilise.

Exercises allow interaction with functional objects:

a cylinder object (shape of a 0.5L bottle), a small
cube (2.5cm3) and a pen.

The therapist can set goals for daily UE activity and
exercises together with the patient.

Daily life UE activity goals are provided on a day and
week level.

UE exercise goals aim to increase the quantity or
quality of exercise performance.

The system uses strategies to enhance patients’
extrinsic and intrinsic motivation to accomplish the
training session.?

The system provides positive feedback on movement
outcomes (knowledge of results).

The system facilitates a minimum of two live
consultations with the therapist at the start and end
of the UE therapy program, with a maximum of
5weeks between each live consultation.

The system allows therapists and patients to
organise additional live consultations.

The system facilitates remote contact (via text or
voice messages) between patients and therapists at
least once a week.

The system allows patients and therapists to digitally
contact (via text or voice messages) each other for
advice, questions, or a live consultation.

The system instructs patients using video and audio.
The patient can repeat exercise instructions as often
as they want, before or during the exercises.

The patient is reminded to always contact their
therapist in case of new or increased UE pain before
continuing the exercises.

Exercises are performed in a sitting position when
patients cannot walk independently in their home
without the support of a walking aid or person.

The system informs the patient whether the exercise
was performed correctly by providing performance
feedback based on performance measures.

The therapist can manually select and adapt the
number of exercises, number of repetitions, exercise
level, feedback content, and feedback frequency.
The therapist can make adaptations before or after a
training session for the upcoming session and the
next day of daily life UE activity.

(continued)
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Themes

Requirement

Specification

Should-haves

12

13

14

15

16

17

18

20

21

22

23

24

25

Exercise delivery

Exercise evaluation

Exercise evaluation

Exercise evaluation

Exercise evaluation

Usability

Usability

Exercise principles

Exercise principles

Exercise principles

Exercise delivery

Exercise delivery

Exercise evaluation

Exercise evaluation

The system allows adaptation
of the exercise level during
a session.

The system provides feedback
to the patient about the
amount of paretic UE
activity during daily life.

The system provides feedback
to the patient about the
movement quantity during
a session.

The system provides feedback
to the patient about the
movement quality during a
session.

The system allows therapists
to remotely evaluate the
daily activity, quantity and
quality of exercise sessions
performed by patients.

The system is easy for
patients to use; the patient
can use the system
preferably independent
from a healthcare
professional or caregiver.

The system is easy to use for
therapists.

The system provides shoulder
stabilising exercises.

The system provides
strengthening exercises.

The system provides total task
practice with feedback on
accomplished tasks.

The exercises allow interaction
with daily life objects in
the patient’s environment.

The system provides optional
visual and auditive
elements during the
exercises.

The system presents reference
values on daily life activity
by measuring the activity
of the ipsilesional UE.

The system summarises
exercise performance
results for patients after
each exercise session.

The patient can manually adjust the exercise level
based on their experience of difficulty during an
exercise session.

The feedback is related to a patient-specific goal.
The feedback is provided while the system is worn,
with an adjustable feedback frequency ranging from
30min to 4h.

The system provides direct (real-time) feedback.

The system measures the number of repetitions, the
resting time between repetitions, the number of sets
and the resting time between sets.

The system provides direct (real-time) feedback.

See Table 3: Required exercise measures.

The therapist can evaluate patients’ exercise
performance and results in a remotely accessible
therapist interface.

The therapist can evaluate patients’ exercise once a
week and more if needed.

Exercise results are presented over time to allow
long-term evaluation and comparison.

Exercise results are updated each day after an
exercise session.

The number of sensors is limited and easy to apply
and remove by patients.

The sensor configuration is easy to perform by
patients.

The patient is allowed to use their ipsilesional UE to
apply, remove and set-up of the system.

The functionalities are limited as possible.

The functionalities and the layout is comparable with
standard and widely used software.

Video and audio instructions are basic and not
distractive.

The patient with complex comorbidities and
cognitive and/or visual impairments can use the
system with the help of a caregiver.

The therapist interface is easily accessible and can be
used on a PC, tablet or laptop.

The functionalities and the layout is comparable with
standard and widely used software.

The therapist can select minimally three different
(anteflexion, abduction and rotation) exercises
aiming to improve shoulder stabilisation.

The patient gets feedback on shoulder compensatory
movements during these exercises.

The system provides feedback on the quality of the
shoulder movements during stabilising exercises.
The therapist can select exercises aiming to improve
UE strength.

The system provides weights or resistance bands to
intensify the exercise.

The system provides feedback on the quality of the
movement during strengthening exercises.

The patient can exercise a selection of the most
common functional tasks, as reported by patients.
The system provides feedback to the patient on
whether a functional task is accomplished.

Exercises allow the use of various functional objects
patients use in their daily lives.

Exercise objects are patient and context-specific.
The therapist can add visual and auditive elements
to increase the cognitive load and the complexity of
an exercise.

The system measures the daily life activity of the
paretic UE and the ipsilesional UE.

The system provides feedback on the ratio between
the paretic UE and ipsilesional.

The system provides the therapist with insight into
the ratio.

The system provides insight into the patient’s
exercise performance results in UE activity over time.
Results are visualised and clearly presented.?

(continued)
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Table 2. Continued.

Themes

Requirement

Specification

26

27

28

Could-haves 29

30

31

32

33

Exercise evaluation

Exercise evaluation

Usability

Exercise delivery

Exercise evaluation

Exercise evaluation

Usability

Usability

The system summarises daily
UE activity results for
patients.

The system presents reference
values for the exercise
measures in the therapist
overview.

The system allows use by
people with foreign
languages.

The system allows
intervention adaptation to
patient-specific needs and
goals based on the
patient’s previous
performance during a
session.

The system allows video
recording and video
sharing with the therapists.

The system provides feedback
on movement quality
during daily life.

The system proposes a set of
exercises and quantitative
and qualitative measures
for each exercise based on
the patient’s functional
goals.

The therapist interface is
available in the electronic
patient record.

The system provides the patient insight into daily
activity results over time.

Results are visualised and clearly presented.?

The therapist can compare patient and control
values for each exercise measure.

The system is available in various languages, and
language settings can be changed to at least: Dutch,
English, Polish, Turkish and Arabic.

The system can be used and understood without
knowledge of a particular language (e.g., the system
uses symbols and animations to instruct patients).
The system can adapt the exercise level based on a
patient’s exercise performance measures during an
exercise session.

The patient can record while performing an exercise.
The patient can share the video recording with the
therapist via the patient interface.

The system provides feedback on quality measures
of movement components measured during daily life
UE activity.

The system proposes exercises and measures for
each of the selected exercises relevant to a specific
patient goal.

The therapist can adjust the measures used to
provide feedback to the patient or for evaluation by
the therapist.

The therapist interface can be viewed by the health
care professionals in the electronic patient record
that the rehabilitation provider uses.

UE: upper extremity; FMA: Fugel Meyer Assessment.

®ltems require design-oriented research and are not described in detail in this paper.

7, 13, 14, 15). The system must also include an easy-to-use therap-
ist interface to allow remote evaluation of UE use and exercises
(Table 2: 16, 18). Therapists acknowledge the lack of guidelines
about the intensity and specific content of the exercises. They
emphasised the heterogeneity in stroke patients and the need for
personalised UE stroke rehabilitation (Table 2: 6, 11, 12). The
therapist’s clinical expertise, experience, and knowledge are
required to personalise exercise delivery and evaluation.
Therefore, therapists stress a blended care system (Table 2: 8, 9)
which enables the personalisation of the exercises, number of
repetitions, exercise level, feedback content, and feedback
frequency.

Patients also emphasised the importance of individualised,
task-related exercises (Table 2: 4, 5). Exercises must match
patients’ functional goals, and patients must be able to adjust the
exercise level to their abilities (Table 2: 6, 11, 12). The system
must be motivating (Table 2: 7), using feedback on the accom-
plishment of goals and the quality of the exercise performance
(Table 2: 13, 14, 15). Patients experienced a gap between daily
supervised treatment during rehabilitation admission and the lack
of supervision in the home environment. They stressed that
besides the system needs to be easy and safe to use independ-
ently at home (Table 2: 10, 17), their data of practising and recov-
ery must be shared with a therapist, and there must be low-
threshold contact options with a therapist (Table 2: 8, 9, 16).

Two new requirements (Table 2: 19, 28) were formulated based
on the verification sessions with therapists and patients and clas-
sified as should-haves.

Exercises and exercise measures

In total, we identified seventeen exercises required for the home-
based training system. The analysis of the ten most reported UE
rehabilitation goals identified the movement components: reach,
grasp, hold, release, displace, lift, positioning, push, pull, shove,
and manipulate (26). Twelve exercises were identified regarding
these movement components (Table 3A). In addition, five func-
tional combinations of those exercises are included (Table 3B).
Specific elements can be adjusted to induce variation in exercise
performance and are reported in the table column ‘movement
variation’. The measures and their prioritisation are exercise-
dependent (Table 3). Must-haves for all exercise measures are the
number of repetitions, the resting time between repetitions, the
number of sets and the resting time between sets (Table 2: 14).

Discussion

In this study, we defined requirements for home-based UE
rehabilitation for stroke patients using wearable motion sensors
based on a user-centred design approach. Requirements were cat-
egorised into functional requirements, required exercise and exer-
cise measures. Eighteen must-have functional requirements were
found related to blended care (2), exercise principles (7), exercise
delivery (3), exercise evaluation (4), and usability (2). Six move-
ment components, including twelve exercises and five combin-
ation exercises, were reported to be the most important. For
each, relevant measures were found and classified as must-have,
should-have, or could-have.
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Could have
finger and thumb; velocity

of the hand
finger and thumb; velocity

supination); ROM index
supination); ROM index
of the hand

ROM wrist (pronation-
ROM wrist (pronation-

Measures
Should have
abduction, adduction); ROM

ROM shoulder (anteflexion,
elbow (flexion-extension)

ROM shoulder (anteflexion,
abduction, adduction); ROM
elbow (flexion-extension)

Must have
closing; trunk and shoulder

compensatory movements;
smoothness; grip strength
closing; trunk and shoulder
compensatory movements,
smoothness; grip strength

timing of hand opening and
timing of hand opening and

Movement variation
reach direction; dosage grip

strength; velocity
reach distance; reach

direction; dosage grip

strength; velocity

reach distance;

grasp it (cylinder or 3-point grasp). The object

can be placed in different positions; the
grasp it (cylinder or 3-point grasp). The object
can be placed in different positions; the

90 degrees horizontal shoulder abduction),
horizontal 90-130 degrees shoulder
adduction). Move the object over the back.

adduction). Move the object over the back of
(< 90 degrees shoulder flexion), horizontal 0-

Reach to the object (cylinder or cube) and
patient should reach in different directions
(high (90-160 degrees shoulder flexion), low
(< 90 degrees shoulder flexion), horizontal 0-
90 degrees horizontal shoulder abduction),
horizontal 90-130 degrees shoulder

the head.

Reach to the object (cylinder or cube) and
patient should reach in different directions
(high (90-160 degrees shoulder flexion), low

Reach: intentional movement of the arm towards an object; grasp: to make a motion of seizing, snatching or clutching; hold & release: Keeping an object in a fixed position in the hand without external support and
freeing the object from grip; Displace, lift & positioning: moving an object without the object being in contact with a surface in the environment and maintaining a fixed position of the shoulder, arm and hand in

space; push/pull/shove: to apply force against an object with the intention to move or stabilise; manipulate: to skilfully control the position of an object using the fingers [36]. ROM: Range of Motion.

Reach + grasp + push, pull & shove

Table 3. Continued.
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Our research started with a pragmatic search of the literature
investigating UE rehabilitation interventions for stroke patients.
Key elements we found in the literature regarding exercise princi-
ples and exercise delivery for UE therapy in stroke patients were
task-related and high-intensity exercises and personalisation of
the exercises, exercise level and intensity to a patient’s capacity
and goals [5,39]. However, no specific recommendations could be
extracted from the literature and integrated into our requirement
overview. For example, although the literature suggests the non-
inferiority of blended rehabilitation compared to usual rehabilita-
tion and its potential cost-effectiveness [17-19,40], no specific rec-
ommendations regarding designing a blended care intervention
(e.g., @ minimum of face-to-face or digital contact moments) are
provided. Furthermore, no consistent recommendations were
made regarding the exercise delivery methods, application and
required repetitions to improve UE capacity and stimulate the
recovery of UE function in stroke patients [41].

Stroke patients’ UE training preferences contain UE skills used
in daily activities [42]. To facilitate the transfer of the UE capacity
acquired with training to daily life UE use, exercises require rela-
tion with patients’ functional goals and interaction with functional
objects, preferably objects used in daily life involving grasping,
holding or manipulating [42]. The combination of stimulating UE
activity and exercises is more effective in improving UE capacity
than forced use of the paretic UE alone or exercise alone [3] and
may further improve the transfer from training to daily life situa-
tions. However, UE rehabilitation systems currently available for
rehabilitation focus on stimulating UE exercises [43] or stimulating
daily life activity alone [44-46]. Preferably one single system
includes both functionalities.

Our study indicates the importance of high repetitive exercise
and daily use. Still, we could not specify the required intensity of
exercises or use. In line with the literature [27], therapists and
patient panels in our study reported that stroke patients’ rehabili-
tation requires individualised treatment, including a tailored selec-
tion of exercises and intensity. This emphasises the need for a
blended care approach. However, current literature describes tele-
rehabilitation as supplementary to usual rehabilitation instead of
having the potential to contribute equally [25]. Based on the
results of this study, we presume accurate and real-time perform-
ance feedback to the patient, at least weekly evaluation of per-
formance by the therapists, and the option of ad hoc contact
between patient and therapist is mandatory to increase the con-
tribution of telerehabilitation and reduce the need for face-to-face
therapy sessions.

Although the mechanisms underlying motor recovery in stroke
patients are still not fully understood, providing real-time per-
formance feedback during training may enhance motor learning
[47] and stimulates patients to continue exercising [48].
Individualised training programs require individualised feedback.
Therefore, exercise measures for real-time performance feedback
should be chosen in therapist-patient interactions. Movement
measures can also be used to evaluate stroke patients’ UE recov-
ery. Our study is in line with findings from the literature suggest-
ing trunk and shoulder compensatory movements or movement
smoothness may indicate recovery of UE function [49,50].

Other studies identifying requirements for telerehabilitation in
stroke patients used comparable approaches, including multiple
iterations of end-user sessions. Most studies did not provide an
extensive overview of functional requirements for UE home-based
rehabilitation systems, but focused on a specific element, such as
the systems’ usability or feedback measures [51,52]. A recently
published scoping review provides a comprehensive overview of
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design requirements for home-based UE rehabilitation robotics for
stroke patients [28]. Still, we did not find studies explicitly focus-
ing on UE telerehabilitation systems for stroke patients using
wearable motion sensors. Since wearable motion sensors allow for
real-time movement tracking and feedback in real-world settings,
the application and the requirements of a sensor-based system
may differ from the application of home-based robotics. In our
study, some of the requirements for measuring paretic UE activity
during daily life and the device’s usability seem typical for wear-
able motion sensors. Conversely, the remaining requirements
might apply to home-based rehabilitation solutions using other
types of technology for this patient population.

Another home-based upper limb training device using IMUs
shows promising feasibility in chronic stroke patients [53]. This
study did not report the user requirements. Some of the essential
requirements from our research, such as using blended-care prin-
ciples and allowing intervention adaptation to patient-specific
needs and goals, seem not to be incorporated in this device.
Including these requirements may facilitate the clinical implemen-
tation of such telerehabilitation systems. On the other hand,
developing a system complying with all must-have user require-
ments can be challenging. To overcome this challenge, an itera-
tive development process in which all stakeholders are actively
involved in making trade-offs between the benefits of each
requirement and the technical and financial boundaries is recom-
mended [33].

Limitations

We did not adopt an in-depth qualitative software-supported ana-
lytic approach to the interview and focus group data we collected
(e.g., thematic analysis of transcribed data). However, the user-
centred approach, including multiple iterations of eliciting and
analysing requirements, fitted the aims of defining user require-
ments for home-based UE rehabilitation using wearable motion
sensors [33]. To ensure the validity and reliability of our results,
we followed a well-established systematic method of requirement
engineering described by Nuseibeh & Easterbrook [34], including
verifying the elicited requirements in other therapists and
patients. In addition, we followed the PACT guidelines, which
allowed us to analyse the user requirements validly in the context
of telerehabilitation [23]. The number of included therapists and
patients was sufficient for the aim of this study [51,54].
Participants were purposefully selected for this study and pro-
vided rich data on the topics of interest. Data saturation on must-
have requirements was reached; no new must-have requirements
were derived during the validation phase.

An explicit understanding of the behaviour, needs and wishes
that characterise the target group is the core of a user-centred
design approach [54]. For this reason, the generalizability of our
results to other populations or purposes may be limited. This
study focused on requirements for stroke patients in the sub-
acute phase who can voluntarily lift the impaired UE against grav-
ity (> 30 degrees shoulder anteflexion). Within the population of
stroke patients, there is a large variety of disease-related charac-
teristics (e.g., motor impairment severity, recovery phase and
prognosis) [5], which may result in a different set of requirements
for home-based UE rehabilitation. However, the overview of
requirements systematically derived from our study can be used
as a basis for developing home-based UE rehabilitation interven-
tions based on wearable motion sensors.

Conclusion

This study provides an overview of user requirements for home-
based UE rehabilitation using wearable motion sensors for sub-
acute stroke patients, subdivided into functional requirements,
required exercises and exercise measures. The requirements are
prioritised as must-haves, should-haves, and could-haves. They
can be used to develop home-based UE rehabilitation interven-
tions based on wearable motion sensors. Moreover, the compre-
hensive and systematic requirement analysis used in this study
can be applied by other researchers and developers when extract-
ing requirements for designing a system or intervention in a med-
ical context.
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