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General introduction

Chapter 1

Stroke
“I would like to drive a car again, improve my sloppy handwriting, and just pick up a cup
of coffee.”
This quote describes some activities in daily life which are common for healthy people.
However, this is a goal from one of the patients with impaired arm and hand function
following stroke who participated in one of my studies, and for whom this is not normal
anymore. Each year about 15 million people worldwide experience a new or recurrent
stroke, resulting in 5 million deaths each year.1 Many of the remaining stroke survivors
live with permanent disability. Due to the aging population, the prevalence of stroke is
likely to increase even more in future, consequently increasing the burden on healthcare
professionals. Stroke can result in a variety of symptoms, including sensory, cognitive,
psychological and motor problems. For many stroke patients motor problems are a major
issue, for example resulting in muscle weakness, spasticity or disturbed coordination.2 This
impaired arm and hand function may result in serious limitations in the performance of
activities of daily living, resulting in being more dependent on other people. This can affect
patients immediately after stroke. The long-term effects of stroke are based on the location
and size of the stroke lesion, and the amount of recovery. This recovery is a complex process
that involves a combination of spontaneous recovery and learning-dependent processes.3, 4
In the first few days after the event, processes of spontaneous neurological recovery can
occur. Some of these mechanisms involve restitution of non-infarcted penumbral areas,
reduction of edema around the lesion, and resolution of diaschisis, in which remote cortical
tissue is temporarily suppressed after focal cortical injury.3, 5, 6 A longer term mechanism
involves neural plasticity, which means that changes in cortical representation occur during
recovery. Other cortical structures, either adjacent to or remote from the damaged area
can ‘take over’ the function of the damaged area. This vicariation of function involves
processes of unmasking of previously present but functionally inactive connections, and
axonal sprouting in which undamaged axons grow new nerve endings to reconnect injured
neurons.3, 5, 6 In order to reconnect, the neurons need to be stimulated through activity. In
addition, recovery occurs in a large part through behavioral compensation, such as trunk
compensation to accomplish reaching.4 Permitting the use of motor compensations could
in the long term lead to a pattern of learned nonuse of the affected upper extremity.7
The stimulation of the use of the affected upper extremity has shown to overcome the
learned nonuse.8 Such learning-dependent processes can be influenced by post-stroke
rehabilitation. This requires an immense perseverance of stroke patients, they need to ‘roll
up their sleeves’ and start and maintain rehabilitation training.
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Stroke rehabilitation
Since many stroke patients suffer from limitations in the performance of activities of daily
living, one of the major goals is rehabilitation of impaired movements and the associated
functions. Many stroke rehabilitation interventions are currently available, all describing a
different training approach (such as in interventions related to gait or arm-hand activities,
interventions for activities of daily living, or interventions for physical fitness), or targeting
a specific group of patients (such as phase post-stroke).9-12 In stroke rehabilitation it is
important to involve aspects related to the underlying mechanisms of motor recovery.
Rehabilitation protocols are being based on a neurophysiological basis for key aspects
that stimulate restoration of arm function. Functional task-specific training, high intensity
training and frequent movement repetitions are well accepted principles of motor learning.
Additionally, training should preferably be provided in the patient’s own (motivational)
environment with active contribution of the patient.2, 10, 12-14

Technology-supported training devices
High intensity training with a large number of repetitions can be facilitated by technologysupported upper extremity training, such as robot-assisted training.15-17 Besides, technologysupported training has the advantage that it does not require direct supervision from a
therapist. This will relieve the burden on healthcare professionals by no longer offering
direct support and saving one-on-one treatment time. Many different types of technologysupported devices are available, differing for example in mechanical design (e.g. endeffector or exoskeleton), control strategy (type of assistance) or the joints they target (e.g.
shoulder-elbow, wrist-hand or shoulder-elbow-wrist-hand).17 The modalities of training
these devices provide are related to conventional therapy modalities important for
improvement of upper extremity motor control and function. One of these modalities is
passive movement, in which a patient’s effort is not required but completely taken over by
the device. Other modalities are for example active movement that is partially assisted by
the device, or resistive training in which the device provides force opposing the movement.
Many robotic devices can involve a mixture of training modalities, but the best therapy
strategy is not clear yet, although active contribution of the patient is desirable. Several
studies have shown (moderate) positive effects of robotic upper extremity therapy after
stroke.15, 18-20 However, effects are specific to the joints targeted and no generalization is
found to improvements in upper limb capacity.15 In addition, the added value of robotic
therapy over dose-matched conventional therapy is arguable.16, 17, 19, 20 This underlines the
need for the development of more advanced technology-supported devices focusing on
training of functional movements.
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Many of the early developed robotic devices were designed for the proximal upper
extremity, allowing movement training for the shoulder and elbow. However, these studies
did not show a transfer of motor gains to improvements in performance of activities of
daily living, probably due to targeting only the proximal arm.20 Devices involving integration
of proximal with distal arm training are favorable to enhance functional gains.13, 21 New
technology-supported devices and advancements of existing devices are continuously being
designed. More insight is needed into the best therapy strategy and adequate design of
robotic upper extremity devices.15, 17 Preferably this would involve active contribution of
the patient performing functional movements of the proximal and distal arm integrated,
and ways to provoke a high intensity of training, for example by means of a motivational
environment and meaningful feedback.

Independent rehabilitation at home
To extend training opportunities and consequently enhance training dose, a next step would
be to provide technology-supported systems at home for independent practice. Only few
studies performing independent, technology-supported training at home after stroke have
been reported yet, and the evidence for remote rehabilitation interventions after stroke is
inconclusive yet.22-27 Many of these studies describe remote interventions, but still with direct
one-on-one supervision such as home visits during each training session, or indirect contact
by online telecommunication devices. Further, only few telerehabilitation studies describe
interventions using technology-supported devices physically interacting with the patient,
although they have the advantage to deliver a high dose and high intensity of training.22-24,
28
To extend technology-supported training opportunities to the patients homes, these
devices should satisfy some general requirements. Many of the developed technologysupported devices so far are bulky and designed for the clinical setting. For independent
use at home, technology-supported devices should be easily transportable, safe, usable and
user-friendly.17 Patients should be able to set up a training session independently. Training at
home is likely to be influenced by environmental and psychosocial factors. Ideally, patients
should be provided with the possibility of independent training at home with remote
(indirect) monitoring including feedback on performance, since meaningful feedback is one
of the key principles that supports motor learning.13 In addition, maintaining motivation
and positive reward can influence the adherence to training,29 which is an important factor
in telerehabilitation since adherence rates are generally higher in supervised programs.30
Therefore, motivational interventions involving a variety of exercises targeted at different
types of people need to be developed. There is also an increasing interest using serious
games to enhance patients’ engagement and adherence in exercise training.31 These factors
should be taken into account when designing technology-supported training systems for
independent practice after stroke.
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SCRIPT project
A new type of a technology-supported training device for the arm and hand after stroke
was developed within the SCRIPT project: Supervised Care and Rehabilitation Involving
Personal Telerobotics.32 This training system has the opportunity to easily transport it to the
patients’ homes, to enable independent practice. This SCRIPT training device (Figure 1.1)
involves a passive-actuated orthosis which physically interacted with the arm and hand for
support, but also requires active contribution of the patient. Participants were motivated
to complete a training session by offering several motivational exercise games, to enhance
patients’ engagement and adherence to exercise training. Within these motivational games,
both arm and hand movements were optimally combined to provide a functional training
session. During training, participants received also feedback on performance, to enhance
engagement even more. The games were available in a personalized user interface for
the patient. Another user interface was available for a healthcare professional to allow
remote monitoring, without the need for direct online supervision in which the patient
and professional are generally online simultaneously. This distinguishes the SCRIPT training
system from many other telerehabilitation approaches after stroke, in which often fixed
appointments are made for direct (remote) contact during all training sessions.

Figure 1.1 SCRIPT training system

The SCRIPT project comprised several clinical and technical partners, all having a different
role of the project. Our role as a clinical partner was on the evaluation of the SCRIPT training
system in the patients’ homes, as described in this thesis. However, before evaluation
of the complete training system at home was possible, several preparatory steps were
needed. Technical partners were responsible for the development of the SCRIPT training
system, with help from the clinical partners on user experience input. The training system
was developed using a user-centered iterative cycle design methodology, involving a
diverse group of stroke patients, healthcare professionals and technicians to first identify
13
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user requirements. Addressing stroke survivors’ goals, motivations, behavior, feelings and
attitude to technologies, by means of performing interviews and home visits, provided
meaningful information prior to the actual design of the training system.33 Multiple
prototypes of the exoskeleton have been evaluated by therapists and stroke patients to
improve the orthosis for optimal training at home.34 Initially designed games were further
developed by improving game control and adaptive mechanisms changing the required
movement speed in order to make the exercises neither too easy nor too challenging.35 In
addition, during the development process the number and type of games were extended by
involving different gestures to control the games.36 When preparatory steps were finished,
the complete SCRIPT training system was evaluated in stroke patients at home. This thesis
describes the main results of these evaluations on feasibility and potential clinical effects in
two consecutive phases during the iterative design process.

General aim
It is assumed that training at home is a good solution to encourage independent training
and consequently enhance a high training dose. The idea is that the use of functional
motivational games and feedback would enhance this engagement to training even more.
But if patients have the opportunity to use a technology-supported training system at home,
do they actually use it? Are they motivated to use the training system? Can they work with
the system independently, is it usable? And what are the (direct) effects of using the training
system? This thesis aims to evaluate the global impact (in terms of feasibility and potential
clinical effects) of self-administered technology-supported, functional training of the arm
and hand at home in chronic stroke patients, to enhance independent, motivational and
active exercise.

Outline
In order to first identify promising approaches for training of the arm and hand after stroke
using technology-supported devices, a literature review (Chapter 2) was performed. This
review provides an overview of training modalities in robot-mediated upper extremity
rehabilitation after stroke. It describes robotic control and interaction strategies used
in a large number of developed devices for the upper extremity and identifies the most
promising approaches. As part of the design phase within the SCRIPT project, we were first
interested in the direct effects of a passive dynamic arm and hand orthosis on arm and hand
movements, before its clinical potential was examined in a longitudinal feasibility study.
Chapter 3 describes the results of these direct effects during the performance of a reach and
grasp task in chronic stroke patients. When the first iteration of the complete training system
was ready, feasibility was evaluated at home by chronic stroke patients in the Netherlands,
Italy and United Kingdom (chapter 4). This complete training system involved both the
orthosis in combination with a computerized gaming environment. Results are shown in
14
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terms of user acceptance, motivation to training, effective use of the training system and
clinical changes after training. Next, the use of the SCRIPT training system was compared
to a control group performing conventional exercises from an exercise book (chapter 5).
This randomized controlled trial compares the results on user acceptance, training duration,
and clinical effects between both groups in order to evaluate the additional benefit of one
intervention towards another. Besides training-induced changes on clinical outcomes, we
were also interested in a more in-depth insight of underlying mechanisms and the role of
recovery versus compensation. For that purpose, chapter 6 describes relationships between
clinical outcome measures and some more detailed measurements of movement execution
parameters, which provides further directions of what treatment applications should target.
During the iterative development process, a next, updated version of the training system
became ready. Chapter 7 reports the results of this second iteration of the SCRIPT training
system evaluated in a new group of chronic stroke patients at home. This second iteration
involved some improvements in usability issues found during the use of the first system,
among them an updated wrist and hand orthosis and larger variety of games and gestures
within the games with respect to the first iteration. This second iteration was again evaluated
at feasibility to provide an overview of suggestions for the final design. Finally, in chapter
8 the findings of this thesis are discussed and suggestions for future research focusing on
independent arm and hand training after stroke and clinical implications are presented.

References

Mackay J, Mensah GA, Mendis S and Greenlund K. The Atlas of Heart Disease and
Stroke. World Health Organization, 2004.
2. Langhorne P, Bernhardt J and Kwakkel G. Stroke rehabilitation. Lancet. 2011; 377: 1693702.
3. Kwakkel G, Kollen B and Lindeman E. Understanding the pattern of functional recovery
after stroke: facts and theories. Restor Neurol Neurosci. 2004; 22: 281-99.
4. Levin MF, Kleim JA and Wolf SL. What do motor “recovery” and “compensation” mean
in patients following stroke? NeurorehabilNeural Repair. 2009; 23: 313-9.
5. Krakauer JW. Arm function after stroke: from physiology to recovery. Semin Neurol.
2005; 25: 384-95.
6. Nudo RJ, Plautz EJ and Frost SB. Role of adaptive plasticity in recovery of function after
damage to motor cortex. Muscle Nerve. 2001; 24: 1000-19.
7. Taub E, Uswatte G, Mark V and Morris D. The learned nonuse phenomenon: implications
for rehabilitation. Eura Medicophys. 2006; 42: 241-55.
8. Taub E and Morris DM. Constraint-induced movement therapy to enhance recovery
after stroke. Current atherosclerosis reports. 2001; 3: 279-86.
9. Langhorne P, Coupar F and Pollock A. Motor recovery after stroke: a systematic review.
Lancet Neurol. 2009; 8: 741-54.
10. Veerbeek JM, van Wegen E, van Peppen R, et al. What is the evidence for physical
therapy poststroke? A systematic review and meta-analysis. PLoS One. 2014; 9: e87987.
11. Hatem SM, Saussez G, della Faille M, et al. Rehabilitation of Motor Function after Stroke:
A Multiple Systematic Review Focused on Techniques to Stimulate Upper Extremity
1.

15

1

Chapter 1

Recovery. Front Hum Neurosci. 2016; 10: 22.
12. Pollock A, Farmer SE, Brady MC, et al. Interventions for improving upper limb function
after stroke. The Cochrane database of systematic reviews. 2014; 11: CD010820.
13. Timmermans AA, Seelen HA, Willmann RD and Kingma H. Technology-assisted training
of arm-hand skills in stroke: concepts on reacquisition of motor control and therapist
guidelines for rehabilitation technology design. J Neuroeng Rehabil. 2009; 6: 1.
14. Kleim JA and Jones TA. Principles of experience-dependent neural plasticity: implications
for rehabilitation after brain damage. J Speech Lang Hear Res. 2008; 51: S225-39.
15. Veerbeek JM, Langbroek-Amersfoort AC, van Wegen EE, Meskers CG and Kwakkel G.
Effects of Robot-Assisted Therapy for the Upper Limb After Stroke. Neurorehabil Neural
Repair. 2017; 31: 107-21.
16. Norouzi-Gheidari N, Archambault PS and Fung J. Effects of robot-assisted therapy
on stroke rehabilitation in upper limbs: systematic review and meta-analysis of the
literature. J Rehabil Res Dev. 2012; 49: 479-96.
17. Maciejasz P, Eschweiler J, Gerlach-Hahn K, Jansen-Troy A and Leonhardt S. A survey
on robotic devices for upper limb rehabilitation. Journal of Neuroengineering and
Rehabilitation. 2014; 11: 3.
18. Mehrholz J, Pohl M, Platz T, Kugler J and Elsner B. Electromechanical and robot-assisted
arm training for improving activities of daily living, arm function, and arm muscle
strength after stroke. Cochrane Database Syst Rev. 2015; 11: CD006876.
19. Lo AC, Guarino PD, Richards LG, et al. Robot-assisted therapy for long-term upper-limb
impairment after stroke. N Engl J Med. 2010; 362: 1772-83.
20. Prange GB, Jannink MJ, Groothuis-Oudshoorn CG, Hermens HJ and Ijzerman MJ.
Systematic review of the effect of robot-aided therapy on recovery of the hemiparetic
arm after stroke. J Rehabil Res Dev. 2006; 43: 171-84.
21. Balasubramanian S, Klein J and Burdet E. Robot-assisted rehabilitation of hand function.
Curr Opin Neurol. 2010; 23: 661-70.
22. Laver KE, Schoene D, Crotty M, George S, Lannin NA and Sherrington C. Telerehabilitation
services for stroke. Cochrane Database Syst Rev. 2013; 12: CD010255.
23. Chen J, Jin W, Zhang XX, Xu W, Liu XN and Ren CC. Telerehabilitation Approaches for
Stroke Patients: Systematic Review and Meta-analysis of Randomized Controlled Trials.
J Stroke Cerebrovasc Dis. 2015; 24: 2660-8.
24. Coupar F, Pollock A, Legg LA, Sackley C and van Vliet P. Home-based therapy programmes
for upper limb functional recovery following stroke. Cochrane Database Syst Rev. 2012;
5: CD006755.
25. Palmcrantz S, Borg J, Sommerfeld D, et al. An interactive distance solution for stroke
rehabilitation in the home setting - A feasibility study. Inform Health Soc Care. 2016:
1-18.
26. Zondervan DK, Friedman N, Chang E, et al. Home-based hand rehabilitation after
chronic stroke: Randomized, controlled single-blind trial comparing the MusicGlove
with a conventional exercise program. J Rehabil Res Dev. 2016; 53: 457-72.
27. Sivan M, Gallagher J, Makower S, et al. Home-based Computer Assisted Arm
Rehabilitation (hCAAR) robotic device for upper limb exercise after stroke: results of a
feasibility study in home setting. Journal of Neuroengineering and Rehabilitation. 2014;
11: 163.
28. Johansson T and Wild C. Telerehabilitation in stroke care--a systematic review. J Telemed
Telecare. 2011; 17: 1-6.
29. Maeder A, Poultney N, Morgan G and Lippiatt R. Patient Compliance in Home-Based
Self-Care Telehealth Projects. J Telemed Telecare. 2015; 21: 439-42.
30. Picorelli AM, Pereira LS, Pereira DS, Felicio D and Sherrington C. Adherence to exercise
16

General introduction

31.
32.
33.
34.
35.
36.

programs for older people is influenced by program characteristics and personal factors:
a systematic review. J Physiother. 2014; 60: 151-6.
Putrino D. Telerehabilitation and emerging virtual reality approaches to stroke
rehabilitation. Curr Opin Neurol. 2014; 27: 631-6.
Amirabdollahian F, Ates S, Basteris A, et al. Design, development and deployment of
a hand/wrist exoskeleton for home-based rehabilitation after stroke - SCRIPT project.
Robotica. 2014; 32: 1331-46.
Nasr N, Leon B, Mountain G, et al. The experience of living with stroke and using
technology: opportunities to engage and co-design with end users. Disabil Rehabil
Assist Technol. 2016; 11: 653-60.
Ates S, Haarman CJW and Stienen AHA. SCRIPT passive orthosis: design of interactive
hand and wrist exoskeleton for rehabilitation at home after stroke. Autonomous Robots.
2017; 41: 711-23.
Basteris A, Nijenhuis SM, Buurke JH, Prange GB and Amirabdollahian F. Lag–lead
based assessment and adaptation of exercise speed for stroke survivors. Robotics and
Autonomous Systems. 2015; 73: 144-54.
Leon B, Basteris A, Infarinato F, et al. Grasps recognition and evaluation of stroke
patients for supporting rehabilitation therapy. Biomed Res Int. 2014; 2014: 318016.

17

1

Chapter 2

Training modalities in robot-mediated upper limb rehabilitation
in stroke: a framework for classification based on a
systematic review
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Chapter 2

Abstract
Robot-mediated post-stroke therapy for the upper-extremity dates back to the 1990s. Since
then, a number of robotic devices have become commercially available. There is clear
evidence that robotic interventions improve upper limb motor scores and strength, but these
improvements are often not transferred to performance of activities of daily living. We wish
to better understand why. Our systematic review of 74 papers focuses on the targeted stage
of recovery, the part of the limb trained, the different modalities used, and the effectiveness
of each. The review shows that most of the studies so far focus on training of the proximal
arm for chronic stroke patients. About the training modalities, studies typically refer to
active, active-assisted and passive interaction. Robot-therapy in active assisted mode was
associated with consistent improvements in arm function. More specifically, the use of HRI
features stressing active contribution by the patient, such as EMG-modulated forces or a
pushing force in combination with spring-damper guidance, may be beneficial.
Our work also highlights that current literature frequently lacks information regarding the
mechanism about the physical human-robot interaction (HRI). It is often unclear how the
different modalities are implemented by different research groups (using different robots
and platforms). In order to have a better and more reliable evidence of usefulness for these
technologies, it is recommended that the HRI is better described and documented so that
work of various teams can be considered in the same group and categories, allowing to infer
for more suitable approaches. We propose a framework for categorization of HRI modalities
and features that will allow comparing their therapeutic benefits.

20
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Introduction
Stroke is one of the most common causes of adult disabilities. In the United States,
approximately 795,000 individuals experience a new or recurrent stroke each year, and the
prevalence is estimated at 7,000,000 Americans over 20 years of age.1 In Europe, the annual
stroke incidence rates are 141.3 per 100,000 in men, and 94.6 in women.2 It is expected that
the burden of stroke will increase considerably in the next few years.3 The high incidence,
in combination with an aging society, indicates future increases in incidence, with a strong
impact on healthcare services and related costs.
Impairments after stroke can result in a variety of sensory, motor, cognitive and psychological
symptoms. The most common and widely recognized impairments after stroke are motor
impairments, in most cases affecting the control of movement of the face, arm, and leg
on one side of the body, termed as hemiparesis. Common problems in motor function
after hemiparetic stroke are muscle weakness,4-6 spasticity,4-6 increased reflexes,4 loss of
coordination4, 7 and apraxia.4 Besides, patients may show abnormal muscle co-activation,
implicated in stereotyped movement patterns, which is also known as ‘flexion synergy’ and
‘extension synergy’.8, 9 Concerning the upper extremity, impaired arm and hand function
contributes considerably to limitations in the ability to perform activities of daily living
(ADL). One of the goals of post stroke rehabilitation is to regain arm and hand function,
since it is essential to perform activities of daily living independently.

Stroke rehabilitation
Stroke rehabilitation is often described as a process of active motor relearning that starts
within the first few days after stroke. Recovery profiles are characterized by a high interindividual variability, and it occurs in different processes. Some of the first events following
nervous system injury are recovery due to restitution of non-infarcted penumbral areas,
reduction of edema around the lesion, and resolution of diaschisis,10-12 and comprise
spontaneous neurological recovery. A longer term mechanism involved in neurological
recovery is neuroplasticity, caused by anatomical and functional reorganization of the
central nervous system. Additionally, motor recovery after stroke may occur through
compensational strategies. Compensation is defined as behavioral substitution, which
means that alternative behavioral strategies are adopted to complete a task. In other words,
function will be achieved through alternative processes, instead of using processes of ‘true
recovery’ alone.11-13

Treatment approaches
Many treatment approaches have been developed to aid motor recovery after stroke. These
interventions are different in their approach to achieve functional gains. For instance, in the
1950s and 1960s, the so-called neurofacilitation approaches were developed. From these
21
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approaches based on neurophysiological knowledge and theories, the Bobath Concept,
or neurodevelopmental treatment (NDT), is the most used approach in Europe.14-16 This
approach focuses on normalizing muscle tone and movement patterns, guided by a therapist
using specific treatment techniques, in order to improve recovery of the hemiparetic side.
Gradually, focus shifted towards the motor learning, or relearning approach.17 Others have
referred to these methods as the task-oriented approach. These new methods of clinical
practice are based on the notion that active practice of context-specific motor tasks with
suitable feedback will support learning and motor recovery.11, 17
Overall, there is a lack of convincing evidence to support that any physiotherapy approach
is more effective in recovery than any other approach.15, 16, 18 However, in a review of
Langhorne et al.,19 it is stated that some treatments do show promise for improving motor
function, particularly those that focus on high-intensity and repetitive task-specific practice.
Moreover, research into motor relearning and cortical reorganization after stroke has
showed a neurophysiologic basis for important aspects that stimulate restoration of arm
function.20-23 These important aspects of rehabilitation training involve functional exercises,
with high intensity, and with active contribution of the patient in a motivating environment.

Rehabilitation robotics
Robot-mediated therapy for the upper limb of stroke survivors dates back to the 1990s.
Since then a number of robotic devices have become commercially available to clinics and
hospitals, for example the InMotion Arm Robot (Interactive Motion Technologies Inc., USA,
also known as MIT-Manus) and the Armeo Power (Hocoma, Switzerland). Robotic devices
can provide high-intensity, repetitive, task-specific, interactive training. Typically, such robots
deliver forces to the paretic limb of the subject while practicing multi-joint gross movements
of the arm. Most of the robotic devices applied in clinical trials or clinical practice offer the
possibility of choosing among four modalities for training: active, active-assisted, passive
and resistive. These terms relate to conventional therapy modes used in clinical practice and
refer to subject’s status during interaction. Passive training for example refers to subjectpassive/robot-active training such as in continuous passive motion (CPM) devices. The
choice of modality (−ies) in each protocol is ultimately made by researchers/therapists.
There is evidence that robotic interventions improve upper limb motor scores and
strength,24-26 but these improvements are often not transferred to performance of activities
of daily living (ADL). These findings are shared among the most recent studies, including the
largest randomized controlled trial related to robot-therapy to date.27 A possible reason for
a limited transfer of motor gains to ADL is that the earlier studies on robot-mediated therapy
have only focused on the proximal joints of the arm, while integration of distal with proximal
arm training has been recognized as essential to enhance functional gains.28, 29
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Another issue involved in the limited transfer of motor gains to ADL improvements in
robot-mediated therapy research may relate to the large variety of devices and protocols
applied across clinical trials. Lumping together many devices and protocols does not provide
knowledge of the effectiveness of individual components, such as which of the available
therapeutic modalities result in the largest effect.25 Consequently, in literature there has
been a transition towards reviews focusing on selective aspects of robot-mediated therapy,
rather than its overall effectiveness.30-33
A major step in that direction is the description of different control and interaction strategies
for robotic movement training. In a non-systematic review, Marchal-Crespo et al.34 collected
a set of over 100 studies involving both upper and lower limb rehabilitation. They made
a first distinction between assistive, challenging and haptic-simulating control strategies.
They also described assistive impedance-based controllers, counterbalancing, EMG-based
and performance-adapted assistance. Furthermore, they highlighted the need for trials
comparing different interaction modalities. However, that review only included articles up
to the year 2008 while much more new information has become available in the recent
years.
Loureiro et al.35 described 16 end-effector and 12 exoskeleton therapy systems in terms
of joints involved, degrees of freedom and movements performed.35 However, this nonsystematic review did not report about the effects of the interventions or identify the
interaction or control strategies used. Specifically focusing on training of the hand,
Balasubramanian et al.36 identified 30 devices for hand function and described them in terms
of degrees of freedom, movements allowed, range of motion, maximum force (torque) and
instrumentation. Among these devices, eight showed an improvement in functional use of
the affected hand, in terms of increased scores on the Action Research Arm Test, Box and
Block test or Wolf Motor Function Test.36 In order to maximize improvements on function
or even activity level, understanding and specifically targeting mechanisms underlying
recovery of the entire upper limb after stroke is essential.
This literature study works towards clarifying the definitions adopted in robotic control and
interaction strategies for the hemiparetic upper extremity (including both proximal and
distal arm segments), and identifying the most promising approaches. The objective of this
systematic review is to explore and identify the human robot interaction mechanisms used by
different studies, based on the information provided in literature. We propose a framework
to support future categorization of various modalities of human-robot interaction and
identify a number of features related to how such strategies are implemented. In addition,
we will compare clinical outcome in terms of arm function and activity improvements
associated with those interactions, which allows us to identify the most promising types of
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human robot interactions.

Methods
We conducted a systematic literature search on PubMed with keywords including stroke,
robot and arm, upper limb, shoulder, elbow, wrist or hand. Detailed information about the
search strategy is provided in Additional file 1: Search strategy. We included full journal
papers written in English about robotic training of (any part of) the upper limb. These included
either uncontrolled (pre-post design) or (randomized) controlled trials, in which a group of
at least four subjects received robot-mediated training. In addition, training outcome must
be statistically evaluated (either pre- or post-treatment for the single group or a difference
between groups). In cases where results from the same subjects were presented (partially)
in other studies (e.g. a pilot study and the definitive protocol) we retained the study with the
largest number of participants or the most recent study, if the number of participants were
the same. Also, we discarded those studies where other interventions were applied during
robot-mediated exercise (e.g. functional electrical stimulation). Two independent reviewers
(AB and SN) conducted the search and selected the appropriate articles by discarding those
articles which did not meet the selection criteria, based on title first, abstract second and
subsequently using full-text articles. In case of doubt, the article was included in the next
round of selection. After full-text selection, the two reviewers compared their selections for
consensus. For each article, only those groups of subjects that were treated with a robotic
device were included. Since some studies compared several experimental groups that
differed by subject type, device used or experimental protocol, the number of groups did
not match the number of articles. Thus, we refer to number of groups rather than number
of studies.
For each group we filled a record in a structured table. Since the outcome of an intervention
can be influenced by many factors, such as the initial level of impairment or the frequency
and duration of the intervention, this table contains an extensive set of information
(presented in Additional file 2: Reviewed articles): device used; arm segments involved in
training; time post-stroke; number of subjects per group; session duration; number of weeks
training; number of sessions per week; total therapy duration; modality (−ies) and features
of HRI; baseline impairment measured as average Fugl-Meyer score; and clinical outcome in
terms of body functions and activity level. Arm segments involved were categorized as one
(single arm segment) or more (multiple arm segments) of shoulder, elbow, forearm, wrist
and hand, in which forearm represents pro/supination movement at the radio-ulnar joint.
Time since stroke was categorized according to Péter et al.,37 considering the acute phase as
less than three months post stroke, the sub-acute phase as three to six months post stroke
and the chronic phase as more than six months post stroke.
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The main focus of this work is on the interaction between the subject and the robot. Table
2.1 categorizes different ways of intervention commonly found in existing robot-mediated
therapy (termed as ‘training modalities’ in this work). In active mode, performance arises
from subject contribution only, whereas in passive mode the movement is performed by
the robot regardless of subject’s response. In assistive modality, both subject and robot
contribution affect movement performance. Passive-mirrored mode applies to bimanual
devices, when the movement of the affected side is guided based on active performance
of the unimpaired side. In active-assisted mode, the subject is performing actively at the
beginning of the movement and the robot intervenes only when given conditions are met
(e.g. if the target has not been reached within a certain time), leading to systematic success.
In corrective mode instead, in such a case the robot would stop the subject to let then
reprise active movement. In path guidance mode, the subject is performing actively in the
movement direction, and the robot intervention is limited to its orthogonal direction. Finally,
in resistive mode, the robot makes the movement more difficult by resisting the movement
received from the subject. We categorized each group according to these modalities. Note
that some terms refer to the subject status (i.e. “passive” and “active”), others to the robot
behavior (e.g. “resistive”).
However, these categories are not specific enough to classify such different interventions.
For example, in the case of reaching movements, the assistive modality would refer to
both cases where the robot is providing weight support or applying target-oriented forces.
The terms commonly describing modalities of robot-mediated therapy (such as passive,
active-assisted, resistive) had to be revised to provide more specific definitions in order
to proceed with unambiguous classification. We therefore categorized all the modalities
in a different way, specifically based on the features of their implementation. To do so, we
identified the following specific technical features used to implement a certain modality
(termed ‘HRI features’ in this work): passive, passive-mirrored, moving attractor, assistive
constant force, triggered assistance, pushing force (in case of delay), EMG-proportional,
tunnels, spring-damper guidance, spring and damper against movement. These categories
are defined in detail in Table 2.2. Note that neither training modalities nor features of HRI
are mutually exclusive categories, since groups might have been tested with several training
modalities, and each modality might involve the presence of more than one HRI feature. We
propose the classification of training modalities and HRI features adopted in this work as a
framework for classification for future studies. This is an open framework, so that as new
modalities or features are developed and tested, specific categories could be added, to be
further referred.
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Table 2.1 Training modalities in robot-mediated therapy
Modality

Specifications

Assistive

Subject’s voluntary activity is required during the
entire movement. Robots can assist either providing
weight support or providing forces aiming at task
completion.

Active

The robot is being used as a measurement device,
without providing force to subject’s limb.

Passive

Robot performs the movement without any account
of subject’s activity.

Passivemirrored

This is for bimanual robots, when the unimpaired
limb is used to control the passive movement of the
affected side.

Activeassistive

Assistance towards task completion is supplied only
when the subject has not been able to perform
actively. At this stage, the subject experiences passive
movement of the limb.

Corrective

Subject is stopped by the robot when errors (e.g.
distance from a desired position) overcome a
predefined value and then asked to perform actively
again.

Path
guidance

Robot guides the subject when deviating from predefined trajectory.

Resistive

Robot provides force opposing the movement.
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Table 2.2 Features of modalities of human robot interaction and their implementation in robot-mediated therapy
Feature

Specification

Passive, Passive-mirrored

The device is programmed to follow a desired trajectory/force profile with a
strong attractor (up to 1000 N/m) towards it. In the case of passive mirrored,
the desired input is given by the subject with the unimpaired hand. In some
cases, these trajectories can be set by the therapist during a “learning” phase.

Moving attractor

In such a case the assistance is lower than in passive control, the robot is still
attracted towards a minimum jerk or smooth trajectory but the amount of
assistance can be modulated by varying the stiffness that attracts the robot
to the trajectory.

Triggered assistance

The subject initiates a movement without assistance. The robot observes that
the on-going performance if the task is not completed (e.g. time expired) and
intervenes taking the full control, as in the passive mode.

Assistive constant force

Force oriented towards the target or weight support when movement is
against gravity

EMG-proportional

The power of the EMG signal is used to control the actuators

Pushing force (in case of delay)

A force aligned with the movement direction assists the subject only if there
is a delay in comparison with a scheduled motion pattern

Spring-damper guidance

Elastic or visco-elastic force fields aim at reducing the lateral displacement
from a desired trajectory.

Tunnels

These can be displaced within the virtual environment to produce a haptic
feedback only if error overcomes a (large) threshold value. A tunnel can be
seen like a lateral spring-damper system plus a dead band zone which makes
the haptic intervention discrete in time. This particular cueing of errors relates to a corrective strategy.

Spring against movement

The device opposes movements through an elastic force-field pulling back to
the start position.

Damper against movement

The device generates a force opposing the movement based on current velocity. Although this increases the effort of the subject, it also stabilizes the
movement by damping oscillations.

Not Clear

The information in the text (or its references) did not allow classifying the
article. As an instance, if the only mention to the physical interaction was “the
robot assisted the subjects during the task”, this was considered not clear due
to not providing details on the method of assistance.

We related clinical outcome to factors as segments of the arm trained, time since stroke and
modalities and HRI features. We assessed clinical outcome as whether reported improvements
were statistically significant or not, for each measure. Outcome was considered separately
for body functions and structures (e.g., Fugl-Meyer, Modified Ashworth Scale, kinematics)
and activities (e.g., Action Research Arm Test, Wolf Motor Function Test, Motor Activity
Log), according to ICF definitions.38 We categorized each outcome measure to either body
functions or activities as defined by Sivan et al.39 and Salter et al.40-42 A group was considered
to have shown improvement when at least two-thirds of all the outcome measures within a
specific category (of either body functions or activity level) had improved significantly.
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Results
In September 2013, our search led to a total of 423 publications. The first two rounds
of filtering, based on title and abstract, led to a set of 126 articles. After screening fulltext articles, 74 studies were included, with a total of 100 groups treated with robots. Of
the 74 studies, 35 were randomized controlled trials and 39 were clinical trials (pre-post
measurement), involving 36 different devices. Group sizes ranged from 5 to 116 subjects,
with a total of 1456 subjects. Table 2.3 presents a summarized overview of all included
studies, grouped by device. Detailed information for each group is given in the table in
Additional file 2: Reviewed articles.
With respect to stages of stroke recovery (Figure 2.1a), 73 of the 100 groups included
patients in the chronic stage, 17 involved patients in the acute stage, and four groups
involved patients in the sub-acute stage. In six cases subjects at different stages of recovery
were included in the same group or no information about time since stroke was provided.
The average FM score at inclusion among groups of acute subjects was 17.7 ± 12.7 and 25.9
± 9.5 among chronic subjects. The higher average score for subacute subjects (29.3 ± 7.8) is
possibly an outlier due to the small number of observations.
When considering the arm segments (Figure 2.1b), we observed that training involved
shoulder movements for 71 groups, elbow flexion-extension for 74 groups, wrist movements
for 32 groups, forearm pronation-supination for 20 groups, and hand movements for 20
groups. Training rarely focused on a single part of the arm, with four groups specifically
trained for elbow,86, 90, 92, 93 five groups for wrist73, 85, 87, 88 and six groups for hand76-79, 116
movements. Training of movements involving the entire upper limb (as those performed
during ADL) is not highly recurrent (seven groups).27, 49, 84, 108, 109, 113
Stage of recovery
6%

Arm segments
9%

17%
4%

3%
32%

Acute
SubAcute

Forearm

Chronic

Wrist

9%

Mixed

Hand
Full arm

73%

a)

Shoulder
Elbow

14%

33%

b)

Figure 2.1 Fraction of groups classified by time since stroke (a) and by segments of the arm trained (b)

28

Training modalities: review

Table 2.3 Overview of included studies: characteristics
Device

Arm
segment

Phase

# of
groups

References

# of
subjects
(total)

Training duration
in hours
[mean (SD)]

Training
modalities

HRI feature

MIT-MANUS
(InMotion2)

S, E

Acute

6

43-48

132

24.2 (10.9)

P, As, AA, PG

SDG, NC, P,
PF, TA

Chronic

20

48-59

394

22.3 (17.0)

As, AA, R, Ac

SDG, MA, NC,
PF, S, TA

MIT-MANUS
(InMotion2)

S, E, F,
W, H

Chronic

3

27, 49

64

24.0 (10.4)

As, AA

SDG, PF

MIT-MANUS
(InMotion2 + 3)

S, E, F, W

Chronic

3

59-61

63

36.0 (0)

As, AA, Ac

SDG, NC, PF

Bi-Manu-Track

F, W

Acute

2

62, 63

53

10.0 (0)

P, PM, R

P, PM, S

Chronic

5

64-67

48

26.8 (12.9)

P, PM, R, Ac

NC, P, PM, S

Acute

2

68

36

12.2 (5.1)

P, PM, AA, R

NC, P, PM,S

Subacute

3

69

24

15.0 (0)

P, PM, AA, R

SDG, P, PM,
TA, D

Chronic

4

70-72

37

24.0 (0)

P, PM, AA,
PG, R

SDG, P, PM,
TA, D

MIME

S, E

1 DoF robotic
device

W

Chronic

1

73

8

20.0 (0)

P, AA, A

P, TA

2 DoF robotic
device

S, E

Chronic

1

73

12

20.0 (0)

P, AA, A

P, TA

3 DoF wrist
robotic exoskeleton

F, W

Chronic

1

74

9

10.0 (0)

As, Co, Ac

MA,D

5DoF industrial
robot

S, E, W

Acute

1

75

8

21.4 (0)

P, AA, Ac

P

Amadeo

H

Acute

2

76, 77

14

9.2 (5.9)

P, AA

P, NC

Chronic

1

78

12

18.0 (0)

AA

NC, P

Mixed

2

79

15

15.0 (0)

P, As, Ac

NC, P

ACT3D

S, E

Subacute

2

80

14

Unknown

As, R

ACF

ARM-Guide

S, E

Chronic

1

81

10

18.0 (0)

AA

PF, TA

AMES

W, H

Chronic

1

82

5

65.0 (0)

P

P

BFIAMT

S, E

Chronic

1

83

20

12.0 (0)

PM, C, R

MA, PM, TW

Cyberglove,
Cybergrasp +
Haptic Master

S, E,
W, H

Chronic

1

84

12

22.0 (0)

AA

ACF

CYBEX, NORM

W

Chronic

1

85

Unknown
(27 in total)

Unknown

P

P

PolyJbot

W

Chronic

1

85

Unknown
(27 in total)

Unknown

AA

EMG

EMG-driven
system

E

Chronic

1

86

7

30.0 (0)

AA

EMG

W

Chronic

2

87, 88

15

42.0 (0)

As, AA, R

EMG, S
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Table 2.3 Overview of included studies: characteristics (continued)
Device

Arm
segment

Phase

# of
groups

References

# of
subjects
(total)

Training duration
in hours
[mean (SD)]

Training
modalities

HRI feature

EMG-driven
system

H

Chronic

1

89, 116

10

20.0 (0)

As, Ac

EMG

AJB

E

Chronic

1

90

6

18.0 (0)

AA

EMG

Hand mentor
robot system

W, H

Mixed

1

91

10

30.0 (0)

P, AA, Ac

P, TA

Myoelectrically
controlled
robotic system

E

Chronic

2

92, 93

14

16.0 (5.7)

As, AA, R

EMG, S

Gentle/S

S, E

Mixed

2

94

31

9.0 (6.4)

P, AA, Co, Ac

NC, P

Haptic Knob

F, W, H

Chronic

1

95

13

18.0 (0)

P, AA, R

MA, P

HWARD

W, H

Chronic

3

96, 97

36

22.8 (0.6)

AA, Ac

P, TA

Braccio di Ferro

S, E

Chronic

1

98

10

11.3 (0)

P, AA, Co,
R, Ac

CF, T,D

MEMOS

S, E

Acute

1

99

9

16.0 (0)

P, AA, Ac

P, TA,

Chronic

3

99-101

49

16.0 (0)

P, AA, Ac

P, TA

Subacute

1

102

20

15.0 (0)

AA, Ac

TA

Chronic

1

102

21

15.0 (0)

AA, Ac

TA

MEMOS, Braccio di Ferro

S, E

REHAROB

S, E

Mixed

1

103

15

10.0 (0)

P

P

NeReBot

S, E, F

Acute

2

104, 105

28

18.3 (2.4)

P, As

P, PF

REO™ Therapy
System

S, E

Acute

1

106

10

11.3 (0)

P, As

NC, P

ReoGo™ System

S, E

Chronic

1

107

19

15.0 (0)

As, AA, PG, Ac

NC

T-WREX

S, E,
W, H

Chronic

2

108, 109

19

21.0 (4.2)

As, Ac

ACF

Pneu-WREX

S, E, H

Chronic

1

110

13

24.0 (0)

As, AA, Ac

ACF, NC

VRROOM,
PHANTOM,
WREX

S, E

Chronic

1

111

26

12.0 (0)

UL-EX07

S, E, F, W

Chronic

2

112

10

18.0 (0)

PM, As

PM, MA, SDG,
ACF

BrightArm

S, E,
W, H

Chronic

1

113

5

12.0 (0)

As

ACF, NC

Linear shoulder
robot

S

Chronic

1

114

18

Unknown

As, AA

TA,ACF

L-Exos

S, E, F

Chronic

1

115

9

18.0 (0)

As, PG

MA, ACF

Abbreviations: Arm segment: S: Shoulder, E: Elbow, F: Forearm, W: Wrist, H: Hand. Training modalities: P: Passive,
PM: Passive-Mirrored, R: Resistive, As: Assistive, AA: Active-Assistive, PG: Path Guidance, Co: Corrective, Ac: Active.
Human Robot Interactions (HRI): P: Passive, PM: Passive-Mirrored, S: Spring against movement, MA: Moving
attractor, TA: Triggered assistance, PF: Pushing force (in case of delay), EMG: EMG-proportional, T: Tunnels, SDG:
Spring-damper guidance, ACF: Assistive constant force, D: Damper against movement, NC: Not Clear.
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We then considered the modalities used, and Figure 2.2 shows an overview of the frequency
of usage of each modality. In 63 groups more than one modality was used. Training included
active-assistive modality in 63 groups. Twenty-eight groups were trained in assistive
modality. Passive training was included in 35 groups. Active and resistive modalities were
involved less frequently, in 29 and 22 groups, respectively. The passive-mirrored modality
was used in 14 groups, path guidance in seven groups and corrective strategy in five groups.
Modality
70

# of groups

60
50
40
30
20
10
0

Included that

Exclusively that

Figure 2.2 Frequency of each modality among the reviewed groups

We also considered these frequencies with respect to the stage of recovery. Passive and
passive-mirrored modality are more recurrent for acute than for chronic subjects (with 77
and 24% of the groups of acute trained with these modalities, versus the respective 21 and
11% of chronic subjects). Similarly, modalities more suitable for less impaired subjects as
resistive and active are more recurrent among chronic (23 and 30% of the cases, respectively)
than within acute subjects (18% for both modalities). Instead, the choice among modalities
was not affected by the level of impairment (as measured by FM score). As an instance,
subjects trained with passive modality had an average FM of 27.1 ± 12.8 at inclusion versus
23.9 ± 9.6 of those who did not receive this treatment. Subsequently, we considered the HRI
features. In 26 groups there was no clear description or reference to the intervention. Passive
and passive mirrored modalities showed the same frequency as reported for the previous
classification (35 and 14 groups) as the definition of these categories coincides in the two
classifications. Triggered assistance, spring-damper along movement and a pushing force
followed in order of frequency after passive training (with respectively 26, 18 and 15 groups).
Assistance was delivered as a constant force in twelve groups, as a force proportional to the
distance from a moving attractor in seven groups and proportional to the EMG activity in
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eight groups. Resistance was implemented as elastic forces in ten groups and viscous in eight
groups. All included studies, except for one, fell in the definitions we provided a priori for
categorizations. Recently, a particular paradigm of HRI (error-augmentation) showed clinical
benefits,111 but it did not fit in any of the modalities we described a priori. In this modality,
the robot tends to displace the subject’s hand from the optimal trajectory by applying a curl
force field to the hand. This constitutes a new, different modality, which benefits could be
investigated as more studies using it become available.
We then considered the outcome measures, although the positive outcome of an
intervention depends on many factors such as the initial level of impairment of the
subjects, frequency and duration of the treatment, baseline impairment (for which detailed
information is available in Additional file 2: Reviewed articles). Overall, 54 of 99 groups
(55%) showed significant improvements in body functions. Twenty-two of the 54 groups
who measured outcomes related to the activity level (41%), showed improvements on this
level. With respect to time after stroke and observed that among acute stroke patients, 59%
of the groups showed improvements on body functions, and 33% on activity level. In chronic
stroke patients, 53% of the groups improved on body functions, and 36% on activity level.
For the sub-acute phase, two out of four groups improved on body functions, and two out
of three groups improved on activity level.
About outcome for arm segments trained, improvements on body function seemed to be
equally distributed between different parts of the arm, but we observed that training of
the hand seems to be most effective on the activity levels, with 60% of the groups showing
improvements.
Table 2.4 shows the outcome for different modalities and features of HRI. When relating
clinical outcome to specific training modalities, most of the studies (63 of the 100 groups)
included multiple modalities in one training protocol. Among them, those including
path-guidance (six of the seven groups) and corrective modality (four of the five groups)
resulted in the highest percentage of groups improved for body functions (86% and 80%,
respectively). However, this may be affected by the limited number of groups. Besides,
these groups did not show persistent improvements on activity level. It is noteworthy that
the most consistent improvements on activity level were reported for training including the
active modality (nine of the 15 groups; 60%).
The effect of a single training modality (i.e., only one modality applied in a training protocol)
was investigated in the remaining 37 groups: 24 groups applied only the active assistive
modality , four groups trained with passive movement only, six groups applied only assistive
training, two groups with passive mirrored and one group with resistive modality only.
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Table 2.4 Outcomes per training modality and features of HRI
% of groups improved at body functions

% of groups improved at activity level

Multiple
modalities

Only that
modality

Features of HRI when
improved

Multiple
modalities

Only that
modality

Features of HRI
when improved

Passive

56 (19 of 34)

50 (2 of 4)

P (2 of 2)

44 (10 of 23)

33 (1 of 3)

P (1 of 1)

Passive-mirrored

43 (6 of 14)

0 (0 of 2)

15 (2 of 13)

0 (0 of 2)

Assistive

57 (16 of 28)

33 (2 of 6)

NC (2 of 2)

38 (6 of 16)

0 (0 of 3)

Active-assistive

58 (36 of 62)

58 (14 of 24)

TA (5 of 14) EMG (4 of
14) PF + SDG (3 of 14)
PF + SDG + NC (1 of
14) CF (1 of 14)

48 (15 of 31)

36 (4 of 11)

Path guidance

86 (6 of 7)

N/A

50 (2 of 4)

N/A

Training modality

80 (4 of 5)

N/A

50 (1 of 2)

N/A

Resistive

Corrective

64 (14 of 22)

0 (0 of 1)

42 (5 of 12)

N/A

Active

61 (17 of 28)

N/A

60 (9 of 15)

N/A

Multiple
features

Only that
feature

Multiple
features

Only that
feature

Passive

56 (19 of 34)

60 (3 of 5)

44 (10 of 23)

50 (2 of 4)

Passive-mirrored

43 (6 of 14)

0 (0 of 1)

15 (2 of 13)

0 (0 of 1)

Feature of HRI

43 (3 of 7)

0 (0 of 1)

33 (2 of 6)

0 (0 of 1)

Triggered
assistance

Moving attractor

60 (15 of 25)

50 (7 of 14)

43 (6 of 14)

44 (4 of 9)

Assistive Constant
force

42 (5 of 12)

20 (1 of 5)

17 (1 of 6)

50 (1 of 2)

Emg-proportional

100 (8 of 8)

100 (5 of 5)

33 (1 of 3)

33 (1 of 3)

Pushing force (in
case of delay)

60 (9 of 15)

N/A

33 (2 of 6)

N/A

Spring-damper
guidance

61 (11 of 18)

N/A

38 (3 of 8)

N/A

Tunnels or walls

100 (2 of 2)

N/A

0 (0 of 1)

N/A

Spring against
movement

60 (6 of 10)

0 (0 of 1)

20 (1 of 5)

N/A

Damper against
movement

75 (6 of 8)

N/A

60 (3 of 5)

N/A

46 (12 of 26)

50 (5 of 10)

50 (7 of 14)

100 (2 of 2)

Not clear

TA (2 of 4) CF (1
of 4) NC (1 of 4)

Abbreviations: Human Robot Interactions (HRI): P: Passive, PM: Passive-Mirrored, S: Spring against movement,
MA: Moving attractor, TA: Triggered assistance, PF: Pushing force (in case of delay), EMG: EMG-proportional, T:
Tunnels, SDG: Spring-damper guidance, ACF: Assistive constant force, D: Damper against movement, NC: Not Clear.

The active-assisted modality seemed to have the most consistent impact on improvements
in both body functions and activities: 14 of the 24 groups (58%)43, 44, 49, 60, 84, 86, 88, 90, 96, 100, 101
showed significant improvements in body functions. Regarding activities, four of the 11
groups (36%)43, 79, 84, 96 measuring activity level showed significant improvements after active33
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assisted training. Training exclusively in passive mode was associated with improvement in
body functions for two of four groups (50%)76, 103 and in activities for one of three groups
(33%).103 With the exclusive assistive modality, two of the six groups (33%) showed significant
improvements in body functions.50, 61 In passive-mirrored mode (two groups) and resistive
mode (one group), none of the groups showed significant improvements in either body
functions or activities.
We also considered whether the inclusion of a modality led to different outcome for subjects
at different phases of recovery. Due to the small number of observations for subacute
subjects, we neglect those results. Instead, for acute subjects we found that modalities with
better outcome on body functions were active (2 out of 3 groups, 67%), assistive (4 out of 6
groups, 67%), active-assistive (5 out of 10 groups, 50%) and passive (6 of 13 groups, 46%).
For subjects in acute phase, inclusion of passive mirrored and resistive modality did not
lead to improvements in body functions (in none of the 4 and 3 groups, respectively). These
results differ from subjects in chronic phase, where inclusion of passive-mirrored modality
led to improvement in 75% of the groups (6 out of 8), while the inclusion of resistive
modality was effective on 71% of the groups (12 of 17). The path guidance modality led to
the best results for chronic patients (6 out of 6 groups improved on body functions). Results
for other modalities are similar among them, with all the other modalities being effective on
about 60% of the groups. The effectiveness is generally lower on the activity level. For acute
subjects, there are not many observations for most of the modalities. Instead, for chronic
subjects the inclusion of active modality (62%, 8 out of 13 groups) seemed to perform better
than all the others, which were effective in about 40% of the cases. Exclusion to this is the
passive-mirrored mode, for which only 1 of the 8 groups (12.5%) improved on activity level.
When we considered the specific HRI features used in the 14 groups who improved on body
functions with active-assistance as single modality, five groups used triggered assistance,
four groups EMG proportional, four groups a pushing force in combination with springdamper guidance movement, and one group an assistive constant force . The four groups in
active-assisted mode who improved on activity level used triggered assistance (two groups),
assistive constant force (one group), and for one group it was not clear which feature of HRI
was used.
When considering the clinical outcomes associated with those HRI features within the whole
studies reviewed, as for the modalities most of the studies included multiple features of HRI
in one training protocol (58 groups). Regarding multiple features of HRI applied in training
protocols, those including EMG-proportional, tunnels and damper against movement
resulted in the highest percentage of groups improved for body functions (100%, 100% and
75%, respectively). This is followed by spring damper guidance, pushing force, triggered
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assistance and spring against movement, showing an improvement in body functions in
61% (11 of 18 groups), 60% (9 of 15 groups), 60% (15 of 25 groups) and 60% (6 of 10 groups)
respectively. However, the limited number of groups might be affecting this result, especially
concerning outcomes at activity level.
The effect of a single feature of HRI (i.e. only one feature of HRI applied in a training protocol)
was investigated in the remaining 42 groups. The most common single HRI feature was
triggered assistance (TA), which was used in 14 groups. However, only seven of these showed
significant improvements in body functions,43, 44, 96, 97, 100-102 and in the case of activities, four of
the nine groups who measured outcomes on activity level (44%) improved.43, 96, 97 The EMGproportional feature the sole was used in five groups, all showing improved body functions
(100%),85, 86, 88, 90, 116 but only one of two groups showed improved activities.116 A constant
assistive force only was used in five groups, of which only one group showed improvements
in both body functions and activities.84 So, when focusing on single features, EMG
proportional feature seems most promising, followed by passive and triggered assistance.
However, the other HRI features that had good results in combined protocols with multiple
features (tunnels, damper against movement, spring damper guidance and pushing force)
have not been investigated as single feature of HRI at all. Nevertheless, a common aspect
can be derived from the features with most consistent effects, indicating that the active
component is promising for improving arm function. For activities, no conclusive answers
can be drawn, because of the limited number of studies who have investigated this effect
using a single feature at this point. This is also true for analysis of the relation of separate
training modalities/HRI features with mediating factors such as initial impairment level,
frequency and duration of training, etc.

Discussion
Our results highlight that robot-therapy has focused mostly on subjects in chronic phase of
recovery, while considerably less studies involved subjects in acute and in sub-acute phases
(73, 17 and four groups, respectively). However, our results indicated that patients across all
stages of recovery can benefit from robot-mediated training.
Despite the evidence that training the hand (alone) is accompanied with improvement of
both hand and arm function, we observed that many robot-therapy studies focused on
proximal rather than on distal arm training. Also, only a limited number of studies focused
on training the complete upper limb involving both proximal and distal arm movements,
while there is evidence of benefits for training arm and hand together rather than
separately.117 Additionally, it is known that post-stroke training should include exercises that
are as “task-specific/functional” as possible to stimulate motor relearning, which further
supports inclusion of the hand and with proximal arm training.28, 29 Additionally, to allow
35
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proper investigation of the effect of such functional training of both proximal and distal
upper extremity simultaneously, outcome measures at activity level have to be addressed
specifically, besides measurements on the level of body functions. However, in all but one
study91 outcomes related to body function were measured, but the effects of robotic training
on activities were assessed in only 54 of 100 groups. This prevents adequate interpretation
of the impact of robotic therapy and associated human robot interactions on functional use
of the arm at this point.
When focusing on the modality of interaction, we observed that training protocols only
occasionally included only one training modality, which makes it difficult to examine the
effect of one specific modality. This also hindered a detailed analysis of separate effects
per training modality and especially their relation with mediating factors such as initial
impairment level, frequency and duration of training, etc.
Only a limited number of studies aimed at comparing two or more different robotic
treatments. The first of those studies hypothesized benefits of inserting phases of resistive
training in the therapy protocol.51 Subjects were assigned to different groups, training with
active-assistive modality only, resistive only or both. There were no significant effects from
incorporating resistance exercises. Another study69 compared a bimanual therapy (in passive
mirrored mode) with a unimanual protocol which included passive, active-assistive and
resistive training. Again, there were no significant differences between groups in terms of
clinical scores. In a different study, active-assistive training delivered with an EMG-controlled
device showed larger improvements (in Fugl-Meyer, Modified Ashworth Scale and muscle
coordination) with respect to passive movement in wrist training.85 Assistive forces may also
be provided as weight support. In this case, subjects benefitted from a progressive decrease
of such assistance, along therapy.80
Even though there are a limited number of studies comparing separate training modalities,
the available data indicated that robot-mediated therapy in active assisted mode led most
consistently to improvements in arm function. Whether this mode is actually the most
effective one cannot be stated at this point due to lack of a standard definitions used by
different studies. It is remarkable that the application of two of the least adopted modalities,
i.e. path guidance and corrective, did consistently result in improved clinical outcome.
Although this effect might be due to the small number of studies which included them, this
suggests that one way to be pursued in future research in order to improve the results of
robotic rehabilitation is utilizing robot’s programmable interaction potentials, rather than
just mimicking what a therapist can do (passive, active-assisted, even resistance to some
extent). Experimental protocols including more than one modality should also be sought,
and the combined effect of different modalities should be investigated. As an instance,
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patients might switch from passive toward active modality as recovery progresses.
With respect to the specific strategy (HRI feature) for providing assistance when applying
active assistive training, the findings from this review indicate that a pushing force in
combination with lateral spring damper, or EMG-modulated assistance were associated
with consistent improvements in arm function across studies, while triggered assistance
showed less consistent improvement. It is suggested that modalities that stress the active
nature of an exercise, requiring patients to initiate movements by themselves and keep
being challenged in a progressive way throughout training (i.e., taking increases in arm
function into account by increasing the level of active participation required during robottherapy), do show favorable results on body function level.
The training modalities referred mainly to the description given by the authors of the reviewed
studies, but in absence of a uniform definition for identifying robot-human contributions,
groups often named the mechanisms used according to their preference and understanding
of these mechanisms. Attention to the interaction mechanism between a person and robot
is sometimes so limited that often authors did not even mention such mechanisms in
their publications (this happened for 26 out of 100 groups). Given a commonly accepted
categorization for these modalities, researchers are then able to compare usefulness of
different human-robot interaction mechanisms. It is thought that by providing a commonbase for interaction, a larger body of evidence can be provided, i.e. via a data-sharing
paradigm, to understand the full potential of robot-mediated therapy for improving arm and
hand function after stroke. Ultimately, this can support better integration of robot-mediated
therapy in day-to-day therapeutic interventions.
About the effectiveness of different modalities, considering that cortical reorganization
and outcome after stroke rehabilitation is positively associated with active, repetitive taskspecific (i.e., functional) practice, 28, 29 human robot interactions stressing these features
are preferred. In addition, there is a strong computational basis to push towards delivering
minimally assistive therapy.118 In contrast to this, passive movement is very recurrent, as
it may provide more severely impaired subjects with the opportunity to practice. If this is
the case, one way to improve the outcome of the therapy in this situation is to tailor the
exercise to individual needs while stimulating active contribution of the patient as much as
possible, rather than passively guiding to systematic success. Nevertheless, due to the large
variety and heterogeneity in training modalities applied (i.e. contents of the intervention),
it wasn’t possible to draw conclusions about the role of these additional mediating factors
per training modality. More research about comparing different training modalities (with
only one specific modality per group) is needed to answer more specifically which training
modality would result in largest improvements in arm function and activities after robot37
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mediated upper limb training after stroke.

Conclusions
Our review shows that most of the literature about robot-mediated therapy for stroke
survivors refers to subjects in chronic phase. In the same way, training most frequently
targeted the proximal arm. Regarding the human-robot interaction, there has been poor
attention in documenting the control strategy and identifying which strategy provides better
results. This is hampered by the ambiguity in definitions of HRI method employed. While
each robot would incorporate a lower-level control, interaction between robot and human
is often made possible by incorporating an interaction modality, which is not standardized
across different studies. Therefore, we have proposed a categorization of training modalities
(Table 2.1) and features of human-robot interaction (Table 2.2) as an open framework
to allow groups to identify the type of mechanism used in their studies, allowing better
comparison of results for particular training modalities.
Even though only limited studies specifically investigated different control strategies, the
present review indicated that robot-therapy in active assisted mode was highly predominant
in the available studies and was associated with consistent improvements in arm function.
More specifically, the use of HRI features stressing active contribution by the patient (e.g.
EMG-modulated control, or a pushing force in combination with spring-damper guidance)
in robot-mediated upper limb training after stroke may be beneficial. More research into
comparing separate training modalities is needed to identify which specific training modality
is associated best with improvements in arm function and activities after robot-mediated
upper limb training after stroke.
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Additional file 1: Search strategy
Disorder
1. “cerebrovascular disorders”[MeSH Terms]
2. CVA
3. stroke
4. “stroke”[MeSH Terms]
5. “hemiplegia”[MeSH Terms]
6. hemipleg*
7. hemipare*
8. cerebrovasc* OR cerebral vascular
9. #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8

2

Intervention
10. “robotics”[MeSH Terms]
11. robot*
12. #10 OR #11
Body segment
13. “upper extremity”[MeSH Terms]
14. “arm”[MeSH Terms]
15. upper extremity
16. upper extremities
17. arm
18. arms
19. upper limb
20. upper limbs
21. shoulder
22. elbow
23. wrist
24. hand
25. #13 OR #14 OR #15 OR #16 OR #17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23
OR #24
Combination cerebrovascular disorders, robotics & upper extremity
26. #9 AND #12 AND #25
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Limitations
27. training
28. therapy
29. #27 OR #28
30. motor
31. function
32. #30 OR #31
Total search strategy
33. #26 AND #29 AND #32
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Additional file 2: Reviewed articles
The spreadsheet on the next pages contains an entry for each of the groups, with all the
aspects treated in this review (subjects group, arm segments, training modality and features
of implementation and indicators for clinical outcome) and others as training duration, and
the device used. The spreadsheet is also available online at:
https://jneuroengrehab.biomedcentral.com/articles/10.1186/1743-0003-11111#MOESM2
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Additional file 2: Reviewed articles
Authors

Year

Reference

Study
design

# of
subjects

Subject
type

Arm
segments
involved

Device

# of
sessions
in total

Session
duration
(min)

# of
weeks
training

Therapy
duration (h)

Task Uni-,
Bimanual

Aisen et al.

1997

45

RCT

10

A

SE

MIT-MANUS

Volpe et al.

2000

46

RCT

30

A

SE

MIT-MANUS

25

60

6.4

28.80

U

5

25.00

Burgar et al.

2000

70

RCT

11

C

SE

MIME

24

U

60

8

24.00

Lum et al.

2002

71

RCT

13

C

SE

MIME

B

24

60

8

24.00

Ferraro et al.

2003

52

CT

12

C

SE

B

MIT-MANUS

18

60

6

18.00

U

Ferraro et al.

2003

52

16

C

SE

MIT-MANUS

18

60

6

18.00

U

Hesse et al.

2003

65

CT

Fasoli et al.

2004

43

RCT

12
30

C

FW

Bi-manu-track

15

15

3

3.75

B

A

SE

MIT-MANUS

25

60

5

25.00

U

Krebs et al.

2004

50

Stein et al.

2004

51

CT

9

RCT

9

C

SE

MIT-MANUS

36

60

12

36.00

U

C

SE

InMotion2

18

60

6

18.00

U

Stein et al.

2004

51

9

C

SE

InMotion2

18

60

6

18.00

U

Stein et al.

2004

51

5

C

SE

InMotion2

18

60

6

18.00

U

Stein et al.

2004

51

5

C

SE

InMotion2

18

60

6

18.00

U

Stein et al.

2004

51

18

C

SE

InMotion2

18

60

6

18.00

U

Lum et al.

2004

72

6

C

SE

MIME

24

60

8

24.00

U

Lum et al.

2004

72

7

C

SE

MIME

24

60

8

24.00

U

Daly et al.

2005

53

RCT

6

C

SE

InMotion2

60

90

12

90.00

U

Macclellan et al.

2005

54

CT

8

C

SE

InMotion2

18

60

3

18.00

U

Macclellan et al.

2005

54

19

C

SE

InMotion2

18

60

3

18.00

U

Finley et al.

2005

55

CT

15

C

SE

InMotion2

18

60

3

18.00

U

Hesse et al.

2005

63

RCT

21

A

FW

Bi-Manu-Track

30

20

6

10.00

B

Lum et al.

2006

69

RCT

5

SA

SE

MIME

15

60

4

15.00

B

Lum et al.

2006

69

9

SA

SE

MIME

15

60

4

15.00

U

Lum et al.

2006

69

10

SA

SE

MIME

15

60

4

15.00

mixed

Kahn et al.

2006

81

RCT

10

C

SE

ARM Guide

24

45

8

18.00

U

Sanchez et al.

2006

109

CT

5

C

SEWH

T-WREX

24

45

8

18.00

U

Colombo et al.

2007

73

RCT

8

C

W

1 DoF robotic device for wrist
rehabilitation

30

40

3

20.00

U

Colombo et al.

2007

73

12

C

SE

2 DoF robotic device for
elbow-shoulder rehabilitation

30

40

3

20.00

U

Chang et al.

2007

83

CT

20

C

SE

BFIAMT (bilateral force-induced isokinetic arm movement
trainer)

24

30

8

12.00

B

Hu et al.

2007

86

CT

7

C

E

electromyography-driven
motor system

20

90

7

30.00

U

Stein et al.

2007

90

CT

6

C

E

AJB (Active Joint Brace)

18

60

6-9

18.00

U

Amirabdollahian
et al.

2007

94

RCT

15

Mixed

SE

GENTLE/S

9

30

3

4.50

U

Amirabdollahian
et al.

2007

94

16

Mixed

SE

GENTLE/S

27

30

9

13.50

U

Fazekas et al.

2007

103

15

Mixed

SE

REHAROB

20

30

4

10.00

U
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Outcomes on Body functions measured

Outcomes on Body functions improved

Outcomes on Activities - measured

FM MSS MP

MSS

FIM

Fmsec FMwh MSSse MSSwh MP

MP MSSse

FIMmot FIMcog

FMse FMwh strength reach

FMse strength reach

BI FIM

Outcomes on Activities - improved

FIMmot

Outcomes on
Body functions improved

Outcomes
on Activ. improved

FM
baseline

FM std
if provided

0

0

17.1

15.18

0

0

6

2.5

1

0

24.8

16.5

1

0

24.8

4.5

0

0

26.6

*sum
of w
and se
*sum
of w
and se

FMse FMhw strength reach

FMse strength reach

FIM BI

FMsec FMhw MP MSSse MSSwh
MAS

FMsec MP

FIMupp FIMlow

FMsec FMhw MP MSSse MSSwh
MAS

FMsec MP

FIMupp FIMlow

0

0

9.1

MAS

MAS

RMA

1

0

NA

FM MSSse MSSwh MRC

FM MSSse MRC

FIMsc FIMmot
FIMcog

1

1

9.6

0

FIMupp

FIMsc FIMmot
FIMcog

Fmsec MSSse MP MAS

Fmsec MSSse MP MAS

1

NA

NA

Se only

FM MSSse MSSwh MRC MAS
MaxForce

FM MaxForce MSS

0

NA

38

9.6

FM MSSse MSSwh MRC MAS
MaxForce

FM MaxForce MSS

0

NA

35.3

11.6

FM MSSse MSSwh MRC MAS
MaxForce

FM MaxForce MSS

0

NA

25.6

2.4

FM MSSse MSSwh MRC MAS
MaxForce

FM MaxForce MSS

0

NA

24.6

7.9
3.6

FM MSSse MSSwh MRC MAS
MaxForce

FM MaxForce MSS

0

NA

20.7

WorkOutputPass WorkOutputAct
FDE speed smoothness

WorkOutputAct FDE speed
smoothness

1

NA

NA

WorkOutputPass WorkOutputAct
FDE ReachExtend

workOutputAct FDE ReachExtend

1

NA

NA

FM TargetAccuracy Smoothness

FM TargetAccuracy Smoothness

FMse FMwh FM MSSse MSSwh MP

AMAT AMATse
AMATwh

AMAT AMATse

1

1

21

10

WMFTtime WMFTfa

WMFTfa

0

0

26.8

*sum
of w
and se

FMse FMwh FM MSSse MSSwh MP

FMse FM MP

WMFTtime WMFTfa

0

0

9

FM MP AimError MeanSpeed
PeakSpeed M:Pratio Duration

FM MP AimError MeanSpeed
M:Pratio Duration

WMFTtime WMFTscore

1

0

10.1

FM MRC MAS

FM MRC

0

NA

7.3

0

0

39.2

*sum
of w
and se

FMse FMwh MSS MP MASprox
MASdis

FIM

0.7

FMse FMwh MSS MP MASprox
MASdis

FMse FMwh MP

FIM

FIM

0

1

31.6

*sum
of w
and se

FMse FMwh MSS MP MASprox
MASdis

FMse FMwh MP MSS

FIM

FIM

0

1

21.7

*sum
of w
and se

FRs FSs Stiffness FRu Straightness
Smoothness Cmscore RLAFT

FRs FSs Straightness Cmscore
RLAFT

0

NA

NA

FM Rancho BBT BBTmod GripStrength ROMsup ROMunsup

FM GripStrength ROMsup
ROMunsup

0

NA

NA

FM MPS RS PI AMI

FM RS PI

0

NA

NA

total
FM
(/115)

FM MPS RS PI AMI VM MD nPL

FM MPS RS PI AMI VM MD nPL

1

NA

NA

total
FM
(/115)

FM MAS GripStr PushStr PullStr
PeakVel %TPV MTime NJS

FM GripStr PushStr PullStr PeakVel
%TPV MTime NJS

1

0

32.7

15.26

MAS FM MSS RMSE EMGactLevel CI

MAS FM MSS RMSE EMGactLevel CI

1

NA

13.3

1.7

FM MAS MASe

FM MAS MASe

1

NA

15.5

3.88

FM

FM

1

NA

NA

FM

FM

1

NA

NA

RMA MASsa MASef FMse ROMs
ROMe

RMA MASsa MASef FMse ROMe

1

1

18

FAT

FIM

FIM

25

49
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Additional file 2: Reviewed articles (continued)
Authors

Year

Reference

Study
design

# of
subjects

Subject
type

Arm
segments
involved

Device

# of
sessions
in total

Session
duration
(min)

# of
weeks
training

Therapy
duration (h)

Task Uni-,
Bimanual

Masiero et al.

2007

105

RCT

17

A

SEF

NeReBot

50

24

5

20.00

U

Rabadi et al.

2008

47

RCT

10

A

SE

MIT-MANUS

12

40

2-3

8.00

U

Volpe et al.

2008

56

RCT

11

C

SE

InMotion2

18

60

6

18.00

U

Krebs et al.

2008

49

CT

32

C

SE

InMotion2

18

60

6

18.00

U

Krebs et al.

2008

49

10

C

SEFWH

InMotion2

18

60

6

18.00

U

Krebs et al.

2008

49

5

C

SEFWH

InMotion2

18

60

6

18.00

U

Song et al.

2008

92

CT

8

C

E

myoelectrically-controlled
robotic system

20

60

6

20.00

U

Takahashi et al.

2008

96

RCT

6

C

WH

HWARD

15

90

3

22.50

U

Takahashi et al.

2008

96

7

C

WH

HWARD

15

90

3

22.50

U

Colombo et al.

2008

99

9

A

SE

MEMOS

30

32

3

16.00

U

Colombo et al.

2008

99

13

C

SE

MEMOS

30

32

3

16.00

U

Treger et al.

2008

106

CT

10

A

SE

REOTM Therapy System

15

45

3

11.25

U

Ellis et al.

2009

80

RCT

7

C

SE

ACT3D (modified haptic master
robot)

24

?

8

U

Ellis et al.

2009

80

7

C

SE

ACT3D (modified haptic master
robot)

24

?

8

U

Cordo et al.

2009

82

CT

5

C

WH

AMES

130

30

26

65.00

U

Casadio et al.

2009

98

CT

10

C

SE

Braccio di Ferro (BdF)

10

60-75

10

11.25

U

Hu et al.

2009

88

CT

15

C

W

EMG-driven Motor System

20

90

7

42.00

U

Housman et al.

2009

108

RCT

14

C

SEWH

T-WREX

24

60

8

24.00

U

Posteraro et al.

2010

57

RCT

17

C

SE

MIT-MANUS

18

45

6

13.50

U

Posteraro et al.

2010

57

17

C

SE

MIT-MANUS

18

45

6

13.50

U

36

60

12

36.00

U

3

30.00

U

CT

Lo et al.

2010

27

RCT

49

C

SEFWH

MIT-MANUS

Kutner et al.

2010

91

RCT

10

Mixed

WH

Hand mentor robot system

Colombo et al.

2010

100

CT

18

C

SE

MEMOS

30

32

3

16.00

U

Conroy et al.

2011

58

RCT

18

C

SE

InMotion2.0 + InMotion
Linear Robot

18

60

6

18.00

U

Conroy et al.

2011

58

20

C

SE

InMotion2.0

18

60

6

18.00

U

Zollo et al.

2011

60

CT

24

C

SEFW

Inmotion2 and Inmotion3

36

60

12

36.00

U

Hesse et al.

2011

62

RCT

32

A

FW

Bi-Manu-Track

30

20

6

10.00

B

Hsieh et al.

2011

64

RCT

6

C

FW

Bi-Manu-Track

20

90-105

4

32.50

B

Hsieh et al.

2011

64

6

C

FW

Bi-Manu-Track

20

90-105

4

32.50

Burgar et al.

2011

68

17

A

SE

MIME

30

60

3

15.80

B

Burgar et al.

2011

68

19

A

SE

MIME

15

60

3

8.60

B

Abdullah et al.

2011

75

RCT

8

A

SEW

5DoF industrial robot

24-33

45

8-11

21.38

U

Stein et al.

2011

78

CT

12

C

H

Amadeo

18

60

6

18.00

U

Merians et al.

2011

84

CT

12

C

SEWH

CyberGlove, CyberGrasp, Flock
of Birds, Haptic Master robot

8

120-180

2

22.00

U

50

RCT
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Outcomes on Body functions measured

Outcomes on Body functions improved

Outcomes on Activities - measured

FMse FMwh MRCdel MRCbic
MRCwf TCT MAS

FMse MRCdel MRCbic MRCwf
FIM FIMmot

FIM FIMmot

FMse FMwh MSSse MSSwh MPS
MAS pain

FIM FIMcog FIMmot
ARAT

Outcomes on Activities - improved

FIM FIMmot ARAT

ARAT

Outcomes on
Body functions improved

Outcomes
on Activ. improved

FM
baseline

FM std
if provided

1

0

8

0

1

8

*sum
of w
and se

0

0

15.24

*sum
of w
and se

FMse FMwh MP MAS Jtstab Pain

Fmse MP

FM

FM

1

NA

25

9.6

FM

FM

1

NA

30.7

16.3

FM

FM

1

NA

21.4

4.9

FMse FMwh MSS MAS ExtRange
MIVF MIVE RMSE

FMse MSS MAS ExtRange MIVF
MIVE RMSE

1

NA

19.13

*sum
of w
and se

BBT FM FMhw Fmse MASw MASe
ROMwe NHPT GraspF PinchF
EMGactivity

BBT FM FMhw

ARAT

ARAT

0

1

49.5

8.6

BBT FM FMhw Fmse MASw MASe
ROMwe NHPT GraspF PinchF
EMGactivity

BBT FM FMhw Fmse MASe ROMwe
SIS GraspF PinchF

ARAT

ARAT

1

1

40.4

10.5

MPS MSS FM AMI VM MD nPL
nPeaks Jerk nFCP

MPS MSS FM AMI VM nPL
nPeaks Jerk

1

NA

NA

total
FM
(/115)

MPS MSS FM AMI VM MD nPL
nPeaks Jerk nFCP

MPS MSS FM AMI VM MD
nPeaks Jerk

1

NA

NA

total
FM
(/115)

FM MFTprox MFTdist MFT

FM MFTprox MFTdist MFT

1

NA

35

WorkArea Strength MVT

WorkArea

0

NA

NA

WorkArea Strength MVT

WorkArea

0

NA

NA

0

NA

NA

FM MAS I1 I2 I3 I4

FM I1 I2 I3 I4

1

NA

15

13

FMse FMwh MASe MASw

Fmse FMwh MASe MASw

ARAT FIM

1

0

30

approx
from
graph

FM RFTlevel RFTspeed Strength
ROM

FM ROM

MALqom MALaou

0

0

21.7

5.9

MSSse MASs MASe ROMs pROMe
ACTee ΔMAS

MSSse MASs ROMs pROMe

0

NA

NA

MSSse MASs MASe ROMs pROMe
ACTee ΔMAS

MSSse MASs ROMs ACTee

0

NA

NA

Strength JointPos

FMA PAIN MAS

WMFT

MSS FM nFCP FDE

MSS FM nFCP FDE

FMA Aim Dev Mspeed Pspeed
Smoothness Duration ERatio Force

FMA Aim

WMFT

FMA Aim Dev Mspeed Pspeed
Smoothness Duration ERatio Force

FMA Aim

WMFT

FM MP UMTaimangle UMTlength
UMTjerk UMTforce UMTwork RMTaimangle RMTlength RMTforce
RMTwork

FM MP UMTaimangle UMTlength
UMTjerk UMTforce UMTwork
RMTaimangle RMTlength RMTforce
RMTwork

WMFT

0

0

19.7

1

NA

NA

1

NA

21.44

0

0

20.3

0

1

16.5

1

NA

22.26

10.7
8.58

9.841

FM MRC MAS BBT

FM

BI

0

0

8.2

4.4

FM MRC

FM

MALaou MALqom
ABILHAND

MALqom

1

0

44

8.17

FM MRC

FM

MALaou MALqom
ABILHAND

MALqom

1

0

37.67

10

FIM WMFTfas
WMFTmt

FIM

0

0

19

3.7

0

0

26.7

5

FM Fmse MP MAS
FM Fmse MP MAS

-

FIM WMFTfas
WMFTmt

CMSA

CMSA

CAHAI-7

CAHAI-7

1

1

NA

FM 9HPT aROM1 aROM2 aROM3
aROM4 aROM5

FM aROM1 aROM2

MALaou MALqou
MAM36 JHFT

MALaou MALqou
MAM36 JHFT

0

1

37.9

Fractionation TimeVPT Acc TimeHT
PathLength Smoothness Deviation
MPJext

Fractionation TimeVPT TimeHT
PathLength Smoothness Deviation

WMFT JTHF

WMFT JTHF

1

1

NA

11.1
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Additional file 2: Reviewed articles (continued)
Authors

Year

Reference

Study
design

# of
subjects

Subject
type

Arm
segments
involved

Device

# of
sessions
in total

Session
duration
(min)

# of
weeks
training

Wei et al.

2011

85

RCT

27

C

W

PolyJbot

20

Wei et al.

2011

85

C

W

CYBEX and NORM

20

Lambercy et al.

2011

95

CT

13

C

FWH

HapticKnob

18

60

6

Riley et al.

2011

97

CT

23

C

WH

HWARD

Masiero et al.

2011

104

RCT

11

A

SEF

NeReBot

50

20

5
4

Therapy
duration (h)

4-7

Task Uni-,
Bimanual
U

4-7

U
18.00

U

23.50

U

16.67

U

Bovolenta et al.

2011

107

CT

19

C

SE

ReoGo™ system

20

45

15.00

U

Dipietro et al.

2012

48

CT

42

A

SE

MIT-MANUS, InMotion2

18

60

18.00

U

Dipietro et al.

2012

48

116

C

SE

MIT-MANUS, InMotion2

18

60

18.00

U

Liao et al.

2012

66

RCT

10

C

FW

Bi-Manu-Track

20

90-105

4

32.50

B

Hwang et al.

2012

79

RCT

6

Mixed

H

Amadeo

20

45

4

15.00

U

Hwang et al.

2012

79

9

Mixed

H

Amadeo

20

45

4

15.00

U

Duret et al.

2013

44

CT

10

A

SE

InMotion2

54 (±13)

45

15
(±3.5)

40.50

U

Song et al.

2013

93

CT

6

C

E

Myoelectrically-controlled
robotic system

20

36

4

12.00

Byl et al.

2013

112

RCT

5

C

SEFW

UL-EX07 robotic orthosis

12

90

6

18.00

U

Byl et al.

2013

112

5

C

SEFW

UL-EX07 robotic orthosis

12

90

6

18.00

B

Reinkensmeyer
et al.

2012

110

RCT

13

C

SEH

Pneu-WREX

24

60

8

24.00

U

Wu et al.

2012

67

RCT

14

C

FW

Bi-Manu-Track

20

90-105

4

32.50

B

Mazzoleni et al.

2013

59

CT

32

C

SE

InMotion 2

20

?

4

U

Mazzoleni et al.

2013

59

32

C

SEFW

InMotion 3

40

?

4

U

Abdollahi et al.

2013

111

RCT

26

C

SE

VRROOM, PHANTOM, WREX

12

60

4

12.00

U

Pinter et al.

2013

76

CT

7

A

H

Amadeo

15

20

3

5.00

U

Sale et al.

2012

77

CT

7

A

H

Amadeo

20

40

4

13.33

U

Rabin et al.

2012

113

CT

5

C

SEWH

BrightArm

18

20-50

6

12.00

U

Pellegrino et al.

2012

61

CT

7

C

SEFW

InMotion2, InMotion3

36

60

12

36.00

U

Song et al.

2013

87

CT

16

C

W

EMG driven exoskeleton

20

5-7

?

U

52

Training modalities: review
Outcomes on Body functions measured

Outcomes on Body functions improved

Outcomes on Activities - measured

FM FMse FMwh MSS MSSwh
MSSse MASe MASw

FM FMse FMwh MSS MSSwh
MASe MASw

ARAT FIM

FM FMse FMwh MSS MSSwh
MSSse MASe MASw

FM FMse MSS MASw

ARAT FIM

FM FMwh FMse MI MIhf MIse
MAS FTHUE GripForce VAS Ep
N0 Tr Ta

FM FMwh MI MIse Ep N0 Tr Ta

MotorAS

Outcomes on Activities - improved

Outcomes on
Body functions improved

Outcomes
on Activ. improved

FM
baseline

FM std
if provided

1

0

29.93

7.66

0

0

27.5

9.54

MotorAS

0

1

32.15

11.31

3.1

FM B&B

FM B&B

ARAT

ARAT

1

1

37.9

MRCd MRCb MRCt MRCwf MRCwe
FM Fmse FMwh BBT MAS

MRCd MRCb MRCt MRCwf MRCwe
FM Fmse FMwh BBT MAS

FIM FAT

FIM FAT

1

1

30.5

FM MRC AS VASpain BBT

FM MRC AS BBT

FAT FIM TUG

FAT FIM TUG

1

1

31.21

16.92

FM MeanSpeed PeakSpeed
Duration SpeedShape #Peaks Jerk
#Submovements SubmPeak SubmDuration SubmOverlap SubmID
SubmSkewness SubmKurtosis
MeanSpeed PeakSpeed Duration
SpeedShape #Peaks Jerk AxesRatio
#Submovements SubmPeak SubmDuration SubmOverlap SubmID
SubmSkewness SubmKurtosis

FM MeanSpeed PeakSpeed
Duration SpeedShape #Peaks Jerk
#Submovements SubmPeak SubmOverlap SubmID SubmKurtosis
MeanSpeed PeakSpeed Duration
SpeedShape #Peaks AxesRatio
SubmPeak SubmDuration SubmOverlap SubmKurtosis

1

NA

10.02

1.14

FM MeanSpeed PeakSpeed
Duration SpeedShape #Peaks Jerk
#Submovements SubmPeak SubmDuration SubmOverlap SubmID
SubmSkewness SubmKurtosis
MeanSpeed PeakSpeed Duration
SpeedShape #Peaks Jerk AxesRatio
#Submovements SubmPeak SubmDuration SubmOverlap SubmID
SubmSkewness SubmKurtosis

FM MeanSpeed Duration SpeedShape #Peaks Jerk #Submovements SubmPeak SubmDuration
SubmOverlap SubmKurtosis
SpeedShape #Peaks Jerk AxesRatio
#Submovements SubmPeak SubmDuration SubmOverlap SubmID
SubmKurtosis

1

NA

20.47

1.15

ArmActivityRatio FM

ArmActivityRatio FM

FIM MALaou MALqom ABILHAND

MALaou MALqom
ABILHAND

1

1

44.9

9.02

FMwh FMse AS 9HPT GraspForce
PinchForce aROM-MCP2

FMwh GraspForce PinchForce
aROM-MCP2

JTT

JTT

0

1

39

*sum
of w
and se

FMwh FMse AS 9HPT GraspForce
PinchForce aROM-MCP2

FMwh GraspForce PinchForce
aROM-MCP2

JTT

JTT

0

1

40.5

*sum
of w
and se

FM, FMse, FMw, FMh, FMc, MSS,
MSSs, MSSe, MSSw, MSSh, #movements efficacy, RMSerror, velocity,
#traj.reversals

FM, FMse, FMh, MSS, MSSs, MSSe,
MSSw, #movements efficacy,
velocity, #traj.reversals

1

0

14.9

5.8

FMse, FMwh, MAS, RMSE, RMSJ,
ROM, CI

FMse, ROM, RMSE, RMSJ, CI

1

0

18.8

*sum
of w
and se

FM, ROM, strength, pain, MSPS_
(BBT_tapper), MAS

FM, ROM

MPS_(WMFT_DRTT)

1

0

23.8

7.7

FM, ROM, strength, pain, MSPS_
(BBT_tapper), MAS

FM, ROM

MPS_(WMFT_DRTT)

0

0

24.4

5.2

FM, BBT, GRIP, NSA

FM, BBT, GRIP, NSA

RFT, MAL_AOU,
MAL_QOM

MAL_QOM

1

0

24.6

9.1

NMT_U, NMU_U, NTD_U,
SlopeSt_U, SlopeMid_U, ShFl_U,
ElEx_U, NMT_B, NMU_B, NTD_B,
SlopeSt_B, SlopeMid_B, ShFl_B,
ElEx_B,FMtot, FMprox, Fmdis

ShFl_U, ShFl_B

MALaou, MALqom

-

0

0

43.29

10.09

FMse, MI, Velocity, MD

FMse, MI, Velocity, MD

1

NA

NA

NA

FMse, FMw, MI, Velocity, MD

FMse, FMw, MI, Velocity, MD

1

NA

31.28

*sum
of w
and se

FM, BBT, ROM

FM

WMFT

0

1

NA

MI, Mipinch, NIHSS, GripStrength

MI, Mipinch, GripStrength

RMI, mRS, BI

WMFT

1

0

NA

NA

FM, MRCwrist, MRChand, MI, AS,
Strength

MRCwrist, MRChand

BI, FIM, COPM

0

0

47.4

22.77

StrengthShoulder, StrengthGrasp,
StrengthPinch, aROMSh, aROMwr,
FM, ADLindependence, BDI-II

StrengthShoulder, StrengthGrasp,
aROMSh

JHFT, ADLindependence

0

0

11.6

NA

FM, MVC, ContractionLevel,
ContractionQuality

FM, MVC, ContractionLevel,
ContractionQuality

1

NA

31.8

*sum
of w
and se

FM, FMse, FMwh, MAS, RMSE,
ROM, MIVF, MIVE

FM, FMse, FMwh, MAS, RMSE,
MIVF, MIVE

1

NA

29.4

7.7
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Additional file 2: Reviewed articles (continued)
Authors

Year

Reference

Study
design

# of
subjects

Subject
type

Arm
segments
involved

Device

# of
sessions
in total

Dohle et al.

2013

114

CT

18

C

S

Linear shoulder robot

18

Frisoli et al.

2012

115

CT

9

C

SEF

L-Exos

18

60

6

18.00

U

Colombo et al.

2013

102

CT

20

SA

SE

MEMOS, Braccio di Ferro

30

30

3

15.00

U

Colombo et al.

2013

102

21

C

SE

MEMOS, Braccio di Ferro

30

30

3

15.00

U

Hu et al.

2013

116

CT

10

C

H

EMG-driven hand robot

20

60

7

?

U

Panarese et al.

2012

101

CT

18

C

SE

MEMOS

30

?

3

?

U

Squeri et al.

2013

74

CT

9

C

FW

3DoF wrist robotic exoskeleton

10

60

2

10.00

U

Year

Reference

Authors

1997

45

Volpe et al.

2000

46

Burgar et al.

2000

Lum et al.

# of
weeks
training

Therapy
duration (h)

6

Task Uni-,
Bimanual
U

TRAINING MODALITY
Passive

Aisen et al.

Session
duration
(min)

Passive-mirrored

Assistive

Active-Assistive

Path Guidance

Corrective

Resistive

Active

1

1

70

1

1

1

1

2002

71

1

1

1

1

Ferraro et al.

2003

52

Ferraro et al.

2003

52

Hesse et al.

2003

65

Fasoli et al.

2004

43

Krebs et al.

2004

50

Stein et al.

2004

51

Stein et al.

2004

51

1

Stein et al.

2004

51

1

Stein et al.

2004

51

1

Stein et al.

2004

51

Lum et al.

2004

72

1

1

1

Lum et al.

2004

72

1

1

1

Daly et al.

2005

53

Macclellan et al.

2005

54

Macclellan et al.

2005

54

Finley et al.

2005

55

Hesse et al.

2005

63

Lum et al.

2006

69

Lum et al.

2006

69

1

Lum et al.

2006

69

1

Kahn et al.

2006

81

Sanchez et al.

2006

109

Colombo et al.

2007

73

1

1

Colombo et al.

2007

73

1

1

Chang et al.

2007

83

Hu et al.

2007

86

Stein et al.

2007

90

Amirabdollahian et al.

2007

94

1

1

1

1

Amirabdollahian et al.

2007

94

1

1

1

1

Fazekas et al.

2007

103

1

Masiero et al.

2007

105

1

1

Rabadi et al.

2008

47

1

1

Volpe et al.

2008

56

54

1
1

1
1
1

1

1
1
1
1
1

1

1

1

1

1
1
1
1

1

1

1

1

1
1

1

1

1

1

1
1

1
1
1

1

1

1

1
1

1

1

1

Training modalities: review
Outcomes on Body functions measured

Outcomes on Body functions improved

StabilitySh, MAS, FMse, FMwh
MotorPowerScapular, MotorPowerRotatorCuff

Outcomes on Activities - measured

Outcomes on Activities - improved

Outcomes on
Body functions improved

Outcomes
on Activ. improved

FM
baseline

FM std
if provided

StabilitySh, MAS, FMse, MotorPowerScapular, MotorPowerRotatorCuff

1

NA

13.6

1.2

FM, MAS, aROMsh, aROMel, MT,
Smoothness, CCI_AD/PD, CCI_TB/
BP, el-sh_excersion

FM, MAS, aROMsh, aROMel, MT,
Smoothness, CCI_AD/PD

1

NA

35.8

18.2

FM, MASsh, MASel, AMI, MV,
nPL, SM

FM, AMI, MV, nPL, SM

1

NA

24.6

11.2

FM, MASsh, MASel, AMI, MV,
nPL, SM

FM, AMI, MV, nPL, SM

1

NA

20

8.2

FMse, FMwh, MASwr, MASfi,
MASel, EMG

FMse, FMwh, MASfi, EMG

1

1

28

7.9

%Succ, MV, nMD, nPK

%Succ, MV, nMD, nPK

1

1

NA

NA

ROM, RoAM, jerk, FM

ROM, FM

0

1

21

3.17

ARAT, WMFTscore,
WMFTtime

ARAT, WMFTscore,
WMFTtime

WMFT

WMFT

FEATURE OF HRI
Passive

Passivemirrored

Spring against
movement

Moving
attractor

Triggered
assistance

Pushing force (in
case of delay)

Emg-proportional

Tunnels

Spring-damper
guidance

Assistive constant force

Damper against
movement

1

1

1

1

1

1

1

1

1

Not clear

1
1

1

1
1
1

1

1
1
1
1
1
1
1
1

1
1

1

1

1

1

1

1
1
1
1

1

1

1

1

1
1
1

1

1

1

1

1

1

1

1

1
1

1

1

1

1
1

1

1
1
1

1

1

1

1

1
1

1

1

1
1
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Additional file 2: Reviewed articles (continued)
Authors

Year

Reference

TRAINING MODALITY
Passive

Passive-mirrored

Assistive

Active-Assistive

Path Guidance

Corrective

Resistive

Active

Krebs et al.

2008

49

1

Krebs et al.

2008

49

1

Krebs et al.

2008

49

1

Song et al.

2008

92

1

Takahashi et al.

2008

96

1

Takahashi et al.

2008

96

1

Colombo et al.

2008

99

1

1

1

Colombo et al.

2008

99

1

1

1

Treger et al.

2008

106

1

Ellis et al.

2009

80

1

Ellis et al.

2009

80

1

Cordo et al.

2009

82

Casadio et al.

2009

98

1

Hu et al.

2009

88

1

Housman et al.

2009

108

Posteraro et al.

2010

57

1

1

Posteraro et al.

2010

57

1

1

Lo et al.

2010

27

Kutner et al.

2010

91

Colombo et al.

2010

100

1

Conroy et al.

2011

58

1

1

Conroy et al.

2011

58

1

1

Zollo et al.

2011

60

1

Hesse et al.

2011

62

1

Hsieh et al.

2011

64

1

Hsieh et al.

2011

64

Burgar et al.

2011

68

1

1

1

1

Burgar et al.

2011

68

1

1

1

1

Abdullah et al.

2011

75

1

1

Stein et al.

2011

78

1

1

Merians et al.

2011

84

Wei et al.

2011

85

Wei et al.

2011

85

1

Lambercy et al.

2011

95

1

Riley et al.

2011

97

Masiero et al.

2011

104

Bovolenta et al.

2011

107

1

1

Dipietro et al.

2012

48

1

1

Dipietro et al.

2012

48

1

1

Liao et al.

2012

66

1

Hwang et al.

2012

79

1

Hwang et al.

2012

79

Duret et al.

2013

44

Song et al.

2013

93

1

Byl et al.

2013

112

1

Byl et al.

2013

112

Reinkensmeyer et al.

2012

110

Wu et al.

2012

67

Mazzoleni et al.

2013

59

1

1

Mazzoleni et al.

2013

59

1

1

Abdollahi et al.

2013

111

Pinter et al.

2013

76

1

Sale et al.

2012

77

1

Rabin et al.

2012

113

1

Pellegrino et al.

2012

61

1

Song et al.

2013

87

1

56

1
1

1
1

1
1

1

1

1
1

1

1
1

1

1
1

1

1

1

1
1
1

1

1
1

1

1

1

1

1

1

1

1
1
1

1

1
1

1

1

1

1

1
1

1

1

1

Training modalities: review
FEATURE OF HRI
Passive

Passivemirrored

Spring against
movement

Moving
attractor

Triggered
assistance

Pushing force (in
case of delay)

Emg-proportional

Tunnels

Spring-damper
guidance

1

1

1

1

1
1

Assistive constant force

Damper against
movement

Not clear

1
1

1
1
1

1

1

1

1

2

1
1
1

1
1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
1

1
1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1
1

1
1
1

1
1

1
1

1

1
1

1

1

1

1

1

1

1

1

1
1
1
1

1
1

1

1

1
1
1

1

1

1

1
1
1

1
1

1
1

1
1

1

1
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Additional file 2: Reviewed articles (continued)
Authors

Year

Reference

TRAINING MODALITY
Passive

Passive-mirrored

Assistive

Active-Assistive
1

Dohle et al.

2013

114

1

Frisoli et al.

2012

115

1

Colombo et al.

2013

102

1

Colombo et al.

2013

102

1

Hu et al.

2013

116

Panarese et al.

2012

101

Squeri et al.

2013

74

58

Path Guidance

Corrective

Resistive

Active

1
1
1

1

1
1

1

1

1

Training modalities: review
FEATURE OF HRI
Passive

Passivemirrored

Spring against
movement

Moving
attractor

Triggered
assistance

Pushing force (in
case of delay)

Emg-proportional

1

Tunnels

Spring-damper
guidance

Assistive constant force

Damper against
movement

Not clear

1

1

1
1
1
1
1

1

2

1

59

Chapter 3

Direct effect of a dynamic wrist and hand orthosis on reach and
grasp kinematics in chronic stroke

Nijenhuis SM, Prange GB, Stienen AHA, Buurke JH, Rietman JS
Proceedings of 14th IEEE International Conference on Rehabilitation Robotics 2015;
p.404-409

Chapter 3

Abstract
Many stroke patients have impaired arm and hand function. Distal arm and hand devices
may support functional use of the upper extremity in activities in daily life. The present study
assessed the direct effects of a passive dynamic wrist and hand orthosis on hand and arm
movements during the performance of a reach and grasp task in ten mildly to moderately
impaired chronic stroke patients. The use of the orthosis resulted in an increase in hand
opening, increase in trunk displacement and decrease in elbow ROM during the performance
of the reach and grasp task. Therefore, the use of an additional device supporting the arm
against gravity should be considered when using such an orthosis in future research, to
counteract potential compensatory trunk movements. The findings obtained in this study
are being taken into consideration for a longitudinal feasibility study using this orthosis in
combination with a computerized gaming environment in chronic stroke at home.

62

Direct effect of orthosis

Introduction
Many stroke survivors have impaired arm and hand function at the affected body side,
limiting independent performance of activities in daily life (ADL). Only 5-20% of the patients
have full functional recovery six months after stroke.1 In the long run, impaired arm and hand
function may result in non-use of the arm and hand in daily life, limiting the independence in
ADL even more.2 Many physical therapy interventions are available to stimulate restoration
of hemiparetic arm and hand function after stroke.3 It is known that interventions involving
highly repetitive, task-specific training in a motivating environment with active contribution
of the patient are important for optimal motor relearning.3-5 To enable this kind of intensive
treatment, the application of rehabilitation robotics is promising. Several systematic
literature reviews have shown the effectiveness of rehabilitation robotics for the hemiparetic
arm.6-10 The first developed robotic devices mostly focused on training of the proximal arm
only.6, 11, 12 However, in recent years a growing number of studies describe interventions
involving the distal arm and hand.13-16 Including the distal arm and hand is thought to be
essential for optimizing the (functional) training leading to a generalization effect of distal
arm and hand training to improved control of the entire upper extremity.14 An example of
a training device for the hand is the SaeboFlex (Saebo Inc., Charlotte NC, USA), which is
a custom fabricated passive orthosis assisting in hand opening during grasp and release
activities for individuals with moderate to severe hemiparesis.17 This orthosis is designed
to hold the wrist in extended position allowing functional grasps while supporting finger
extension via springs, and showed improvements in hemiparetic upper extremity function
after stroke.18, 19
Most studies involving training devices for the upper extremity so far are performed
in the clinic, while only limited studies are available which are performed at home.20,
21
The application of rehabilitation systems in domestic settings with remote monitoring
by healthcare professionals reduces the need for one-to-one treatment time, enhances
the availability of therapy and enables increased training dose. The present study was
performed as part of the first phase of the European SCRIPT project, in which a passive
dynamic wrist and hand orthosis was developed for interactive rehabilitation of the arm and
hand in chronic stroke at home.22 The training emphasizes both hand and wrist movements
during functional movements involving reaching and grasping. Since the present study
was performed as part of the design phase within the SCRIPT project, we were primarily
interested in the direct effects of the orthosis in a small sample of mild to moderate
impaired chronic stroke patients, before its clinical potential was examined in a longitudinal
feasibility study. The aim of the present study was to assess the direct effects of the orthosis
on primarily hand and wrist movements during the performance of a reach and grasp task.
In addition, the effects on proximal arm movements and temporal movement patterns
were examined. We hypothesized that the use of the orthosis facilitates hand opening and
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wrist extension, which is especially useful in the reach-to-grasp phase in handling objects
in ADL. In addition, we aimed to identify prognostic values from participants that benefited
most from the support provided by the orthosis. This knowledge might form a basis for
understanding or even predicting potential clinical changes when applying the wrist and
hand orthosis as a training device.

Methods

Participants
Participants were recruited from the Roessingh Rehabilitation Center, Enschede, the
Netherlands. Participants were eligible for inclusion if they suffered a first ischemic or
hemorrhagic stroke resulting in single-sided hemiparesis between 6 months and 5 years
ago, had limited arm and hand function but with at least 15° active elbow flexion and a
quarter range of active finger flexion, and had no shoulder pain or co-morbidities. The study
was approved by the local medical ethical committee and all participants provided written
informed consent before participation.

Study design
Participants were measured in the research lab during a single session cross-sectional
evaluation. In order to assess the functional capacity of the participants, two clinical tests
were carried out. The upper extremity motor section of the Fugl-Meyer assessment (FM,
max. 66 points) was used to measure arm and hand function,23, 24 and the Action Research
Arm Test (ARAT, max. 57 points) was used to assess dexterity.25, 26 Upper extremity movement
kinematics were measured during a reach and grasp task, mimicking a functional movement.
This task was performed in two conditions in randomized order: without and with wearing
a dynamic wrist and hand orthosis.

Dynamic wrist and hand orthosis
The dynamic wrist and hand orthosis (Figure 3.1) is a non-actuated custom-designed
exoskeleton which fits onto the forearm and hand and compensates for impairments caused
by spasticity and abnormal synergies.27 These impairments are characterized by involuntary
flexion torques, which disturb normal hand function. The orthosis offsets these undesired
torques. It interacts physically with the participant by applying external extension torques
to the wrist and extension forces to the fingers via leaf springs and elastic tension cords.
The amount of support can be adapted to provide more or less of an offset force, to enable
participants to train to their maximal capacity. During the reach and grasp task, the amount
of support was set based on a simple test to reach and grasp a soft ball several times, and
was increased (decreased) when this test was perceived to be too difficult (easy), in addition
to the participant’s opinion about comfort.
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Figure 3.1 Dynamic wrist and hand orthosis

Procedures
After the assessment of the FM and ARAT, the reach and grasp test was performed. The
participant sat on a chair, in front of a table. The starting position of the participant was with
the upper arm aligned to the trunk, with the elbow in 90° flexion, and with the palm of the
hand resting on the table in front of the participant (Position A in Figure 3.2). A bottle with
diameter of 6 cm was located at position B on the table, right in front of the participant.
The distance of the starting position A to position B was determined by near-maximal
(80%) active forward reach of each participant at the start of the task. The participant was
instructed to perform the following standardized task with the affected arm and hand, at a
comfortable, self-selected speed, for about ten subsequent repetitions:
1) Reach to position B, grasp the bottle
2) Hold the bottle and move the hand to position A
3) Bring the hand with bottle back to position B, release the bottle
4) Bring the hand back to position A (starting position)

Figure 3.2 Measurement setup during reach and grasp task
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Measurements
During the performance of the reach and grasp task, upper extremity movement kinematics
were recorded using a 3D motion analysis system (VICON MX13+ motion capture system,
Oxford Metrics, Oxford, UK). This system uses six infrared cameras to capture movements of
the arm and hand, by recording reflective markers placed on the upper extremity according
to guidelines of the International Society of Biomechanics for the arm28 and an adapted
version of a validated marker model for the hand.29

Data analysis
Recorded VICON data were analyzed using VICON Nexus 1.8.2 and custom-written software
in MATLAB (MathWorks Inc., Natick, Massachusetts, USA). The data were filtered with a
second order low pass Butterworth filter of 20Hz and zero phase shift. For each participant,
all ten task repetitions were analyzed for both conditions, and were sorted from largest to
smallest hand opening. For each participant, the average of the first seven repetitions (with
largest hand opening) was calculated and used for further analysis. For participants with
less than seven useful repetitions available (for example because of a poor data sample),
the average of the available data were used, with a minimum of three complete repetitions.
The primary parameters which were calculated from the 3D position data measured during
the reach and grasp task focused on the distal arm and hand. The range of motion (ROM) of
the wrist was calculated by subtracting the smallest angle from the largest angle between
the forearm and hand during the total movement task. The maximum hand opening (HO)
was determined as the maximum Euclidean distance between the tips of the thumb and
middle finger during the first phase of the movement task, the reach-to-grasp phase. The
moment of maximal wrist extension (WE) and moment of maximal HO were also calculated
in the reach-to-grasp phase, in which it is expected that participants might experience most
benefit from wearing the orthosis. This reach-to-grasp phase was defined as the movement
from start position A (0%) towards the target position B (100%). The start and end of the
reach-to-grasp phase were defined as the moment when the tangential velocity of the hand
marker exceeded (start) and came below (end) 2% of the maximum velocity in the first
reaching phase.30 In addition to distal arm and hand movement parameters, the following
parameters were also calculated over the complete reach and grasp task. ROM of the elbow
was determined between the largest and smallest joint angle between the lower arm and
the upper arm during the total movement task. Maximal forward trunk displacement (TD)
was defined as the maximal displacement of the trunk marker in the sagittal plane from the
start position during the total movement task. The movement time (MT) was defined as the
time participants needed to perform the total reach and grasp task. Movement onset was
defined as the moment when the tangential velocity of the hand marker exceeded 2% of
the maximum velocity in the first reaching phase. Movement offset was determined when
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the velocity was below 2% of the maximum velocity in the last returning phase.30 Movement
smoothness (MS) was quantified by jerk, and calculated as number of movement units
(nmu) in the tangential velocity profile of the hand marker. To define a movement unit, this
profile was searched for local minima and maxima: a difference between a minimum and
next maximum value that exceeded the amplitude limit of 20 mm/s indicated a velocity
peak. The time between two subsequent peaks was at least 150 milliseconds.30

Statistical analysis
Individual scores per condition were averaged across participants and reported as median
with interquartile range (IQR, 25th – 75th percentile). Outcomes were non-parametrically
tested for statistical significance due to the small sample size. The Wilcoxon signed ranks
test was used to determine the differences between both conditions (with and without
orthosis) on kinematic parameters. In addition, the relationship between clinical outcome
scores (FM and ARAT) and kinematic differences between condition (with versus without
orthosis) was assessed with Spearman’s correlation coefficient. Statistical analysis was
performed with IBM SPSS Statistics 19 for Windows and effects were considered statistically
significant for P < 0.05.

Results

Participants
Ten chronic stroke patients were included in the study. Participant characteristics and the
clinical FM and ARAT scores are presented in Table 3.1. Three participants had moderate
hemiparesis (FM 26 ≤ FM ≤ 50) and seven had mild hemiparesis (FM > 50). Due to partly
missing data of the wrist marker in four participants in the condition with orthosis, data of
the moment of maximal WE are presented from seven participants and ROM of the wrist
and elbow from six participants.
Table 3.1 Participant characteristics
N = 10
Gender

7 male / 3 female

Age (years)

60 (IQR: 49 – 70)

Months post stroke

15 (IQR: 14 – 25)

Affected body side

2 right / 8 left

Dominant arm

9 right / 1 left

FM (max. 66)

52.5 (IQR: 46 – 57)

ARAT (max. 57)

41.5 (IQR: 31.5 – 50.5)

Three participants showed an increase in wrist ROM (17.81, 18.19 and 5.01 degrees) using
the orthosis, although three other participants showed a decrease in wrist ROM (-13.80,
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-5.02 and -7.27 degrees) while wearing the orthosis. All ten participants increased their
maximal hand opening using the orthosis, ranging from 3.24 to 38.25 mm increase compared
to without orthosis.
On group level, a significant difference was found for maximal hand opening, ROM of the
elbow and trunk displacement when comparing both conditions: without and with wearing
orthosis (Table 3.2 and Figure 3.3). Maximal hand opening improved with a group median of
11.98 mm in the condition with orthosis (P = 0.005).
Table 3.2 Median with IQR of kinematic outcomes without and with orthosis

Max. HO (mm)

Without orthosis

With orthosis

10

172.21 (156.23 – 181.47)

184.59 (169.45 – 193.71)

10

58.68 (50.21 – 72.53)

61.07 (50.78 – 65.46)

Moment max. WE (%)

7

86.40 (67.08 – 99.30)

81.92 (72.55 – 98.87)

ROM Wrist (degrees)

6

54.25 (35.62 – 60.10)

50.72 (38.13 – 70.50)

ROM Elbow (degrees)

a

TD (mm)a

a

N
Moment max. HO (%)

a

6

50.54 (32.18 – 55.43)

46.33 (28.61 – 49.92)

10

64.13 (19.61 – 123.03)

85.40 (26.26 – 178.03)

MT (s)

10

6.50 (5.30 – 9.27)

7.54 (6.16 – 9.13)

MS (nmu)

10

15.50 (11.96 – 23.14)

18.07 (14.39 – 21.14)

Significant difference

Median differences with versus without orthosis
60

17.00

50
40
30

11.98

20
10

0.57

3.05
0.80

0
-10
-20

-1.07

-0.01

-5.33

Figure 3.3 Median differences with IQR ranges with versus without orthosis
Positive values represent an increase in outcome with orthosis, negative
values represent a decrease in outcome with orthosis
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Wearing the orthosis had a negative effect on the ROM of the elbow (P = 0.028) and trunk
displacement (P = 0.017), indicating that participants compensated more while wearing the
orthosis (median increase of 17.00 mm on TD and median decrease of 5.33 degrees on
elbow ROM). The other outcomes did not show statistically significant differences across
both conditions (P ≥ 0.285). Correlations between clinical scores and kinematic differences
with versus without orthosis were also calculated, but no significant correlations were found
(P ≥ 0.130).

Discussion
The aim of the present study was to assess the direct effects of a dynamic wrist and hand
orthosis on hand and arm movements during the performance of a reach and grasp task in
mildly to moderately affected stroke patients. As expected, the use of the orthosis facilitated
hand opening with a median improvement of 11.98 mm. This increase might be useful in
the reach-to-grasp phase in handling objects in daily life. It is expected that the orthosis
will also facilitate functional use of the impaired hand during training, by assisting finger
extension. This was also reported by other studies using other passive devices assisting in
finger extension.19, 31 One also showed an increase in ROM in opening and closing of the
hand after a training period using the device.31
The moment of maximal hand opening and maximal wrist extension in the reach-tograsp phase did not change when wearing the orthosis. Previous research has shown that
maximum hand aperture occurs at approximately 60 to 80% of the reach-to-grasp phase
and depends on the object size.32, 33 In our study, maximum hand opening took place at
median 58.68% without orthosis and 61.07% with orthosis, and maximum wrist extension
at 86.40% and 81.92%, respectively. This indicates that timing of hand opening and wrist
extension in this sample of stroke patients occurred in a pattern similar of that of healthy
persons. Wearing the orthosis did not affect the temporal pattern.
While wearing the wrist and hand orthosis, participants showed more compensation
strategies during the performance of the reach and grasp task, indicated by an increase
in trunk displacement and decrease in elbow ROM. This compensation strategy might be
related to the weight of the orthosis on the arm (about 0.7 kg), which could have impeded
the performance of the task on proximal level. Future design of this orthosis should therefore
focus on reducing the weight of the orthosis, to minimize compensatory trunk movements.
The use of devices supporting the weight of the proximal arm have been shown to facilitate
active arm movement excursions without impairing motor control, during reach and retrieval
movements in a single-session evaluation.34 The positive influence of gravity support is also
shown in longitudinal studies, showing improvements on the FM score after a period of
gravity-compensated training for the affected arm.11, 35 The application of both proximal and
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distal arm and hand support is needed to facilitate both arm and hand movements, allowing
more functional practice. This should also be taken into account in current physical therapy
programs involving other distal arm and hand training devices (for example 19), in which
specific attention is needed to correct abnormal movements of the trunk and proximal arm.
Unfortunately, wrist ROM data was available of only six participants, showing that the use of
the orthosis did not result in an increase of wrist ROM on group level. However, on individual
level, a large amount of variation between participants was found. Three participants
showed an increase and three participants a decrease in wrist ROM. The maximum wrist
ROM required to perform activities of daily living is between 60 degrees of extension and 54
degrees of flexion.36 Taking this into account, an improvement of 17.81 and 18.19 degrees
in wrist ROM for two participants included in this study is a major improvement for them. In
addition, it might be true that some of the participants included in this study were already
able to move the wrist within functional ranges by themselves for this specific reach and
grasp task, and did not need the benefit from the orthosis considering the wrist extension
support.
Correlation analysis did not reveal any strong associations between clinical FM or ARAT scores
and differences in kinematic outcomes with versus without orthosis. This could probably be
related to a select group of mild to moderate stroke patients included in this study, with FM
scores ranging from 37 to 57 points, with the majority of the patients having mild stroke. No
severe stroke patients (FM scores < 26) were included in this study. This is because the use
of the orthosis requires that the patient has at least some flexion activity in order to make
grasping movements possible. It is though possible that more severely affected patients
could also benefit from the support of the orthosis. Furthermore, our findings indicate
that patients that might benefit from this type of support cannot be specified in terms of
general clinical scales. Instead, a more detailed assessment on impairment level is needed.
For example the assessment of (high) wrist flexor tone and/or (low) wrist extensor activity
might be useful to identify those who could benefit most from the support of the orthosis
and therefore could have the largest potential for clinical improvement when applying the
orthosis as a training device.

Conclusion
The use of a dynamic wrist and hand orthosis showed a positive direct effect on hand
opening during the performance of a reach and grasp task in patients with chronic stroke.
The orthosis had a negative effect on trunk displacement and elbow ROM, which is probably
related to the weight of the orthosis on the arm. The use of an additional device supporting
the arm against gravity should therefore be considered when using such an orthosis in
future research, to counteract potential compensatory trunk movements. Furthermore,
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the temporal movement patterns, which resembled normal movement patterns, remained
unaffected by wearing the orthosis. Unfortunately, no conclusions can be drawn at this
point about which factors, in terms of general clinical scales, describe the participants that
might benefit most from the support of this orthosis. The findings obtained in this study will
be taken into consideration when preparing a longitudinal feasibility study focusing at user
acceptance and potential clinical benefits after a training period with the SCRIPT orthosis
in combination with a computerized gaming environment in chronic stroke at home. This
will include the use of an additional weight support device and inclusion of a wide range of
participants.
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Abstract
Background: Assistive and robotic training devices are increasingly used for rehabilitation
of the hemiparetic arm after stroke, although applications for the wrist and hand are
trailing behind. Furthermore, applying a training device in domestic settings may enable
an increased training dose of functional arm and hand training. The objective of this study
was to assess the feasibility and potential clinical changes associated with a technologysupported arm and hand training system at home for patients with chronic stroke.
Methods: A dynamic wrist and hand orthosis was combined with a remotely monitored
user interface with motivational gaming environment for self-administered training at
home. Twenty-four chronic stroke patients with impaired arm/hand function were recruited
to use the training system at home for six weeks. Evaluation of feasibility involved training
duration, usability and motivation. Clinical outcomes on arm/hand function, activity and
participation were assessed before and after six weeks of training and at two-month followup.
Results: Mean System Usability Scale score was 69% (SD 17%), mean Intrinsic Motivation
Inventory score was 5.2 (SD 0.9) points, and mean training duration per week was 105
(SD 66) minutes. Median Fugl-Meyer score improved from 37 (IQR 30) pre-training to 41
(IQR 32) post-training and was sustained at two-month follow-up (40 (IQR 32)). The Stroke
Impact Scale improved from 56.3 (SD 13.2) pre-training to 60.0 (SD 13.9) post-training, with
a trend at follow-up (59.8 (SD 15.2)). No significant improvements were found on the Action
Research Arm Test and Motor Activity Log.
Conclusions: Remotely monitored post-stroke training at home applying gaming exercises
while physically supporting the wrist and hand showed to be feasible: participants were able
and motivated to use the training system independently at home. Usability shows potential,
although several usability issues need further attention. Upper extremity function and
quality of life improved after training, although dexterity did not. These findings indicate
that home-based arm and hand training with physical support from a dynamic orthosis
is a feasible tool to enable self-administered practice at home. Such an approach enables
practice without dependence on therapist availability, allowing an increase in training dose
with respect to treatment in supervised settings.
Trial registration: This study has been registered at the Netherlands Trial Registry (NTR):
NTR3669
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Background
In the chronic phase after stroke, most people still have motor problems,1 leading to
difficulties in performing activities of daily living (ADL). Good arm and hand motor function
is essential to perform ADL independently. Therefore, restoration of arm and hand function
is a major objective in stroke rehabilitation. Research into motor relearning and cortical
reorganization after stroke has provided a neurophysiological basis for those aspects that
are important to stimulate restoration of arm function:2, 3 functional exercises, at high
intensity and with active involvement of the patient within a motivating environment.4, 5
New ways of providing healthcare services, such as teleconsultation and remote monitoring
and treatment in the patient’s home, often referred to as telerehabilitation, is widely
considered as having a bright future in the framework of an innovative rehabilitative
approach.6 The use of a rehabilitation service within the home allows the user to exercise
independently, in an intensive, active and functional way, in a familiar environment while
having continuous access to training tools. This gives the patient a sense of control and
autonomy, which might also contribute to a better treatment outcome.7 To enhance high
training adherence, exercises should be provided in a motivating training environment, for
instance via computerized gaming including feedback about performance.8 Furthermore,
a computerized telerehabilitation service enables remote monitoring of movements and
remote offline (indirect) supervision by a therapist. This should reduce the need for one-toone treatment time and home visits. This can help relieve the pressure on today’s healthcare
system which is challenged by an ageing society and increasing long-term conditions such
as stroke.9 It may also enable prolonged rehabilitation for those who may not be able to
access it due to resource and service restrictions within the healthcare system. However,
telerehabilitation for stroke is still in its infancy. Two reviews confirmed that only limited
numbers of telerehabilitation studies in the stroke domain are currently available.10,
11
More research is required including utilization,10 effectiveness and satisfaction11 of
telerehabilitation services after stroke. Thirteen of the 16 studies within both reviews
involved telerehabilitation programs with direct, online supervision, such as videoconsulting
or telephone calls. However, this still relies on therapist availability. Interestingly, both
reviews did not address the effective training duration as performed by participants during
the interventions, which is an essential factor in rehabilitation since this is (in relation to
intensity of training) a prerequisite for motor relearning. In addition, this is of particular
interest for studies involving remote treatment and offline supervision.
Developments in technology-mediated rehabilitation have made it possible to use
rehabilitation robotics to provide safe and intensive training to people with mild to severe
motor impairments after neurologic injury.12, 13 Such devices can provide high-intensity,
repetitive, task-specific, interactive training of the impaired upper extremity, and have the
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potential to more accurately quantify therapy and monitor patients’ progress. Rehabilitation
robotics has been shown to be effective for the hemiparetic arm.14-20 However, many training
studies using robotic devices focus on either the proximal or distal arm only.14, 17, 21 To improve
independent use of the upper extremity in daily life, it is important to include functional
movements of both the proximal and distal arm and hand into post-stroke training.22, 23 Two
examples are The Activities of Daily Living Exercise Robot (ADLER)24 and Gentle/G system25
which have the ability to train both reaching and grasping movements. A next step would
be to use such technology at home to support self-administered training, without requiring
direct therapist involvement continuously. This requires a training device to be compact and
easily transportable.
The current study aims to address the previously mentioned aspects: using a dynamic
wrist and hand orthosis in a motivational gaming environment for home rehabilitation to
enable and support a high dose of self-administered training, facilitating both proximal and
distal arm and hand exercises. In addition, participants are challenged to exercise at their
maximum capacity. One of the major issues for the success of telerehabilitation concerns
the question whether patients not only accept the technology and profit from it, but also
whether they can effectively use the system, and in what dose. This is especially relevant
in this study, in which participants were exposed to independent training at home, without
direct supervision, using a device which physically interacts with the arm and hand. Since
the technology-supported telerehabilitation system for the arm and hand was developed
specifically for this study, the evaluation fits best within the first two stages of telemedicine
evaluation. The first stage focuses on the feasibility and usability of the technology used
in an experimental design with a small number of subjects. In the second stage, potential
working mechanisms will be explored in a small group of subjects.26 Therefore, the objective
of this study was to examine feasibility (user acceptance, effective use) and potential clinical
changes (in arm and hand function) of a technology-supported arm and hand training
system at home in chronic stroke.

Methods

Participants
Three clinical sites in Europe (rehabilitation center Het Roessingh, Enschede, the Netherlands;
IRCCS San Raffaele Pisana, Rome, Italy; and the University of Sheffield, Sheffield, United
Kingdom) were involved in participant recruitment. Participants were recruited from local
rehabilitation centers and regional hospitals and through private physical therapy providers.
Inclusion criteria were: (1) patients had to be between 6 months and 5 years after stroke; (2)
between 18 and 80 years of age; (3) clinically diagnosed with partial central paresis of the
arm or hand due to stroke, but with at least 15° active elbow flexion and active finger flexion
of at least a quarter of the passive range of motion; (4) living at home with internet access; (5)
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having a carer who is co-resident or closely involved in their care; (6) able to understand and
follow instructions; (7) no additional orthopedic, neurological, or rheumatologic disease of
the upper extremity; (8) and absence of severe neglect or (uncorrected) visual impairments.
All participants provided written informed consent before participation. The study protocol
was approved by the local ethics committees in all three sites.

Study design
This feasibility study has a longitudinal design. Participants trained at home for six weeks
using the newly developed training system. Arm and hand function was evaluated one week
before training (T01), within one week after training (T08), and at two-month follow-up after
the end of training (T15). User acceptance (motivation and usability) was evaluated within
one week after training (T08). The training dose was automatically stored by the system
during the six weeks of training.

Intervention
Participants trained at home using games while they were supervised remotely, indirectly,
by a healthcare professional (HCP). This means that the participant and the HCP do not
need to be online at the same time. The HCPs involved in this study were trained clinical
researchers (human movement scientists), physical therapists or occupational therapists. All
participants were told that they could train at the time of day they preferred. The general
recommendation for training was about 30 minutes of exercise per day, six days per week.
They were allowed to practice additionally if they wished to. Firstly, two professionals
installed and initialized the training system at the participant’s home. This involved checking
that the system was fully operational and providing instructions to the participant and a
family carer regarding safe usage. Instructions for usage were shown within the patient user
interface of the system, and participants were also provided with a hard copy user manual.
This user manual also included a telephone number which participants could call in case of
technical failures or other needs for assistance of the system. During the first week following
installation, the HCP contacted each participant twice to ensure their competence with the
training system.
The training system (Figure 4.1) developed within the SCRIPT (Supervised Care and
Rehabilitation Involving Personal Telerobotics) project27 comprised: (a) a computer, (b) a
touchscreen, (c) the Saebo Mobile Arm Support (SaeboMAS) (Saebo Inc., Charlotte NC, USA)
and (d) the SCRIPT dynamic wrist and hand orthosis.28 The SaeboMAS was used for gravity
compensation of the proximal arm. The wrist and hand orthosis is a custom-designed
exoskeleton which fits onto the forearm and hand. The mechanical design of the orthosis,
in combination with the use of the SaeboMAS, allowed movements of the arm, wrist and
hand within functional ranges during training. Trunk movements were not constrained. The
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orthosis interacted physically with the participant by providing extension forces to the wrist
and fingers via passive leaf springs and elastic tension cords28. The amount of support could
be adjusted to provide more or less of an offset force, to enable participants to train to
their maximal capacity, with as little support as possible. For safety reasons, this amount of
support was set by the HCP at the start of the training, based on a simple test to reach and
grasp a soft ball several times. The amount of support was increased (decreased) when this
test was perceived to be too difficult (easy), in addition to the participant’s opinion about
comfort. The orthosis was equipped with sensors28 to measure the range of motion of the
wrist and fingers, and connected to the computer to allow game control and feedback on
performance. The computer contained all the software components needed to complete a
training session, including a user interface and games. The patient user interface, which was
managed via a touchscreen, allowed the participant to select a game, play the game, and
review his or her performance history (game scores and training duration). It also enabled
the participant to contact the HCP by sending a message.

Figure 4.1 Technology-supported training system
Left: training system in use at participant’s home, right: more detailed overview of specific components: (a)
Computer containing user interface and games, (b) Touchscreen showing one of the games, (c) SaeboMAS, (d)
SCRIPT wrist and hand orthosis

Three games with various categories were available for practice. The key gestures in the
games were hand opening and closing (grasping), wrist flexion and extension, forearm
pronation and supination, and elbow and shoulder movements (reaching). The integrated
sensors in the orthosis enabled game control by active execution of gestures (for example
wrist flexion or extension corresponded with an avatar diving under or jumping over
obstacles on the screen) beyond a threshold of 80% of the participant’s active range of
motion. In this way, participants were challenged to exercise at their maximum capacity.
This threshold was assessed prior to game playing through a calibration procedure of a
few minutes, involving the gestures relevant for the game to be played. The main goals of
the games were to provide a fun and engaging experience for interaction while assigning
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a task to the participant, and providing feedback about performance. In addition, visual
(e.g. representation of scores during and after exercising) and auditory (e.g. applause and
sound effects for correct movements) feedback was provided within the games to keep the
participants motivated and engaged in training. The games consisted of various categories,
which were classified in a schedule ranked according to increasing complexity. Games were
considered more complex when they required multiple planes of movement (from 1D to
3D), when the number of gestures involved to control the game were increased, or when
more difficult movements were needed (progression from proximal to distal movements,
and gross to fine manipulation). This game difficulty schedule was used by the HCP weekly
to provide the correct game categories to each participant. The HCP adjusted the training
program remotely, by accessing the HCP user interface. The HCP visited this user interface
daily, to check on potential messages from participants, and to follow the participants’
progress and training duration remotely. At that time, participants did not need to be online.
If the HCP noticed no or low use, he or she sent a motivational message to the participant.
The participant received this message the next time when he or she started a new training
session. The decision to provide more complex categories of games was supported and
verified by weekly home visits of the HCP to the participant’s home. During these weekly
home visits participants performed a training session with the HCP of about 15 minutes
of effective training. Above all, these visits were scheduled to answer potential questions,
informally monitor progress, adjust the amount of support from the orthosis when needed,
and encourage participants to practice more when training duration so far was low.

Evaluation
User acceptance
The frequency and duration of practice (effective use and excluding calibration or system
setup procedures) were recorded automatically by the system and displayed in the user
interface. Motivation and usability of the system during training as experienced by the
participants was measured using the Intrinsic Motivation Inventory (IMI) and the System
Usability Scale (SUS), respectively. The IMI is a questionnaire with several dimensions that
provides qualitative information about the content and level of motivation that a participant
experiences during an intervention.29, 30 It is scored on a seven-point Likert scale ranging
from ‘not at all true’ to ‘very true’. A neutral score on the IMI is four, and a higher score
means a more positive result on motivation.
The SUS is a 10-item scale giving a global view of subjective experience of usability.
Questions are scored on a five-point Likert scale ranging from ‘strongly agree’ to ‘strongly
disagree’. Scores are translated to 0-100%, with a higher score meaning better usability.31
Interventions that score in the 90s are exceptional, scores in the 70s and 80s are promising,
and with SUS scores below 50 one can be almost certain that the product or intervention
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will have usability difficulties in the field.32, 33 Both the IMI and SUS were completed during
the post-intervention evaluation measurement (T08).
Arm and hand function
Clinical tests were used to quantify general arm function, before and after training and at
two-month follow-up. The scales used are valid, standardized assessments, which were
applied according to their specific protocols. The Action Research Arm Test (ARAT) evaluates
coordination, dexterity and upper extremity function on four subtests (grasp, grip, pinch,
and gross arm movement). The maximum score is 57 points.34-36 The upper extremity part
of the Brunnstrom Fugl-Meyer assessment (FM) evaluates motor status and the degree of
synergy-development in the upper extremity, with a maximum score of 66.37, 38 Separate
scores were also calculated for proximal (maximum = 42 points) and distal components of
the FM (maximum = 24 points). The Motor Activity Log (MAL) is a semi-structured interview
specifically designed for hemiparetic stroke patients. It assesses the perceived use of the
paretic arm and hand (amount of use and quality of movement) during activities of daily
living.39 The maximum score for both subsections is five points. The Stroke Impact Scale
(SIS) is a questionnaire which assesses eight domains related to function, activities, and
participation. Each domain score has a range of zero to hundred percent.40, 41 A higher score
indicates better quality of life after stroke.

Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics 19 for Windows. All outcomes
were inspected for normal distribution using histogram plots including normal curves and
normal probability plots, and Shapiro-Wilk tests, prior to selection of appropriate statistical
tests. Descriptive statistics (mean with standard deviation (SD) for normal distributed
outcomes, or median with interquartile range (IQR) for non-parametric outcomes) were
used to describe the participant characteristics and all outcome measures. Clinical variables
over time were analyzed using mixed models repeated measures analysis with adjustments
for multiple comparisons (Sidak), or the non-parametric equivalent, Friedman’s ANOVA. In
case of significance for non-parametric variables, additional Wilcoxon Signed Ranks Tests
for multiple comparisons were performed, using adjusted P-values in accordance with the
Holm-Bonferroni correction. Additionally, the relationship between training duration and
training-induced changes was assessed with Pearson’s (or non-parametric Spearman’s)
correlation coefficient. The level for significance was set at α < 0.05 for all statistical tests.
When using the Holm-Bonferroni correction, significance levels corresponded with α <
0.0167, 0.025 and 0.05 (sorted in order of smallest to largest P-value, respectively).
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Results

Participants
Twenty-four participants were included in the study. Three participants were lost during the
study because of shoulder pain due to external causes, technical problems with the system,
and a desire to not continue. No post-training data is available from these participants, and
they were not included in data analysis. The characteristics of the remaining 21 participants
are displayed in Table 4.1. The group involved 9.5% mildly, 57.2% moderately and 33.3%
severely affected stroke patients, based on a categorization of baseline FM score.42 Data on
the SIS are incomplete for two participants, so analysis for this outcome was performed over
19 participants.
Table 4.1 Participant characteristics at baseline
Participants (N = 21)
Sex (male/female)

10/11

a

Age (years)b

59 ± 13 (34-80)

Time post stroke (months)b

19 ± 14 (6-50)

Type of stroke (infarction/hemorrhage)a

19/2

Affected body side (right/left)

7/14

Dominant arm (right/left)a

19/2

a

FM score (maximal 66 points)

33.1 ± 15.8 (9-56)

ARAT score (maximal 57 points)b

25.7 ± 21.0 (3-55)

b

4

Abbreviations: FM score: Fugl-Meyer assessment score at baseline; ARAT Score: Action Research Arm
Test score at baseline. a Absolute numbers, b Mean ± standard deviation (range)

User acceptance
Figure 4.2 shows the main effects concerning user experience. Twenty-one participants
used the system for six weeks, but with a large amount of variation in effective use between
and within individuals. Mean training duration for the group, averaged per week over six
weeks, was 105 minutes (SD = 66 minutes), whereas training duration ranged from 13 to
284 minutes per week across participants. In general, the motivation during training was
positive, as reflected in the mean score on the IMI of 5.2 points (SD = 0.9 points). The mean
score on the SUS is 69% (SD = 17%). On individual level, ten participants rated usability over
70%, seven between 50% and 70% and four below 50%.

Arm and hand function
The FM and SIS improved significantly after training (P = 0.002 and 0.004, respectively).
Subsequent multiple comparison analysis showed significant improvements between T01
and T08, with a median improvement of 4 points for FM, and mean improvement of 3.7
points for SIS (Table 4.2). For FM, this was sustained at two-month follow-up with a median
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improvement of 3 points from T01 to T15, and showed a trend for SIS (mean improvement of
3.5 points), indicating improved quality of life after stroke. Considering specific SIS domains,
the participants improved significantly on the domains strength (P = 0.004) and mobility (P
= 0.014), and showed a trend for ADL (P = 0.077) after training. The proximal component of
the FM showed a significant improvement over the training period (P = 0.012), with a mean
improvement of 2.8 points between T01-T08. This was sustained at two-month follow-up
(3.1 points improvement overall). A trend was found for the distal component of the FM (P
= 0.078). The other clinical outcomes showed no statistically significant changes after the six
weeks of training or at follow-up (Table 4.2).
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Figure 4.2 Individual results (colored lines) with group averages (dotted line) on user acceptance for (a) Training
duration per week (b) System Usability Scale and (c) Intrinsic Motivation Inventory
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Table 4.2 Clinical outcome scores pre-training (T01), post-training (T08) and at follow-up (T15)
Outcome measures

P-values

FMb

T01

T08

T15

ΔT08-T01

ΔT15-T01

ΔT15-T08

37 (30)

41 (32)

40 (32)

+4 (6)

+3.0 (9)

+0 (4)

0.001

0.003

0.312

+2.8 (3.9)

+3.1 (4.4)

+0.3 (1.5)

0.010

0.012

0.784

P = 0.002
FM_prox

21.7 (8.2)

a

24.5 (8.8)

24.8 (9.0)

P = 0.012
FM_distb

15 (17)

16 (17)

16 (18)

+1 (2)

+1 (4)

+0 (1)

20 (44)

29 (45)

29 (45)

+1 (2)

+1 (4)

+0 (3)

0.7 (2.0)

0.6 (2.2)

1.5 (1.9)

+0.0 (0.5)

+0.0 (0.8)

+0.0 (0.4)

0.9 (1.8)

1.1 (1.8)

1.5 (1.8)

+0.0 (0.6)

+0.2 (0.5)

+0.1 (0.4)

56.3 (13.2)

60.0 (13.9)

59.8 (15.2)

3.7 (4.9)

3.5 (6.6)

-0.1 (4.1)

0.003

0.055

0.999

+4.7 (13.6)

-5.9 (15.0)

P = 0.078
ARATb
P = 0.101
MAL_AOUb
P = 0.753
MAL_QOMb
P = 0.229
SISa
P = 0.004
SIS_Strengtha

44.7 (20.4)

55.4 (21.7)

49.4 (22.0)

+10.6 (11.8)
0.003

0.352

0.169

90.6 (46.9)

87.5 (31.3)

87.5 (34.4)

+0.0 (3.1)

+0.0 (6.3)

+0.0 (6.3)

65.7 (15.9)

67.6 (15.9)

70.0 (16.3)

+1.9 (11.0)

+4.4 (12.0)

+2.5 (11.1)

85.7 (17.9)

89.3 (14.3)

85.7 (14.3)

+0.0 (14.3)

+0.0 (14.3)

+0.0 (10.7

57.1 (18.9)

59.3 (20.6)

54.6 (19.8)

+2.2 (7.4)

-2.5 (9.2)

-4.7 (9.9)

55.0 (40.0)

67.5 (42.5)

70.0 (40.0)

+2.5 (12.5)

+5.0 (15.6)

+0.0 (15.0)

0.051

0.029

0.955

P = 0.004
SIS_Memoryb,c
P = 0.303
SIS_Emotion

a

P = 0.248
SIS_Communicationb,c
P = 0.523
SIS_ADLa
P = 0.077
SIS_Mobilityb,c
P = 0.014
SIS_Hand_functionb,c

5.0 (55.0)

15.0 (60.0)

20.0 (55.0)

+0.0 (15.0)

+0.0 (15.0)

+0.0 (10.0)

48.9 (20.8)

50.9 (21.1)

56.0 (23.3)

+2.1 (16.0)

+7.2 (17.0)

+5.1 (13.9)

52.3 (17.7)

54.0 (20.0)

53.0 (24.8)

+1.7 (11.3)

+0.8 (17.7)

+1.0 (14.8)

P = 0.927
SIS_Participationa
P = 0.132
SIS_Recoverya
P = 0.813

Group mean or median values at T01, T08 and T15 are displayed, in addition to change scores over training (ΔT08-T01),
after the end of training (ΔT15-T08) and over training and follow-up in total (ΔT15-T01). P-values of the main effect are
displayed in the first column and in case of significance, P-values of post-hoc tests are displayed in the last three columns
(significant P-values in bold). Abbreviations: FM: Fugl-Meyer, FM_prox: Fugl-Meyer proximal part, FM_dist: Fugl-Meyer
distal part, ARAT: Action Research Arm Test, MAL_AOU: Motor Activity Log Amount of Use, MAL_QOM: Motor Activity
Log Quality of Movement, SIS: Stroke Impact Scale, SIS_ADL: Stroke Impact Scale Activities of Daily Living section, T01:
baseline measurement pre-training, T08: evaluation measurement post-training, T15: two-month follow-up evaluation
measurement. a = Normally distributed variables displayed by mean (standard deviation) and analyzed by mixed models
repeated measures analysis. b = Non-parametric variables displayed by median (interquartile range) and analyzed by
Friedman ANOVA. c = N = 19 because of incomplete dataset
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Examination of the individual scores of each participant (Figure 4.3) shows that some
participants showed substantial improvements on clinical outcomes. Eight of the 21
participants reached minimal clinically important differences (MCID) for FM of 10%
improvement.43 ARAT scores showed less marked improvements, with three participants
reaching the MCID of 10% improvement.43 Seventeen of the 21 participants reported
improvements in quality of movement of the affected arm in daily life on the MAL, of which
14 also reported improved amount of use. Of those, seven achieved MCID improvements of
0.5 points44 for amount of use, and five for quality of movement on the MAL.
When examining the relationship between clinical outcome changes and training duration, a
correlation was observed for dexterity. A moderate-strong, significant correlation was found
between ARAT changes and training duration (Spearman’s rho = 0.686, P = 0.001) (Figure
4.4), which means that a higher training duration is associated with a larger improvement
in arm and hand dexterity.

Discussion
The current study is one of the first studies in which technology-supported arm and hand
training is performed in the patient’s home, where participants independently used a
training device for both the proximal and distal arm and hand, which physically interacted
with the participants, without direct supervision of an HCP. The objective was to examine
feasibility (in terms of user acceptance and effective use) and potential clinical changes of
the use of the training system. Results showed high marginal usability with potential for
application in the field and motivation during training was good, which was reflected in a
fair amount of effective use of 105 minutes per week. In addition, arm function improved
over training and was sustained at two-month follow-up. Taking into account cost estimates
as calculated within the SCRIPT project,27 home training with indirect supervision seems
not only to have clinical value, but could also be economically viable in comparison with
conventional rehabilitation and even home training as applied in many research studies
nowadays. Within one year, this technology-supported training for six weeks per patient
can be more cost-efficient when compared to dose-matched conventional therapy in the
clinic with direct supervision by a therapist. Remotely monitored and physically supported
arm and hand training at home showing feasibility and potential clinical value implies that
an approach without direct, online therapist supervision should have the potential to allow
practice without dependence on therapist availability. This might enable increased dose of
training with respect to supervised treatment in clinical settings. The results obtained in our
study correspond with those found in another home-based study, recently published by
Sivan et al.45 They evaluated the feasibility of a robotic device for proximal arm training that
can be used independently at home by stroke survivors with upper limb weakness.
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Figure 4.3 Individual (colored lines) and group (grey bars) results of the clinical scales for (a) Fugl-Meyer
assessment, (b) Action Research Arm Test, (c) Motor Activity Log Amount of Use, (d) Motor Activity Log Quality
of Movement and (e) Stroke Impact Scale. Abbreviations: FM: Fugl-Meyer, ARAT: Action Research Arm Test,
SIS: Stroke Impact Scale, MAL: Motor Activity Log, T01: baseline measurement pre-training, T08: evaluation
measurement post-training, T15: two-month follow-up evaluation measurement. *Missing data Stroke Impact
Scale: T01 N = 20, T08 N = 21, and T15 N = 19
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Figure 4.4 Scatter plot of average training duration and changes
in Action Research Arm Test score over training

On group level, they found a mean training duration of 520 minutes during the 8-week study
(which is about 65 minutes per week), and improvements on FM and ARAT of 1 point and
3 points, respectively. These improvements are comparable to the findings reported here,
although these were slightly less pronounced on function level compared to the present
study.45
A review by Coupar et al.46 involved four studies of in-home telerehabilitation for the upper
limb after stroke. They found home-based upper limb programs to be no more or no less
effective for arm motor impairment outcomes compared to upper limb programs conducted
in hospitals.46 In all included studies, the patients were (remotely) supervised at a fixed time,
and without examining the effective amount of self-administered training at home. This
is similar to other studies, in which a therapist in the clinic conducted treatment sessions
with patients located at home,47 or in a different room in the clinic.48, 49 In those studies the
training sessions were scheduled beforehand, with about five hours (or more) practice per
week. In our study, the HCP visited the participants only once per week (of which maximal
15 minutes of effective training), and patients were able to make their own decisions about
their training schedule, without further direct real-time supervision of a therapist. The
rationale for this was to remove the training constraints, and increase therapy availability.
However, this makes it difficult to compare the effective amount of training in the abovementioned studies with our study. The achieved training duration of approximately 105
minutes per week (about 15 minutes per day on average) suggests that stroke patients do
have the incentive to train independently at home. When comparing specifically with recent
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studies into home-based self-administered upper limb therapy programs after stroke, the
presently recorded effective use equals or even exceeds the adherence in those studies.45,
50, 51
It is important to note that this 15 minutes of training stored in the portal involved only
effective training time, which does not take into account for example donning and doffing
of the orthosis and the calibration procedure. The total time participants spent on the selfadministered training in this study would therefore be higher.
Usability of the system was rated sufficient, but the system might need improvements, which
will be taken into account for further development of the system. When the technology has
matured more, this should be tested in a large cohort study or cohort multiple randomized
controlled trial as the next stage in telemedicine evaluation,26 to investigate clinical effects
and explore if the results found here are comparable to conventional rehabilitation.
Products or interventions with SUS scores below 70% should be considered a candidate
for increased scrutiny and continued improvement.33 On individual level, half of the
participants rated usability over 70%, which means that the technology will have good to
excellent chances for acceptance in the field, whereas only four participants scored SUS
below 50% (a product or intervention will probably have usability difficulties).32, 33 One of the
examples of usability issues encountered by participants was unstable recording of the arm
movements in space, as measured by an inertial sensor, which did not allow participants to
fluently control and play one of the games involving reaching movement. Remarkably, two
of the four participants with low scores on usability still performed a fair amount of training
per week (>80 minutes). These two participants were not accustomed to new technologies
and computers and found it frustrating to interact with the orthosis, computer and games.
Despite their initial reservations, they decided to continue the therapy. Moreover, the
positive results on IMI on group level indicate that participants perceived the training to be
interesting and they enjoyed engagement with the system, which emphasizes the potential
of this type of training for involving stroke patients actively in (prolonged) training.
Although a direct comparison between self-administered home training and a control
group receiving comparable conventional treatment is lacking in the present study, the
improvements in motor function of the arm in the present study correspond with those
found in other robot-aided studies in chronic stroke in a clinical setting,14, 15, 17 and with
therapy programs for the upper limb performed at home.10, 45, 46 The improvements in our
study involved particularly proximal arm movements. It is conceivable that reduction of
arm weight did contribute to the gains presented by the proximal part of the FM, which is
similar to results presented in previous studies.52, 53 On individual level, eight participants
(three mildly, four moderately, one severely impaired participant) achieved MCID of 10%
improvement for FM. Remarkably, seven of the 21 participants reached MCID of MAL,
indicating that a third of the patients perceived a better use of the arm in daily activities,
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even though this was not reflected in an improved capacity as measured by ARAT. Of these
seven patients, three were moderately and four mildly impaired. Hence, it seems that mild
to moderate impaired patients benefit most from the intervention, which corresponds with
previously reported robot-aided upper limb exercise training after stroke.54 Furthermore,
it is important to keep in mind that this study was conducted with chronic stroke patients.
Ideally, home-based training should be considered at an earlier stage, for example as soon
as inpatient rehabilitation is finished. This likely involves patients in the (sub)acute phase
as well, where larger treatment effects would be expected. Although some participants did
achieve clinically relevant gains in arm and hand function, others did not, underlining the
need for further examination of which factors (for example age, time post stroke, stroke
severity, training adherence, personal characteristics etc.) are associated with better
treatment outcomes. This will assist in identifying who would benefit most from technologysupported, self-administered training at home, and ultimately, to find out for which patients
this kind of home-based training is most suitable.
Many training studies using technology supported devices focus on either the proximal14,
54
or distal21, 55 arm only. Important aspects of the current study are that it aimed to involve
functional movements of both the proximal and distal arm and hand within motivating
rehabilitation games during training. The games available for practice mostly required
movements of the arm, wrist and hand in sequence, like reaching, followed by wrist
flexion or extension, and then hand opening and closing. This may have played a role in the
limited effect on activity level, because proximal and distal movements may not have been
integrated optimally. Although the games specifically incorporated hand gestures, these
were rather coarse with generic flexion and extension of the thumb and fingers, and they
did not contain specific functional grasps representing the handling of various objects. The
expectation is that when such aspects are incorporated more specifically, exercises become
even more functional and task-specific, which is likely to further enhance the clinical impact,
predominantly on activity level.22, 56 Therefore, integration of proximal and distal arm
movements simultaneously, together with more functional and a larger variety of grasps,
should be considered more specifically when designing games or exercises with a diversity
of complexity for application in a training system dedicated to self-administered practice.
Although the arm function improvements in this study were comparable to those achieved
through other robot-aided studies, they are still modest. An important factor might be
the effective training duration. Although the average training duration was promising
with approximately 105 minutes per week, especially in the light of effective use in other
research into self-administered training,45, 50, 51 strong interindividual differences were
observed. Qualitative information obtained during home visits revealed that some of the
patients returned back to work or had a busy daytime schedule, limiting the time they had
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for the training. It is known that dose of robot-assisted training18, 57 and conventional stroke
rehabilitation4, 58 is an important factor for clinical improvement, although an optimal or
minimal dose is not yet known. The advised dose of 30 minutes per day, 6 days per week in
this study (which totals to 18 hours in six weeks) corresponds closely with the 16 hours of
additional training recommended by Kwakkel et al. to achieve clinically relevant functional
improvements.59 Observations on individual cases concerning a higher training duration and
clinical improvements suggest that if an increase in training duration can be established,
more pronounced clinical improvements might be achieved. Six participants who showed
marked improvements in FM score over training had a rather high training duration (>100
minutes per week), which was also supported by the significant correlation between training
duration and improvements in dexterity. In addition, the incorporation of a high variety
of games probably enhances motivation during training, which might further stimulate a
higher effective training duration. Additional motivational strategies might be implemented
to increase participants’ effective training time during self-administered training even more.
Future studies might consider approaches from the field of psychology to further explore
this potential.

Conclusions
In this study we evaluated the feasibility and potential clinical changes of self-administered
and remotely monitored arm and hand training at home, with physical support from a
dynamic wrist and hand orthosis and games representing exercises, in chronic stroke.
Usability was perceived as sufficient and motivation was good, although issues were
identified that need further improvements. Together with an effective use of 105 minutes
per week, these findings indicate that home-based arm and hand training with physical
support from a dynamic orthosis is a feasible tool to enable self-administered practice
at home. Arm function improved, together with modest improvements in quality of life,
indicating home-based arm and hand training can have clinical value, especially for mild
to moderately impaired patients. By stressing the functional nature of the exercises even
more in future applications, results on activity level may become more pronounced. Future
research using a larger sample of participants including a control group should further
examine ways to stimulate effective use and explore which factors are associated with
better treatment outcomes, to identify those who would benefit most from this remotely
supervised technology-supported training at home.
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Abstract
Objectives: To compare user acceptance and arm and hand function changes after
technology-supported training at home with conventional exercises in chronic stroke.
Secondly, to investigate the relation between training duration and clinical changes.
Design: A randomized controlled trial.
Setting: Training at home, evaluation at research institute.
Subjects: Twenty chronic stroke patients with severely to mildly impaired arm and hand
function.
Interventions: Participants were randomly assigned to six weeks (30 minutes per day,
six days a week) of self-administered home-based arm and hand training using either a
passive dynamic wrist and hand orthosis combined with computerized gaming exercises
(experimental group) or prescribed conventional exercises from an exercise book (control
group).
Main measures: Main outcome measures are the training duration for user acceptance
and the Action Research Arm Test for arm and hand function. Secondary outcomes are the
Intrinsic Motivation Inventory, Fugl-Meyer assessment, Motor Activity Log, Stroke Impact
Scale and grip strength.
Results: The control group reported a higher training duration (189 versus 118 minutes per
week, P = 0.025). Perceived motivation was positive and equal between groups (P = 0.935).
No differences in clinical outcomes over training between groups were found (P ≥ 0.165).
Changes in Box and Block Test correlated positively with training duration (P = 0.001).
Conclusions: Both interventions were accepted. An additional benefit of technologysupported arm and hand training over conventional arm and hand exercises at home was
not demonstrated. Training duration in itself is a major contributor to arm and hand function
improvements.
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Introduction
To enable intensive rehabilitation for the upper limb after stroke, many technological
devices have been developed.1 Robotic therapy has been reported to be effective for
improving hemiparetic arm function.2-4 Nevertheless, the effectiveness of robotic therapy
over conventional therapy is questionable and a lack of evidence for improvements on
activity level exists.1, 5 Attention for wrist and hand training in addition to the proximal
arm is important to emphasize the functional nature of robotic training and consequently
enhance functional gains.6 Moreover, improvements after distal robotic therapy have shown
generalization effects to the entire upper limb.7
To address training intensity, providing functional training at home may enable selfadministered practice, independent from therapists’ availability. The majority of devices are
designed for the clinical setting. They are technically advanced but consequently too complex
to be used by patients independently at home.1, 7 A home-based training system supporting
wrist and hand exercises was developed within the SCRIPT project8 and has shown feasibility
in chronic stroke patients across the United Kingdom, Italy and the Netherlands.9
The objective of the current study was to compare user acceptance, in terms of actual
training duration and motivation, and arm and hand function changes after technologysupported training at home to a conventional home exercise program in a small group of
chronic stroke patients. A secondary aim of the study was to investigate potential relations
between training duration and clinical changes.

Methods

Participants
Participants were recruited from a local rehabilitation center (Roessingh, Enschede) and
two regional hospitals (Streekziekenhuis Koningin Beatrix, Winterswijk and Ziekenhuisgroep
Twente, Almelo) in the Netherlands. Inclusion criteria for participants were: at least 6
months post-stroke; between 18 and 80 years old; movement limitations in the arm and/
or hand, but able to actively flex the elbow by at least 15° and actively flex the finger(s)
by at least 25% of the passive range of motion; living at home and having internet access;
understand and follow instructions. Exclusion criteria were: orthopedic or neurological
disease and/or pain restricting active range of motion of the upper extremity. All participants
provided written informed consent. The study protocol was approved by the medical ethical
committee Twente, Enschede, the Netherlands and is registered at the Netherlands Trial
Registry (NTR3669).
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Study design
The study was a randomized controlled trial, in which participants trained independently
at home for six weeks. Assignment to either the experimental or control group was
performed at the end of the pre-training evaluation using concealed envelops, in blocks
of two participants to ensure equal numbers of participants in each group. All participants
were recommended to practice 30 minutes per day for six days per week, or beyond if they
wished to, according to their preferred schedule. A trained clinical researcher visited each
participant once per week to check on competence with the exercises, monitor progress
and answer potential questions.
Participants in the experimental group consisted of the Dutch subgroup of the European
SCRIPT study.8, 9 They used the SCRIPT dynamic wrist and hand orthosis,10 the SaeboMAS
(Saebo Inc., Charlotte NC, USA) and a computer with touchscreen displaying gaming
exercises (Figure 5.1). The SaeboMAS provided gravity compensation of the proximal arm.
The instrumented wrist and hand orthosis is a custom-designed device providing extension
forces to the wrist and fingers via passive leaf springs and elastic tension cords.10 The
gaming exercises were controlled by arm and hand movements, recorded by sensors on the
orthosis, and consisted of hand opening and closing, wrist flexion and extension, pronation
and supination, and reaching forwards, backwards and sideways. The gaming exercises
involved various difficulty levels to match individual performance levels. The researchers
monitored progress and adjusted training programs remotely via a secured website. Further
details of the experimental intervention are reported elsewhere.9
Participants in the control group performed conventional exercises using an existing home
exercise program (Figure 5.1).11 The exercises involved three sets of increasing complexity to
match the level of individual participants.

Figure 5.1 Training setup at home for the experimental group (left) and control group (right)
Training for the experimental group involved the SCRIPT dynamic wrist and hand orthosis,10 the SaeboMAS (Saebo
Inc., Charlotte NC, USA) and a computer with touchscreen displaying gaming exercises. Training for the control
group involved conventional exercises from an exercise book.11
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Evaluation
User acceptance was assessed in terms of training duration and motivation. Participants
recorded self-reported frequency and duration of training in a diary. Daily training duration
(in minutes) was summed over one week to provide the weekly training duration (in
minutes). Weekly training duration averaged over six weeks represented average training
duration (in minutes per week). Motivation was assessed post-training using the Intrinsic
Motivation Inventory questionnaire.12, 13 A higher score represents higher motivation, with a
maximal score of seven and neutral score of four points.
Arm and hand function was evaluated at a research institute one week before training (preevaluation), within one week after training (post-evaluation) and two-months after the end
of training (follow-up). Evaluation consisted of valid, standardized clinical assessments: FuglMeyer assessment and grip strength (body functions and structures level), Action Research
Arm Test, Box and Block Test and Motor Activity Log (activity level) and Stroke Impact Scale
(participation level). The assessor was not blinded to group assignment.
The upper extremity part of the Fugl-Meyer assessment determines the degree of synergydevelopment in the upper extremity (maximal score = 66).14, 15 Maximal hand grip strength
was measured using a Jamar hand-held dynamometer, while the participant was seated
with the upper arm adducted, elbow flexed 90° and forearm in neutral position. The Action
Research Arm Test evaluates coordination, dexterity and upper extremity function (maximal
score = 57).16, 17 The Box and Block Test assesses manual dexterity in terms of number of
blocks grasped, transported and released in one minute.18 The Motor Activity Log is a semistructured interview to assess perceived use of the paretic arm and hand (amount of use
and quality of movement) during activities of daily life (maximal score = 5).19 The Stroke
Impact Scale evaluates quality of life by means of a self-reported questionnaire (maximal
score = 100%).20, 21

Statistical analysis
Non-parametric methods were applied due to the small sample size. Statistical analyses
were performed using IBM SPSS Statistics 19 for Windows with level of significance set at
α < 0.05. In case of multiple comparisons, adjusted P-values in accordance with the HolmBonferroni correction were applied.22
Descriptive statistics (median with interquartile range) were used for all outcome measures.
To examine differences between the experimental and control group, average training
duration, Intrinsic Motivation Inventory scores and clinical assessment scores were
compared using the Mann-Whitney test. Clinical assessment scores were analyzed across
sessions using Friedman’s Analysis of Variance. In case of significance, post hoc comparisons
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were done using the Wilcoxon signed ranks test. Additionally, correlation analyses were
performed for training duration and changes in clinical assessments using Spearman’s
correlation coefficient.

Results
Data is available from nine participants in the experimental and ten in the control group
(Figure 5.2). At pre-evaluation, no differences were found between both groups, except for
gender (Table 5.1).
There was a large amount of variation in training duration between individuals, ranging
from 13 to 423 minutes per week. The weekly training duration remained stable during the
training period (Figure 5.3). Averaged weekly training duration was lower (P = 0.025, Table
5.2) for the experimental group (median = 118 minutes) than for the control group (median
= 189 minutes).
Motivation during training was positive in both groups, as reflected in a median score on the
Intrinsic Motivation Inventory of 5.4 points for the experimental group and 4.9 points for the
control group (Table 5.2). No difference was found between groups (P = 0.935).
Enrolment

Assessed for eligibility (N = 63)
Excluded (N = 43)
• Not meeting inclusion criteria (N = 24)
• Declined to participate (N = 15)
• Other reasons (N = 4)
Completed pre-evaluation
Randomised (N = 20)

Week 1

Allocation
Week
2-7

Allocated to experimental group (N = 10)
• Received 6 weeks arm and hand training
with a technology-supported training
system

Allocated to control group (N = 10)
• Received 6 weeks arm and hand training
with an exercise book

Follow-Up
Lost to follow-up (N = 1)
• Shoulder pain due to external causes

Analysis
Week 8

Completed post-evaluation (N = 9)

Completed post-evaluation (N = 10)

Week 15

Completed follow-up-evaluation (N = 9)

Completed follow-up-evaluation (N = 10)

Figure 5.2 CONSORT flow diagram participant recruitment
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Table 5.1 Participant characteristics
Experimental group (N = 9)

Control group (N= 10)

7/2

3/7

58 (48-65)

62 (54-70)

11 (10-26)

12 (10-30)

9/0

7/3

2/7

6/4

Gender (male/female)a,c
Age (years)

b

Time post stroke (months)b
Type of stroke (infarction/hemorrhage)

a

Affected body side (right/left)a
Dominant arm (right/left)

7/2

7/3

Baseline Fugl-Meyer assessment score
(maximal 66 points)b

44.0 (11.5-51.0)

35.0 (20.3-48.0)

Baseline Action Research Arm Test score
(maximal 57 points)b

31.0 (3.5-50.0)

25.0 (3.8-30.8)

2/3/4

2/4/4

a

Stroke severity (mild/moderate/severe)a
a

Absolute numbers, median (interquartile range), statistically significant difference between groups
b

c

Self-reported training duration
(control)

600

MEDIAN
A10

500

A60

400

A80
A95

300

A11

200

A20
A94

100

A56

0

A08
Week Week Week Week Week Week
1
2
3
4
5
6

Training duration (minutes)

Training duration (minutes)

Self-reported training duration
(experimental)
600

MEDIAN
A01
A64
A06
A21
A37
A18
A66
A15
A79
A04

500
400
300
200
100
0
Week Week Week Week Week Week
1
2
3
4
5
6

Figure 5.3 Individual (colored lines) and group (grey bars) results of self-reported training duration for the
experimental group (left) and control group (right)

Both groups showed moderate improvements on most clinical assessments (Table 5.3).
Multiple comparison analysis showed improvements between pre-evaluation and postevaluation for the Fugl-Meyer assessment (P = 0.011) and the Action Research Arm Test (P =
0.016) for the control group, which were sustained at follow-up for the Action Research Arm
Test (P = 0.011). Regarding between-group differences (Table 5.3), changes after training did
not differ between groups for any of the outcome measures (P ≥ 0.165).
Training duration was strongly and positively correlated (Figure 5.4) with training-induced
changes in the Box and Block Test (ρ = 0.69, P = 0.001). Training duration showed a moderate
but nonsignificant correlation with changes in Fugl-Meyer assessment (ρ = 0.41, P = 0.079)
and Action Research Arm Test (ρ = 0.41, P = 0.078).
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Table 5.2 Median (interquartile range) outcomes on user acceptance per group
Experimental group (N = 9)

Control group (N = 10)

P-Value

Average weekly training duration (minutes)

118 (51 – 176)

189 (143 – 266)

0.025

Intrinsic Motivation Inventory –
total scale (score)

5.4 (3.4 – 6.7)

4.9 (4.7 – 6.8)

0.935

Intrinsic Motivation Inventory –
interest / enjoyment (score)

4.9 (3.7 – 6.3)

5.4 (2.6 – 7.0)

0.744

Intrinsic Motivation Inventory –
perceived competence (score)

4.7 (1.8 – 6.2)

4.2 (2.7 – 6.0)

0.838

Intrinsic Motivation Inventory –
effort / importance (score)

5.0 (3.8 – 7.0)

6.9 (4.4 – 7.0)

0.074

Intrinsic Motivation Inventory –
perceived choice (score)

5.6 (4.0 – 7.0)

5.4 (3.6 – 7.0)

0.652

Intrinsic Motivation Inventory –
pressure / tension (score)

5.8 (1.0 – 7.0)

5.0 (2.8 – 7.0)

0.902

Intrinsic Motivation Inventory –
value / usefulness (score)

5.8 (1.0 – 7.0)

6.3 (4.3 – 7.0)

0.671

ρ = .41
P = 0.079

ρ = .41
P = 0.078

ρ = .69
P = 0.001

Experimental group
Control group

Figure 5.4 Correlations (indicated by ρ with P-values) of averaged weekly training duration with training-induced
changes in clinical outcome measures

Discussion
The present findings show that both technology-supported training and conventional
exercises were accepted by stroke patients as self-administered treatment at home.
Training was perceived as equally fun and motivating in both groups. Both groups reported a
substantial amount of time spent on their exercises, with the control group reporting higher
duration (189 versus 118 minutes per week). Changes in arm and hand function did not
differ between groups.
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54.0 (47.0 – 72.6)
66.1 (58.2 – 75.2)

Control

1.1 (0.3 – 2.2)

Experimental

2.0 (0.2 – 2.3)

Control

1.6 (0.4 – 2.4)

Control

Experimental

1.9 (0.2 – 2.6)

Experimental

18 (0.0 – 26.0)
10.5 (0.0 – 18.3)

Controlc

25.0 (3.8 – 30.8)

Experimental

31.0 (3.5 – 50.0)

Experimental

Control

Controlb

14.0 (5.5 – 22.5)
10.0 (4.5 – 17.0)

Experimental

16.0 (1.0 – 19.5)
10.5 (3.5 – 14.3)

Experimental

Control

Control

62.5 (59.3 – 76.3)

56.2 (49.4 – 72.6)

1.4 (0.2 – 3.0)

2.0 (0.3 – 2.4)

1.8 (0.6 – 3.2)

1.8 (0.2 – 2.8)

11 (0.0 – 24.5)

15 (0.0 – 27.0)

26.0 (4.5 – 38.8)

29.0 (4.0 – 50.5)

10.5 (4.8 – 16.3)

14.0 (6.5 – 23.0)

13.0 (3.8 – 15.5)

16.0 (1.5 – 19.5)

25.5 (16.0 – 33.3)

24.0 (11.0 – 34.5)

39.0 (19.8 – 50.5)

41.0 (12.5 – 54.0)

Post

2.0 (0.8 – 3.0)b
0.0 (0.0 – 5.0)

0.0 (-1.0 – 1.0)
0.5 (0.0 – 5.0)
-0.1 (-0.2 – 0.0)
0.3 (-0.1 – 0.6)
0.0 (-0.2 – 0.3)
0.2 (0.0 – 0.6)
1.8 (-1.0 – 2.9)
1.0 (-3.0 – 4.9)

19 (0.0 – 29.5)
13.5 (0.0 – 23.5)
1.7 (0.3 – 3.0)
1.4 (0.3 – 2.6)
1.9 (0.3 – 2.6)
1.2 (0.3 – 2.4)
50.7 (47.4 – 71.7)
63.2 (56.8 – 75.5)

a

-0.9 (-2.4 – 1.4)

1.4 (-3.2 – 4.1)

0.1 (0.0 – 0.2)

0.1 (-0.1 – 0.3)

0.0 (-0.3 – 0.3)

0.0 (-0.2 – 0.4)

2.5 (0.0 – 6.0)

0.0 (-1.0 – 1.5)

1.0 (-0.3 – 4.3)

1.0 (0.0 – 2.8)b

0.0 (-2.5 – 3.0)

0.5 (0.0 – 2.3)

0.0 (-1.0 – 1.5)

0.0 (-1.0 – 1.0)

0.5 (0.0 – 2.3)

26.0 (5.0 – 34.8)

0.0 (-0.5 – 1.0)

16.0 (2.0 – 19.5)
12.5 (3.8 – 17.0)

1.0 (-1.0 – 2.5)
0.0 (-0.3 – 2.0)

32.0 (3.5 – 50.0)

1.0 (0.0 – 2.0)

0.0 (-2.0 – 1.0)

1.0 (-0.5 – 2.5)

24.0 (11.0 – 33.5)
25.0 (16.0 – 33.5)

1.5 (-0.3 – 3.0)

1.0 (-2.0 – 4.0)

0.5 (-0.3 – 2.0)

1.5 (1.0 – 4.0)a

38.0 (19.8 – 50.5)

14.0 (8.5 – 20.5)

1.0 (-0.5 – 3.5)

40.0 (13.0 – 54.0)

Changes
Follow-up – Pre

12.0 (4.8 – 23.8)

Changes
Post – Pre

Follow-up

Statistically significant difference within group. Post hoc test: post scored higher than pre
b
Statistically significant difference within group. Post hoc test: post scored higher than pre, follow-up scored higher than pre
c
Statistically significant difference within group. Post hoc test: no difference after correction

Stroke Impact Scale

Motor Activity Log
quality of movement

Motor Activity Log
amount of use

Box and Block Test

Action Research Arm
Test

Grip strength

Fugl-Meyer assessment
distal part

26.0 (10.0 – 32.5)
23.5 (16.8 – 32.3)

Experimental

35.0 (20.3 – 48.0)

Controla

Fugl-Meyer assessment
proximal part

44.0 (11.5 – 51.0)

Experimental

Fugl-Meyer assessment

Pre

Group

Outcome measures

Table 5.3 Median (interquartile range) clinical outcome measures
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0.0 (-1.3 – 0.3)

0.0 (-1.0 – 0.5)

Changes
Follow-up – Post
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The current study is one of the first in which self-administered arm and hand training
was evaluated in chronic stroke patients in their own home, without real-time therapist
supervision. The acceptability of this type of technology-supported training at home is in line
with another study investigating technology-supported treatment at home.23 Furthermore,
it shows similar Intrinsic Motivation Inventory scores as interventions using rehabilitation
technology in a clinical setting.24, 25 The acceptability is also reflected in a fair amount of
practice during first-ever use of the current system at home, suggesting that it is a promising
way to enable independent practice.
The lack of differences in effect on arm and hand function between technology-supported
and conventional therapy is comparable with studies performed in a clinical setting1, 5 and
at home.26 The extent of arm and hand function improvements is in line with other studies
into home-based rehabilitation in chronic stroke.23, 27 Wolf et al.26 did find clinically relevant
improvements after home-based telemonitored robotic-assisted therapy in patients less
than six months post-stroke.26 This indicates that home-based training can be considered
at an early stage after stroke, to take optimal advantage of the time window for recovery.28
The limited improvements after technology-supported training may be related to the inability
to achieve the recommended training duration of 180 minutes per week. A minimal dose
of 16 hours of additional training is suggested to increase the chance of achieving clinically
relevant treatment effects.29 The actual training duration in the present study amounted
to 11.8 hours. This has likely been insufficient to generate consistent improvements in all
patients, which is in line with some other studies investigating technology-supported arm
and hand training at home.23, 27 The importance of training duration, regardless of training
content, is emphasized by the positive correlation between training duration and traininginduced changes in arm and hand function.
To enhance training duration or adherence, more attention towards motivational strategies
is needed when applying technology for self-administered practice. For example, in the
present study three games were available for the experimental group, versus maximally 34
exercises for the control group. This may have played a role in the higher training duration
of the control group. A large variety of attractive functional exercises is important to
prevent boredom and abandonment.6 In addition, regular contact between patients and
a professional has a motivational effect and increases therapy adherence.30, 31 Indeed, the
weekly home visits were highly appreciated by the participants in both groups.
The present findings should be interpreted with care, due to several limitations of the present
study. Firstly, neither the assessor nor the participants were blinded to group assignment.
Secondly, the current study represents a first, explorative insight into the acceptability of
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self-administered technology-supported training at home based on a limited number of
participants. The small sample size limits the generalizability of the results. Thirdly, there
was a difference in gender distribution between groups. However, patient adherence to
conventional physical therapy was reported to be not different between men and women.32
In the present study, results were not remarkably different between men and women either.
Lastly, a possible inaccurate recall and overestimation of the home-based exercises may
have caused a discrepancy in the self-reported training duration between both groups.33
The experimental group knew that their training duration was recorded objectively within
the training system as well, likely leaving less room for inaccurate recall or overestimation
compared to the control group.
An additional benefit of technology-supported training over conventional arm and hand
exercises at home was not demonstrated in the present study. At this point the available
research suggests that training duration in itself is a major contributor for changes in arm
and hand function, regardless of the training content. On the other hand, technologysupported training at home was accepted by stroke patients. Several issues, especially with
respect to improving adherence, should be investigated further. This may allow optimization
of technology to support treatment at home, and would require re-evaluation before a
conclusion can be drawn about its added benefit. Based on results of the current study, a
power calculation shows that a future randomized controlled trial would require at least 25
participants per group.

Clinical message
•
•
•

Technology-supported treatment at home was accepted, but was associated with a
lower level of practice than conventional treatment.
The additional benefit of technology-supported training over conventional exercises
at home was not demonstrated.
Training duration in itself is a major contributor for changes in arm and hand
function
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Abstract
Objective: To investigate the relationships between an extensive set of objective movement
execution kinematics of the upper extremity and clinical outcome measures in chronic
stroke patients: at baseline and after technology-supported training at home.
Methods: Twenty mildly to severely affected chronic stroke patients participated in the
baseline evaluation, 15 were re-evaluated after six weeks of intensive technology-supported
or conventional arm/hand training at home. Grip strength, 3D motion analysis of a reachand-grasp task and clinical scales (Fugl-Meyer assessment (FM), Action Research Arm Test
(ARAT) and Motor Activity Log (MAL)) were assessed pre and post training.
Results: Most movement execution parameters showed moderate-to-strong relationships
with FM and ARAT, and to a smaller degree with MAL. Elbow excursion explained the largest
amount of variance in FM and ARAT, together with grip strength. The only strong association
after training was found between changes in ARAT and improvements in hand opening
(conventional) or grip strength (technology-supported).
Conclusions: Elbow excursion and grip strength showed strongest association with poststroke arm function and activities. Improved functional ability after training at home was
associated with increased hand function. Addressing both reaching and hand function
are indicated as valuable targets for (technological) treatment applications to stimulate
functional improvements after stroke.

112

Exploring relations kinematics and clinical outcome measures

Introduction
Upper extremity hemiparesis is a major problem in patients with stroke, affecting their
independence in performance of daily life activities.1 Therefore, optimal recovery of arm and
hand function is an important goal in stroke rehabilitation. Essential treatment aspects for
neurorehabilitation are intensive practice with active engagement of the patient, performing
meaningful task-specific exercises in a high dose.2-4 Technology-supported treatment can
facilitate independent, self-administered training with many repetitions and enhance the
dosage of treatment, especially when applied in a (partly) therapist-independent setting,
for instance at home. Although several studies have shown that technology-supported
interventions are effective to improve upper extremity motor function after stroke, their
influence on activity level is less understood.5-7 This might be explained by the fact that
many of those technology-supported interventions are focused on body function level, even
though ultimately its impact is desired on activity level.6
Another factor which might contribute to the limited understanding of how technologysupported interventions can influence performance on activity level is an inappropriate
choice of outcome measures.8-10 Inclusion of outcome measures covering all domains of
the International Classification of Functioning, Disability and Health (ICF) is recommended.11
However, when clinical outcome measures are applied to quantify those domains,
improvements on for instance activity level cannot be attributed to either recovery or
compensation. ‘Recovery’ is used in this paper to describe improvements resulting from
restitution or repair of structures and functions, ‘compensation’ is defined as the appearance
of alternative movement patterns or the use of alternate joints or end effectors during the
accomplishment of a task.12 In order to differentiate between recovery and compensation,
more detailed information of movement patterns and strategies is needed, collected in
an objective and reliable way.12-14 This is usually not part of standardized clinical outcome
measures since they mainly focus on task accomplishment. However, kinematic movement
analysis can provide valuable information on the quality of functional task performance, at
least when assessed in a research setting.
With a better understanding of the relation between objective movement execution
parameters of the affected arm and hand after stroke (as assessed via kinematics and grip
strength) and sensorimotor function or activity limitations (as assessed via clinical outcome
measures), we gain more insight into underlying mechanisms and may be able to specify
areas of attention for (design of) upper extremity interventions.12, 15, 16 Moreover, the
effect of an intervention on restoration of function by recovery or compensation might be
distinguished, in order to better understand how the intervention affects the restoration
capacity of a patient.
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Previous research in stroke patients showed significant relations between kinematic outcomes
measured during a reach and grasp task and sensorimotor function and activity limitation
of the upper extremity.17, 18 Movement smoothness and total movement time, together
with compensatory trunk displacement were associated with activity capacity (assessed
by the Action Research Arm Test (ARAT)).17 Another study found trunk displacement alone
explaining the majority of variance in sensorimotor function (assessed by the Fugl-Meyer
assessment (FM)).18 Kinematic variables assessed during a reaching task (including endpoint
variables, trunk involvement, joint recruitment and interjoint coordination) were significant
predictors for improvement in self-perceived activity performance in daily life, as measured
with the Motor Activity Log (MAL) in mild to moderate chronic stroke.19 These studies show
partly overlapping results on one hand, but on the other hand tend to differ, with various
kinematic outcome measures used in different tasks. A study with a comprehensive set of
movement execution parameters is desired in order to provide a more complete picture.
Therefore, we determined the relationships between an extensive set of movement
execution parameters (measured via kinematics) during a functional reach and grasp task
and grip strength, and outcomes on sensorimotor function, activity capacity and selfperceived activity performance (measured via clinical outcome measures) in mildly to
severely affected chronic stroke patients. To obtain a more in-depth insight into the role of
recovery versus compensation, we examined whether and how training-induced changes
in movement execution parameters were related to training-induced changes in clinical
outcome measures after technology-supported or conventional arm and hand training at
home.

Methods

Participants
Kinematic data obtained during two previous studies on chronic stroke patients within
the Supervised Care and Rehabilitation Involving Personal Telerobotics (SCRIPT) project20
were combined in the current work for additional analysis: a cross-sectional measurement
in which direct effects of a passive dynamic wrist and hand orthosis on hand and arm
movement kinematics were assessed21 and a randomized controlled trial (RCT) with six
weeks of intensive, self-administered arm and hand training at home.22 All participants
signed informed consent forms before inclusion into either study, approved by the medical
ethical committee Twente, Enschede, the Netherlands and registered at the Netherlands
Trial Registry (NTR3669). Both studies had the same inclusion criteria: > 6 months post
stroke, age between 18 and 80, movement limitations in the arm and/or hand, but with at
least 15 degrees active elbow flexion and able to actively flex the finger(s) by at least 25% of
the passive range of motion, live at home with internet access, and able to understand and
follow instructions. Exclusion criteria were: orthopedic or neurological disease and/or pain
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restricting active range of motion of the upper extremity.

Procedures
During a cross-sectional measurement (PRE), 20 participants underwent clinical
measurements to evaluate status of arm and hand function and dexterity, hand grip
dynamometry to measure maximal grip strength and a functional reach and grasp task
to determine movement execution. A subset of 15 participants repeated the same
measurements after six weeks of intensive training for the arm and hand at home (POST).
These participants used either a technology-supported training system (experimental group)
or performed conventional exercises from an exercise book (control group). The details of
both interventions are described elsewhere.22
Clinical outcome measures
The sensorimotor function of the arm was measured with the upper extremity part of the
Fugl-Meyer assessment (FM). The FM assesses the ability to perform isolated movements
of the arm, wrist, hand and coordination within and out of synergy. The maximal score is
66.23, 24 Activity capacity was evaluated by the Action Research Arm Test (ARAT). The ARAT
evaluates dexterity on the subtests grasp, grip, pinch and gross arm movements, with a
maximal score of 57.25, 26 The Motor Activity Log (MAL) was used to assess self-perceived
activity performance, in terms of amount of use (AOU) and quality of movement (QOM)
of the paretic arm and hand during activities of daily life. The MAL is a semi-structured
interview with 26 items and has a maximal score of five for both subsections.27
Grip strength
The maximal grip strength of the affected hand was measured using a hand-held
dynamometer, while the participants sat on a chair, with the shoulder adducted, the elbow
flexed 90 degrees and neutral position of the forearm and wrist. Participants were verbally
encouraged to squeeze the dynamometer with maximal strength. The best result from three
repetitions, separated by 15 seconds of rest, was used for analysis.28
Reach and grasp task
A standardized reach and grasp task was performed to measure upper extremity movement
execution during a functional task, related to activities of daily living. Each participant sat on
a chair, with the shoulder adducted, the elbow in 90 degrees flexion, with the palm of the
hand resting on the table in front of the participant (Point A in Figure 6.1). The reach and
grasp task involved four phases: forward reaching to a bottle with diameter of six cm placed
on the table and grasping it (Point B in Figure 6.1), holding the bottle while moving the arm
to the start position (Point A), bringing it back to the original position (point B) on the table
and releasing the bottle, and returning the hand to the start position. The distance of the
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start position to the bottle was determined by near-maximal (approximately 80%) active
forward reach at the start of the task. The participant was instructed to perform the reach
and grasp task with the affected arm and hand, at a comfortable, self-selected speed for
about ten repetitions. The trunk was not constrained during the reach and grasp task and
compensatory trunk movements were allowed and measured.

Figure 6.1 Measurement setup during reach and grasp task

Kinematic data analysis
Upper extremity movement kinematics were recorded during the reach and grasp task,
using a 3D motion analysis system (VICON MX13+ motion capture system, Oxford Metrics,
Oxford, UK). Six infrared cameras captured movements of the arm and hand by recording
of reflective markers. These markers were placed on predefined points of the thorax and
upper extremity according to the guidelines of the International Society of Biomechanics for
the arm29 and an adapted version of a validated marker model for the hand (Figure 6.3).30
The captured VICON data were analyzed using VICON Nexus 1.8.2 and transferred to MATLAB
(R2013b, MathWorks Inc., Natick, Massachusetts, USA,) for custom, offline analysis. The
data were filtered with a second order low pass Butterworth filter of 20Hz and zero phase
shift. For each participant, the average of the seven repetitions with largest hand opening
was used for further analysis. For participants with fewer useful repetitions available, for
example in case of a poor data sample, the average of at least three useful repetitions was
used. For participants without useful data on hand opening, for example in case of problems
grasping the bottle, the average of the seven middle trials was used in statistical analysis. No
data on hand opening are available for these participants in the results. Data were recorded
from all four phases in the reach and grasp task, but only data from the first phase (the reach
to grasp phase) were used for analysis in this paper (Figure 6.2).
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1. Forward
reach and grasp

2. Hold and move
to start position

3. Hold and forward
reach and release

4. Return to start
position

Figure 6.2 Four phases of the reach and grasp task
Shown is the velocity profile (mm/s) of the hand marker. The dot and square represent the start and end of the
reach to grasp phase, respectively.

The following kinematic variables were calculated from the 3D position data during this
first reach to grasp phase. The maximal velocity (mm/s) was defined as the maximal of
the tangential velocity profile of the hand marker (MCP3 in Figure 6.3). The movement
time (MT) was defined as the time (s) participants needed to perform the first phase of
the reach and grasp task. Movement onset and offset were defined as the moment at
which the tangential velocity of the hand marker exceeded and dropped below 2% of the
maximal velocity, respectively.31 Movement smoothness (MS) was defined as the number
of movement units (nmu) in the tangential velocity profile of the hand marker, which was
searched for local minima and maxima. According to Alt Murphy et al. 2011, a difference
between a minimum and next maximum value exceeding the amplitude limit of 20 mm/s
indicated a velocity peak, if the time between two subsequent peaks was at least 150
milliseconds.31 The maximal hand opening (HO) was determined as the maximal Euclidean
distance (mm) between the tip of the thumb and the tip of the middle finger. Although the
transport and grasp components predominantly occur simultaneously (in parallel) in most
healthy people, stroke patients often prefer serial processing of movements.32 The moment
of maximal hand opening relative to the moment of maximal hand speed was used as a
measure of temporal pattern, using the formula:14
Temporal pattern =

Moment maximal hand opening
Moment maximal velocity

* 100%

Forward trunk displacement (TD) was defined as the difference between the maximal
and minimal forward displacement (mm) of the trunk marker (Th2) in the sagittal plane.
Thoracohumeral joint angles were calculated according to the recommendations of the
International Society of Biomechanics.29 Joint excursions of the elbow, wrist and shoulder
were calculated as the difference between maximal and minimal joint angles (degrees)
during the first phase of the reach and grasp task. Elbow flexion and extension excursion
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(EE) was defined as the joint angle between the forearm and the humerus. Wrist flexion and
extension excursion (WE) was calculated by the angle between the vectors joining the wrist
and forearm markers and wrist and hand markers. The shoulder joint orientation (Figure
6.3) was represented by the elevation plane (EP), elevation angle (EA) and axial rotation
(AR). The EP was defined as the angle between the humerus and a virtual line through
the shoulders, viewed in the transversal plane. The EA represented the angle between the
humerus and thorax, in the plane of elevation. The AR was defined as the rotation around a
virtual line from the glenohumeral joint to the elbow joint.

RS

US

FT3

FT1
MCP3

C7

AC
EL

US

EM1
EM2
EL

T8

EL
US

AC

Th

EM2
EM1
PX

Figure 6.3 Joint angles of the shoulder and marker positions (adapted from Krabben et al. 201233)
Abbreviations: EP: Elevation Plane, EA: Elevation Angle, AR: Axial Rotation, PX: processus xiphoideus, C7: 7th
cervical vertebra, T8: 8th thoracal vertebra, Th: thorax markers on a triangular frame with Th1: upper marker on
incisura jugularis, Th2: middle marker on sternum, Th3: lower marker on sternum, AC: acromioclavicular joint, EL:
lateral epicondyle, EM2: medial epicondyle (proximal marker on pointer), EM1: medial epicondyle (distal marker
on pointer), US: ulnar styloid, RS: radial styloid, MCP3: metacarpophalangeal 3, FT1: distal phalanx of the thumb,
FT3: distal phalanx of the third finger

Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics 22 for Windows with level of
significance set at α < 0.05. All outcome measures were inspected for normal distribution
using histogram plots including normal curves and normal probability plots, and ShapiroWilk tests, prior to selection of appropriate statistical tests. Descriptive statistics (mean with
standard deviation (SD)) were used for all outcome measures.
Relationships between clinical outcome measures (FM, ARAT and MAL), grip strength
and kinematic variables at PRE were evaluated using Pearson’s or Spearman’s correlation
coefficient. To examine which predictor or combination of predictors explained the greatest
amount of variance in clinical outcome measures, multiple linear regression with forward
deletion was used. Only kinematic variables which showed strong significant correlations (r
≥ .70) with the clinical assessments were entered into the regression model, in addition to
known kinematic variables which show correlations with clinical outcome measures after
stroke.17, 18 Probability for entry in forward regression was set at .05 and removal at .10.
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Prior to these analyses, tests were done to ensure no violation of assumptions of normality,
linearity and homoscedasticity by checking histogram plots including normal curves and
normal probability plots of the residuals and the scatterplot of standardized residuals
against standardized predicted values. Multicollinearity among the predictors was checked
by inspecting the individual correlations among predictors and tested by the criterion of
a variance inflation factor greater than 10. In cases of very strong correlations (≥ 0.80)
between predictors, one predictor is substituted for another.
Considering training-induced changes, outcomes on the clinical measures, grip strength and
kinematic variables were analyzed between sessions (PRE versus POST) using the dependent
t-test or Wilcoxon signed ranks test. To examine differences between the experimental and
control group, clinical outcome scores, grip strength and kinematic variables were compared
using the independent t-test or Mann-Whitney test, at PRE, POST and mean change.
In addition, correlation analyses were performed for training-induced changes on clinical
outcome measures (FM, ARAT and MAL) and changes in grip strength and kinematic
variables using Pearson’s or Spearman’s correlation coefficient.

Results

Participants
Cross-sectional baseline data from 20 participants were analyzed. From 15 of those
participants post training data was available as well, divided randomly between a control
group (N = 8) and experimental group (N = 7). Participants showed a large variation of stroke
severity, ranging from severely to mildly impaired patients, based on baseline FM score.34
Considering participant characteristics at baseline (Table 6.1), there were no differences
between the two training groups.

Cross-sectional measurement PRE training
Correlations
Sensorimotor function (FM) correlated strongly (r ≥ .70) with grip strength, maximal velocity
and elbow excursion. FM correlated moderately (r ≥ .40) with movement time (negatively),
maximal hand opening, trunk displacement (negatively), and shoulder excursion axial
rotation (Table 6.2). The same kinematic variables correlated with activity capacity (ARAT),
with comparably strong associations (Table 6.2). Self-perceived activity performance
(MAL) correlated with grip strength, maximal hand opening, elbow excursion and shoulder
excursion axial rotation, but the associations were slightly weaker for elbow excursion (Table
6.2). An example of a relation between a clinical outcome measure (FM) and kinematic
variable (elbow excursion) is displayed in Figure 6.4.
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Table 6.1 Participant characteristics at baseline (absolute numbers or mean (standard deviation))
Cross-sectional
measurement PRE
Gender

Training data PRE (N = 15)

All participants N = 20

Control N = 8

Experimental N = 7

12 male / 8 female

3 male / 5 female

6 male / 1 female

Age in years

60 (11)

61 (10)

57 (12)

Months post stroke

21 (18)

27 (26)

16 (10)

16 infarction /
3 hemorrhage /1 unknown

6 infarction /
2 hemorrhage

7 infarction /
0 hemorrhage

Affected body side

12 left / 8 right

4 left / 4 right

5 left / 2 right

Dominant arm

3 left / 17 right

2 left / 6 right

1 left / 6 right

Fugl-Meyer score
(maximal 66 points)

40 (15)

38 (12)

40 (18)

Action Research Arm Test score
(maximal 57 points)

28 (18)

26 (16)

33 (21)

7 mild / 8 moderate /
5 severe

2 mild / 4 moderate /
2 severe

2 mild / 3 moderate /
2 severe

Type of stroke

Stroke severity

Table 6.2 Correlation coefficients between clinical outcome measures and kinematic variables

Grip Strength (kg)a
Movement Time (s)

a

FM score
(max 66)a

ARAT score
(max 57)

MAL AOU
(0-5)

MAL QOM
(0-5)

.85 (N = 17)

.84 (N = 17)

.70 (N = 17)

.82 (N = 17)

-.50 (N = 20)

-.51 (N = 20)

-.34 (N = 17)

-.30 (N = 17)

Smoothness (nmu)

-.16 (N = 20)

-.21 (N = 20)

-.06 (N = 17)

-.02 (N = 17)

Max Hand Opening (mm)

.51 (N = 16)

.54 (N = 16)a

.57 (N = 13)

.56 (N = 13)

Max Velocity (mm/s)

.75 (N = 20)

.63 (N = 20)

.30 (N = 17)

.41 (N = 17)

Temporal pattern (%)

.07 (N = 16)

.19 (N = 16)

a

-.07 (N = 13)

-.13 (N = 13)

Trunk Displacement (mm)

-.65 (N = 20)

-.57 (N = 20)

-.38 (N = 17)

-.39 (N = 17)

Elbow Excursion (degrees)

.81 (N = 20)

.80 (N = 20)a

.56 (N = 17)

.68 (N = 17)

Wrist Excursion (degrees)

.23 (N = 20)

.09 (N = 20)

.09 (N = 17)

.12 (N = 17)

Shoulder Excursion – Elevation Plane (degrees)

.26 (N = 20)

.32 (N = 20)

.45 (N = 17)

.48 (N = 17)

Shoulder Excursion – Elevation Angle (degrees)

-.15 (N = 20)

-.16 (N = 20)

.09 (N = 17)

.10 (N = 17)

Shoulder Excursion – Axial Rotation (degrees)

.57 (N = 20)

.64 (N = 20)

.58 (N = 17)

.62 (N = 17)

a

Abbreviations: FM: Fugl-Meyer assessment, ARAT: Action Research Arm Test, MAL AOU: Motor Activity Log Amount
of Use, MAL QOM: Motor Activity Log Quality of Movement, nmu: number of movement units.
Values shown are Pearson correlation coefficients, or Spearman’s rho indicated with a. Significant correlations in
bold.
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ρ = .81
P = 0.000

Figure 6.4 Scatterplot of Fugl-Meyer score with elbow excursion

Multiple linear regression analyses
Forward multiple regression revealed that one kinematic variable, elbow excursion,
explained the largest amount of variance in the assessment of sensorimotor function,
explaining 60.3% of the total variance in FM score. Elbow excursion and grip strength
together explained 68.4% of the total variance in the assessment of activity capacity (ARAT),
with a unique contribution of 12.0% (P = 0.027) and 10.2% (P = 0.039), respectively. In the
models of MAL AOU and MAL QOM, grip strength was the only predictor that explained
variance in self-perceived activity performance for both models, explaining 33.9% and
40.5% of the variance, respectively (Table 6.3).

Training data
At the PRE evaluation session, a significant difference between groups was found on
smoothness, in favor of the experimental group (Table 6.4). Significant improvements
over training were found for FM, MAL QOM and maximal velocity in the control group.
The experimental group showed a significant decrease in elbow excursion after the training
intervention. Significant differences between groups were found for training-induced
changes on elbow excursion range, in favor of the control group (Table 6.4).

Correlations training-induced changes
In contrast with the correlations found at the PRE evaluation measurement, only a few
significant correlations were observed in both groups when examining associations between
training-induced changes in clinical and kinematic outcome measures on individual level via
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correlation analysis (Table 6.5). For the control group, improvements in activity capacity
(ARAT) were strongly associated with improvements in maximal hand opening (ρ = .89, P =
0.041). For the experimental group, changes in activity capacity (ARAT) were associated with
increased grip strength (ρ = .94, P = 0.001). Remarkably, a change in self-perceived activity
performance (MAL QOM) was associated negatively with changes in grip strength (ρ = -.77,
P = 0.044), and MAL AOU was associated negatively with changes in wrist excursion (r = -.94,
P = 0.002) and changes in increased shoulder excursion elevation angle (r = -.91, P = 004).
Table 6.3 Results of multiple linear regression analyses (based on N = 17)
Model
1
2
3

4
5

Dependent
variable

Extracted predictors
in forward regression

FM

Constant

ARAT
ARAT

MAL AOU
MAL QOM

Unstandardized Coefficients
B

Std. Error

17.209

4.472

Elbow Excursion

.620

.123

Constant

1.682

5.773

Elbow Excursion

.790

.159

Constant

.695

5.124

Elbow Excursion

.482

.195

Grip Strength

.723

.318

Constant

.833

.376

Grip Strength

.062

.020

Constant

.618

.330

Grip Strength

.062

.018

Adjusted R2

Model P-value

.603

.000

.597

.000

.684

.000

.339

.008

.405

.004

Abbreviations: FM: Fugl-Meyer assessment, ARAT: Action Research Arm Test, MAL AOU: Motor Activity Log Amount
of Use, MAL QOM: Motor Activity Log Quality of Movement

Discussion
The current study investigated the relationships between an extensive set of objective
movement execution kinematics, obtained from 20 chronic stroke patients during a functional
reach and grasp task, grip strength and clinical outcome measures on sensorimotor function,
activity capacity and self-perceived activity performance. This evaluation was repeated in
15 stroke patients after six weeks of arm and hand training at home, aimed at obtaining
a more in-depth insight into the role of recovery versus compensation in technologysupported training. Almost all movement execution parameters showed strong or moderate
relationships with sensorimotor function and activity capacity at the PRE measurement,
with strongest correlations for grip strength and elbow excursion. The strong relationships
seen during the PRE measurement were not transferable to relationships considering
training-induced changes on individual level.
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Table 6.4 Mean values (SD) clinical outcomes and kinematic variables PRE and POST training
Group
FM score (maximal 66 points)
ARAT score (maximal 57 points)
MAL AOU (0-5)
MAL QOM (0-5)
Grip strength (kg)
Movement Time (s)
Smoothness (nmu)
Max hand opening (mm)

PRE

POST

Mean change

CON N = 8

37.9 (12.0)b

40.1 (12.6)b

2.3 (1.8)

EXP N = 7

39.6 (17.7)

41.0 (16.9)

1.4 (2.9)

CON N = 8

26.3 (16.0)

28.8 (16.7)

2.5 (3.0)

EXP N = 7

32.6 (21.3)

32.6 (21.5)

0.0 (1.4)

CON N = 8

1.9 (1.2)

2.3 (1.3)

0.4 (0.6)

EXP N = 7

1.9 (1.1)

1.9 (1.2)

0.0 (0.2)

CON N = 8

1.7 (1.1)b

2.0 (1.3)b

0.3 (0.4)

EXP N = 7

1.7 (1.0)

1.8 (1.0)

0.0 (0.2)

CON N = 8

14.1 (8.4)

14.5 (9.2)

0.4 (2.2)

EXP N = 7

18.4 (14.7)

19.3 (14.8)

0.9 (4.4)

CON N = 8

4.5 (3.3)

3.7 (3.1)

-0.9 (1.5)

EXP N = 7

2.3 (0.7)

2.1 (0.7)

-0.3 (0.6)

CON N = 8

10.5 (8.1)a

8.6 (8.0)

-2.0 (2.8)

EXP N = 7

5.3 (2.3)

5.5 (2.0)

0.2 (2.2)

CON N = 5

160.0 (24.0)

162.8 (20.9)

2.8 (9.9)

174.1 (17.5)

173.4 (9.1)

EXP N = 5
Max velocity (mm/s)
Temporal pattern (%)
Trunk displacement (mm)
Elbow excursion (degrees)
Wrist excursion (degrees)
Shoulder Excursion - Elevation Plane (degrees)
Shoulder Excursion - Elevation Angle (degrees)
Shoulder Excursion - Axial Rotation (degrees)

a

-0.7 (10.7)

CON N = 8

375.3 (132.7)b 470.8 (180.7)b

EXP N = 7

505.5 (182.7)

509.3 (140.8)

3.7 (95.5)

CON N = 5

137.6 (84.7)

137.3 (42.5)

-0.4 (44.8)

EXP N = 5

187.2 (96.5)

114.5 (59.2)

-72.7 (80.5)

CON N = 8

88.6 (55.3)

108.1 (70.2)

19.5 (49.1)

EXP N = 7

67.7(49.8)

76.5 (54.8)

8.8 (38.2)

CON N = 8

29.1 (19.3)

30.4 (17.5)

1.3 (4.2)c

EXP N = 7

39.4 (17.2)b

36.2 (15.6)b

-3.1 (3.3)c

CON N = 8

24.0 (8.8)

25.5 (8.4)

1.5 (5.6)

EXP N = 7

20.3 (13.0)

23.0 (11.1)

2.7 (6.5)

CON N = 8

32.8 (16.8)

30.9 (19.4)

-1.9 (6.7)

EXP N = 7

36.5 (12.3)

29.8 (7.3)

-6.7 (11.4)

CON N = 8

17.3 (4.8)

19.3 (7.1)

2.0 (3.7)

95.5 (70.5)

EXP N = 7

13.9 (8.0)

13.5 (6.1)

-0.4 (7.6)

CON N = 8

40.1 (20.0)

38.7 (20.3)

-1.4 (9.0)

EXP N = 7

43.4 (19.3)

35.3 (13.4)

-8.1 (11.3)

Abbreviations: FM: Fugl-Meyer assessment, ARAT: Action Research Arm Test, MAL AOU: Motor Activity Log Amount
of Use, MAL QOM: Motor Activity Log Quality of Movement, CON: control group, EXP: experimental group, PRE:
evaluation measurement pre-training, POST: evaluation measurement post-training, nmu: number of movement
units.
Significant values in bold. a Significant difference between groups at PRE (Independent t-test or Mann-Whitney U test),
b
Significant difference within groups (PRE vs POST: Paired t-test or Wilcoxon Signed Ranks, c Significant change
between groups (Mean change: Independent t-test or Mann-Whitney U test).
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Table 6.5 Correlation coefficients training induced changes clinical outcomes measures and kinematic outcomes
for the control group (left) and experimental group (right)
Control group (N = 8)

Experimental group (N = 7)

FM

ARAT

MAL
AOU

MAL
QOM

Grip Strength (kg)

-.42

.66

.33

-.37

MT (s)a

.05

-.57

-.29

.02

MS (nmu)

.47

-.20

.22

.56

MS (nmu)

.07

.07

.10

.10

Max HO (mm)b

.14

.89

.42

.59

Max HO (mm)b

-.79

-.75

.23

.80

a

FM

ARAT

MAL
AOU

MAL
QOM

Grip Strength (kg)a

.75

MT (s)

.30

.94

.45

-.77

.32

-.28

-.32

Max Velocity (mm/s)

.02

.68

.43

.25

Max Velocity (mm/s)

.61

.27

-.27

-.40

Temporal pattern
(%)b

-.17

.11

-.35

-.09

Temporal pattern
(%)b

-.39

-.11

.26

.30

TD (mm)a

.11

-.43

.24

-.14

TD (mm)

-.08

.00

-.52

-.26

EE (degrees)

-.03

.15

.32

.12

EE (degrees)

-.57

-.59

.41

.72

WE (degrees)

.25

.16

.11

.10

WE (degrees)

.31

.11

-.94

-.55

EP (degrees)

.01

.15

-.39

-.09

EP (degrees)

.42

.40

.56

-.13

EA (degrees)

-.25

.09

-.21

-.10

EA (degrees)

.42

.26

-.91

-.61

AR (degrees)

-.22

.11

.10

.09

AR (degrees)

.66

.54

.29

-.31

Abbreviations: FM: Fugl-Meyer assessment (maximum 66), ARAT: Action Research Arm Test (maximum 57), MAL
AOU: Motor Activity Log Amount of Use (0-5), MAL QOM: Motor Activity Log Quality of Movement (0-5), MT:
movement time, MS: movement smoothness, nmu: number of movement units, HO: hand opening, TD: forward
trunk displacement, EE: elbow flexion and extension excursion, WE: wrist flexion and extension excursion, EP:
elevation plane, EA: elevation angle, AR: axial rotation.
Significant correlations in bold. a Spearman’s rho (otherwise Pearson Correlation), b Correlations based on N = 5.

Cross-sectional measurement PRE training
Previous studies demonstrated high associations among clinical outcome measures, such
as FM and ARAT.35-37 Associations of kinematic outcomes with clinical outcome measures
have also been examined,17-19 but with a limited set of movement execution parameters. In
the current study, strong relationships were found for movement execution parameters and
grip strength with sensorimotor function and activity capacity. The relationships with selfperceived activity performance in daily life were weaker, which is comparable to previous
research.17 In the current study, elbow excursion was the most significant contributor to
the variance in FM score (60.3%), and a combination of elbow excursion and grip strength
explained the majority of variance (68.4%) in ARAT score.
Other studies indicated that movement smoothness and total movement time, together
with compensatory trunk displacement associated best with ARAT17 and trunk displacement
with FM18. However, outcomes involving hand grip strength17, 18 and elbow excursion
(range of motion)17 were not included in these above-mentioned studies. We also found
moderate correlations for FM and ARAT with movement time and trunk displacement, but
elbow excursion and grip strength showed stronger associations in the regression models
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when all of these parameters were considered. It can be argued that compensatory trunk
displacement might be reflected in decreased elbow excursion. Indeed, initial inspection
of the data for multicollinearity showed a moderate negative correlation between trunk
displacement and elbow excursion, which supports these findings in the context of previous
research.
The present findings on PRE correlations and corresponding determinants strongly suggest
that it is valuable for treatment applications in neurorehabilitation after stroke to consider
targeting at least elbow excursion and hand grip strength, i.e., both reaching and grasping.
This is in agreement with studies indicating that task-specific, functional exercises have a
high potential to stimulate functional improvements.38

Training data
In line with this, we applied a newly designed training intervention aimed at both reaching
and grasping within the SCRIPT project.20 Nevertheless, functional improvements as assessed
using clinical outcome measures after the training interventions were most pronounced,
yet limited, in the control group performing home exercises related to activities of daily
living from a booklet.22 The additional in-depth analysis of changes in kinematic outcome
measures in the current study revealed improvements in maximal hand movement velocity
in the control group only. In the experimental group, elbow excursion showed a remarkable
decrease. Although unexpected, this may point towards an association with the lack of
improvement in sensorimotor function or activities in the experimental group, considering
the correlation outcomes at PRE.
Overall, improvements in sensorimotor function, activity limitations or movement execution
parameters, if any, were modest at best. This makes it difficult to fully address the aim of
whether mechanisms of recovery and/or compensation were involved in this case. Some
indications can be derived from the direction of improvement. The control group showed an
improvement in sensorimotor function (FM) and activity performance (MAL QOM) together
with an improved hand movement velocity. However, the experimental group reduced their
ability to reach as reflected by a decrease in elbow excursion, which could be a sign of
increased compensation. However, since only limited changes on group level occurred in
the current sample after these two particular interventions, this does not reflect conclusive
evidence.

Correlations training-induced changes
It is recognized that individual data display large variations between stroke patients, also
in terms of amount of change after a (technology-supported) intervention.39 Therefore,
correlation analysis of change scores, considering individual cases, might reveal a more
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realistic picture in understanding which factors may contribute to functional improvements
and in which patients. In this regard, the findings in the current sample suggest that
improvements in activity capacity after training were most associated with improvements
in hand function (either in terms of range of motion or strength). However, the absolute
differences were small.
Surprisingly, the self-perceived performance measure showed different results than the
capacity measure. A change in MAL after training was negatively correlated with changes
in grip strength, wrist excursion and shoulder excursion elevation angle in the experimental
group, which is difficult to interpret in context of the current study. This is possibly because
of the subjective nature of the MAL, or the MAL measuring other constructs than actual
performance. Potentially, participants could relate this to other qualities of movement.
Further, improvements on function, capacity and self-perceived performance might not
occur simultaneously.40
In general, chronic stroke patients are thought to benefit most from task-specific
interventions,41 involving both reaching and grasping, which was the approach for both
training interventions.22 The fact that changes in activity capacity were associated with
predominantly hand function improvements, whereas no substantial hand function
improvements were evident on group level after technology-supported training, suggests
that this intervention apparently did not sufficiently target hand function. Although the
intervention with the current sample did not provide the desired information, we expect
that the current analysis approach is useful to give more insight into the underlying
mechanisms of recovery and compensation after stroke. In addition, it provides more specific
directions for design of (technology-supported) interventions for arm and hand function.
We recommend targeted interventions, particularly addressing functional movements
involving both reaching (elbow excursion) and hand function (grip strength or hand opening)
after stroke. Moreover, evaluation measurements should be included that address these
particular endpoints. This is in line with expert consensus gained for guidelines facilitating
standardized assessment of such interventions, which proposed inclusion of technologies as
assessment tools besides clinical scales.10 This consensus approach highlighted the need for
more information about useful data derived from such technological methods, for which the
current findings provide a first indication.

Limitations
A limitation of our study concerns the relatively small sample size, N = 20 for the correlations
and multiple linear regression analyses pre-training and N = 15 for the data on traininginduced changes. Elbow excursion and grip strength together were the most important
predictors in the model of ARAT. For multiple linear regression models, a minimum of ten
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observations per predictor variable will generally allow good estimates.42 Since the model of
ARAT was based on only 17 participants, there is a possibility of overfitting of the model, which
should be taken into account when interpreting the results. Further, the current training
intervention was performed with chronic stroke patients at home, with somewhat more
impaired participants than previous studies measuring correlations between kinematic and
clinical outcomes,17 which limits the generalizability of the results to other patient groups in
other settings. In practice, these interventions should be considered at an earlier stage after
stroke, where larger treatment effects would be expected in the subacute phase.43

Conclusion
Moderate to strong relationships of movement execution parameters and grip strength
with FM and ARAT were found, with strongest contributions for grip strength and elbow
excursion. The findings imply that the inclusion of both reaching (elbow excursion) with
hand function (grip strength or hand opening) might be valuable targets for (technologysupported) treatment applications to stimulate functional improvements after stroke. To
which extent this was successful in the current technology-supported intervention remains
unclear due to limited training-induced changes, but it does provide directions for design of
(technology-supported) interventions for arm and hand function. We recommend targeted
interventions addressing functional movements involving both arm and hand movements
simultaneously, and including objective measures of elbow excursion and hand function
(grip strength and hand opening) to evaluate their effects.
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Abstract
Telerehabilitation allows continued rehabilitation at home after discharge. The use of
rehabilitation technology supporting wrist and hand movements within a motivational
gaming environment could enable patients to train independently and ultimately serve as a
way to increase the dosage of practice. This has been previously examined in the European
Supervised Care & Rehabilitation Involving Personal Telerobotics (SCRIPT) project using
a first prototype, showing potential feasibility, although several usability issues needed
further attention. The current study examined feasibility and clinical changes of a second
iteration training system, involving an updated wrist and hand supporting orthosis and
larger variety of games with respect to the first iteration. The paper is relevant for the
conference, reporting a new telemedicine service, combining physical orthotic support with
remote offline supervision, for telerehabilitation at home after stroke. Nine chronic stroke
patients with impaired arm and hand function were recruited to use the training system
at home for six weeks. Evaluation of feasibility and arm and hand function were assessed
before and after training. Median weekly training duration was 113 minutes. Participants
accepted the six weeks of training (median Intrinsic Motivation Inventory = 4.4 points and
median System Usability Scale = 73%). After training, significant improvements were found
for the Fugl-Meyer assessment, Action Research Arm Test and self-perceived amount of arm
and hand use in daily life. These findings indicate that technology-supported arm and hand
training can be a promising tool for self-administered practice at home after stroke.
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Introduction
Stroke is one of the most common causes of adult disability. Even in the chronic phase, motor
problems still persist in the majority of stroke patients,1 leading to difficulties in performing
activities of daily living independently. Motor problems that persist in the chronic phase
may be partly due to learned nonuse of the affected upper limb.2 Stimulating the use of the
affected upper extremity has shown to overcome the learned nonuse.3
Technology has the potential to support rehabilitation since it can provide high-intensive,
repetitive, task-specific, interactive treatment of the impaired upper extremity. Besides, it
has the potential to accurately quantify therapy and monitor patients’ progress, while also
providing immediate feedback to patients, as well as therapists. Rehabilitation robotics has
been shown to be as effective as conventional rehabilitation for the hemiparetic arm.4-7
Most research so far has shown significant improvements in upper limb motor function,
although evidence of the transfer of robotic training effects to activities in daily life remains
limited, as is observed for most interventions in stroke rehabilitation, including conventional
therapy.8 To maximize independent use of the upper extremity in daily life, it is important
to include functional movements of both the proximal and distal arm and hand into poststroke training, since a generalization effect to improvements on the entire upper extremity
was found. 9, 10
Most robotic devices are mainly suitable for the clinical setting with direct supervision
of a therapist.5 A next step would be to provide such systems at home, to enable selfadministered practice of the arm and hand after stroke.11 This is especially interesting since
an increasing number of stroke survivors is expected, which will result in increased demands
on healthcare systems.12 New ways of providing healthcare services, such as teleconsultation
and remote monitoring and treatment in the patient’s home are therefore needed.
Telemedicine systems for upper extremity exercise showed promising results in improving
health of stroke patients.13 In addition, healthcare professionals and participants reported
good levels of satisfaction and acceptance of telerehabilitation interventions.13, 14 This is in
line with the precursor of the current study, using a passive device with three motivational
rehabilitation games for arm and hand training at home,15, 16 showing that the training
was motivational which was underlined by an average weekly training duration of 105 ±
66 minutes. Usability showed potential, although several usability issues needed further
attention. Clinical evaluations showed modest changes in arm and hand function.15
In the current study, we expanded this research by using a next iteration of the developed
training system. Lessons learned regarding usability findings, therapeutic benefit and
practical issues which were obtained in the first iteration of patient measurements with the
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SCRIPT system15, 16 have been taken into account for the design of the second prototype.
An updated passive wrist and hand orthosis with improved user interface including nine
exercise games was provided. The new games further focused on functional exercises
incorporating versatile grasping gestures. The second prototype was evaluated with a new
group of chronic stroke patients. The objective of the current study was to examine feasibility
(user acceptance and adherence) and clinical changes in arm and hand function of a second
generation technology-supported arm and hand training system at home in chronic stroke.

Methods

Participants
Participants were recruited from the Roessingh Rehabilitation center, Enschede, the
Netherlands and IRCCS San Raffaele Pisana, Rome, Italy. Participants were eligible for
inclusion if they (1) had a stroke between 6 months and 5 years ago; (2) were between
18 and 80 years of age; (3) had limited arm and hand function because of the stroke, but
having at least active control of 15° elbow flexion and having active finger flexion of at least
a quarter of the passive range of motion; (4) were living at home and having internet access;
(5) were able to understand and follow instructions; (6) had no additional orthopedic,
neurological, or rheumatologic disease of the upper extremity; and (7) no severe neglect or
uncorrected visual impairments. All participants provided written informed consent before
participation. The study protocol was approved by the local medical ethics committees
(Medisch Spectrum Twente, Enschede, the Netherlands and the IRCCS San Raffaele Pisana
ethics committee, Rome, Italy).

Study design
This feasibility study has a longitudinal design. The participants received six weeks of selfadministered technology-supported training for the arm and hand at home. Evaluation
of arm and hand function was based on a baseline measurement pre-training and an
evaluation measurement within one week post-training, performed at the research lab of
the rehabilitation center.

Training intervention
Participants used a technology-supported training system,16 which consisted of a slightly
adapted version of the SCRIPT dynamic wrist and hand orthosis,17 a mobile arm support
(SaeboMAS, Saebo Inc., Charlotte NC, USA) and a computer with webcam and touchscreen
displaying exercise games (Figure 7.1). The mobile arm support was used to support the
weight of the proximal arm. The wrist and hand orthosis is a passive exoskeleton worn
on the forearm and hand, customized to the hand size of each participant. It provides
extension forces to the wrist and fingers via passive leaf springs and elastic tension cords.17
The orthosis was equipped with sensors to measure joint excursions of the wrist and hand,
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which allowed control of nine exercise games. A green marker placed on the hand plate of
the orthosis was used to track the location of the orthosis by means of a camera placed on
top of the screen to incorporate translational movements of the arm.

Figure 7.1 Training system at home

The exercise games consisted of various difficulty categories, to match the progress of
individual participants. The categories were classified in a game difficulty schedule, ranked
according to increasing complexity. Complexity was higher when a game required multiple
movement planes (from 1D to 3D), involved a higher number of gestures to control the
game, movements with progression from proximal to distal movements or gross to fine
manipulation. The gestures needed to control the games were hand opening and closing,
wrist flexion and extension, forearm pronation and supination, and reaching forwards,
backwards and moving left or right. For hand opening and closing we could distinguish a
general grasp, cylinder grasp, tripod grasp and lateral grasp, which have been shown to
be reliable hand postures which could be recognized during performance of rehabilitation
games.18 Translational movements of the hand were integrated with wrist and hand
movements (e.g., moving the hand to a target, grasping, transferring to a different target,
releasing) to emphasize functional, task-specific movements.
The training environment was available within a motivational user interface including
feedback on performance, which was displayed on the touchscreen. The general
recommendation for training was about 30 minutes per day, six days a week. Participants
could train at the time of the day they preferred and were allowed to practice additionally
if they wished to. A trained healthcare professional followed the participants’ training
progress remotely, offline, via another user interface available on a secured website and
provided feedback by means of sending motivational messages when training duration
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was low. In addition, the healthcare professional visited each participant once per week to
ensure competence with the training system, informally monitor progress, and to answer
potential questions. Based on performance of the exercise games, in addition to ranking
on the game difficulty schedule, the healthcare professional decided if a participant could
move up to the next category of games. The professional adjusted the training program for
the participants remotely.

Evaluation
User experience
The frequency and duration of training were automatically stored within the system and
displayed in the user interface. The total minutes of training per week were counted to
provide the total weekly training duration. These weekly training durations of all six weeks
of training were used to calculate the average amount of practice over six weeks.
Motivation during training was measured using the Intrinsic Motivation Inventory (IMI)
questionnaire.19 It provides qualitative information about the content and level of motivation
that a participant experienced during the training period (maximum score = 7). A higher
score represents higher motivation during training, with a neutral score of four.
The System Usability Scale (SUS) is a 10-item scale providing a global view of subjective
usability.20, 21 The questions were scored on a 5-point Likert scale ranging from ‘strongly
agree’ to ‘strongly disagree’. Scores are translated to 0–100%, with a higher score
representing better usability. Interventions with scores in the 90s are exceptional, scores in
the 70s and 80s are promising, and with SUS scores below 50 one can be almost certain that
the intervention will have usability difficulties in the field. The SUS and IMI were completed
during the post-evaluation measurement only.
Arm and hand function tests
Clinical tests were used to quantify general arm function before and after the training. The
scales used are valid, standardized assessments, which were performed according to their
specific test protocols. The upper extremity part of the Brunnstrom Fugl-Meyer assessment
(FM) evaluates motor status and the degree of synergy-development in the arm (maximum
score = 66).22 Separate scores were calculated for proximal (maximum = 42) and distal
components of the FM (maximum = 24).
The Action Research Arm Test (ARAT) evaluates coordination, dexterity and upper extremity
function on the subtests grasp, grip, pinch, and gross arm movement (maximum score =
57).23
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The Motor Activity Log (MAL) is a semi-structured interview for hemiparetic stroke patients
to assess the perceived use of their paretic arm and hand (amount of use (AOU) and quality
of movement (QOM)) during activities of daily living (maximum score = 5 per subsection).24
The Stroke Impact Scale (SIS) was used to assess changes in function, activity and participation
following stroke. The questionnaire assesses eight domains related to function, activities
and participation. Each domain score has a range of zero to hundred percent, with a higher
score indicating better quality of life.25

Statistical analyses
Statistical analyses were performed with IBM SPSS Statistics 19 for Windows. Outcomes
were non-parametrically tested for statistical significance due to the small sample size.
Descriptive statistical methods (median with interquartile range (IQR)) were used to describe
the participant characteristics and all outcome measures. Outcomes of each clinical scale
were compared between both evaluation measurements using the Wilcoxon signed rank
test. The level for significance was set at α ≤ .05.

Results

Participants
Nine participants (six in the Netherlands, three in Italy) were included in the study. Two
participants were lost to the study. One because of personal problems not related to this
study and one having recurrent technical problems with the system. The characteristics of
the remaining seven participants are shown in Table 7.1.
Table 7.1 Participant characteristics
N = 7a
Sex

5 male / 2 female

Age

57 (44 – 67) years

Months post stroke
Type of stroke

4 left / 3 right

Dominant arm

0 left / 7 right

Action Research Arm Test score (maximal 57 points)
Stroke severity
a

5 infarction / 2 hemorrhage

Affected body side
Fugl-Meyer Assessment score (maximal 66 points)

7

21 (9 – 33)

37 (30 – 45)
26 (21 – 28)
6 moderate / 1 severe

Results are shown as absolute numbers or median (interquartile range)
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User experience
The participants actually used the system, but with a large amount of variation between
and within individuals (Figure 7.2). Median weekly training duration for the group, averaged
over six weeks, was 113 (IQR 69 – 158) minutes. One participant (E01) exceeded the advised
training duration of 180 minutes per week once, and two other participants (D08 and E03)
exceeded the advised duration several times.
Training duration (minutes)

Training duration (minutes)

250

MEDIAN
D01

200

D02
D04

150

D08
D09

100

E01
E03

50
0
Week 1

Week 2

Week 3

Week 4

Week 5

Week 6

Figure 7.2 Individual (colored lines) and group median (grey bars) weekly training duration

The median score on the SUS was 73% (IQR 60% – 83%). On individual level, four
participants rated usability over 70% and three participants between 50 and 70%. Overall,
the participants enjoyed the six weeks of training, as reflected in the overall median score
on the IMI of 4.4 points (IQR 3.9 – 6.0 points). Table 7.2 shows individual participant results
and group medians on all outcomes.

Arm and hand function tests
On group level, the Wilcoxon signed rank test showed a significant improvement after
training for the FM total, FM proximal part, ARAT, and MAL AOU (Table 7.3). The FM showed
a median improvement of 4.0 points (P = 0.034) for the total scale, and median improvement
of 3.0 points (P = 0.027) for the proximal part only. The ARAT improved with median 2.0
points (P = 0.045) over training, and the MAL AOU with median 0.2 points (P = 0.046).
Examination of individual scores (Table 7.2) shows quite substantial improvements for one
participant (E01), grossly exceeding the minimal clinically important difference (MID) for
FM and ARAT,26 constituting changes greater than 10% of the total score. Participant E03
approaches MCID for FM with six points improvement. In addition, two participants (D09
and E03) exceeded MCID for the MAL QOM, of which E03 also exceeded MCID on MAL
AOU,27 and participant E01 approaches MCID for both MAL AOU and QOM.
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Table 7.2 Individual participant results and group medians on all outcome measures
Participant

Average
weekly
training
duration
(minutes)

IMI (1-7)

SUS (%)

FM change
(max = 66)

ARAT
change
(max = 57)

MAL AOU
change
(0-5)

MAL QOM
change
(0-5)

SIS change
(%)

D01

29

4.0

60

-1

2

-0.04

-0.26

1.8

D02

69

3.4

73

1

-1

0.00

0.00

-0.6

D04

74

3.9

68

3

2

0.28

-0.18

-3.7
10.6

D08

168

6.0

83

4

0

0.05

0.05

D09

113

6.7

95

4

3

0.18

0.67

3.2

E01

115

4.4

58

15

13

0.44

0.44

11.0

158

4.7

73

6

3

0.68

0.56

9.3

113
(69 – 158)

4.4
(3.9 – 6.0)

73
(60 – 83)

4
(1 – 6)

2
(0 –3)

0.2
(0.0 – 0.4)

0.1
(-0.2 – 0.6)

3.2
(-0.6 – 10.6)

E03
Median
(IQR)

Abbreviations: IMI: Intrinsic Motivation Inventory, SUS: System Usability Scale, FM: Fugl-Meyer assessment, ARAT:
Action Research Arm Test, MAL AOU: Motor Activity Log Amount of Use, MAL QOM: Motor Activity Log Quality of
Movement, SIS: Stroke Impact Scale, IQR: Interquartile range

Table 7.3 Arm and hand function tests (median (IQR))
Outcome

Pre measurement

Post measurement

P-value

FM

37 (30 – 45)

41 (33 – 49)

0.034

FM Proximal

21 (21 – 31)

25.0 (23 – 32)

0.027

FM Distal

14 (9 – 17)

16 (10 – 18)

0.131

26 (21 – 28)

28 (23 – 31)

0.045

0.8 (0.4 – 1.5)

0.9 (0.8 – 1.4)

0.046

0.8 (0.4 – 1.2)

0.8 (0.7 – 1.3)

0.249

61.4 (50.6 – 68.6)

66.2 (50.8 – 72.1)

0.128

ARAT
MAL AOU
MAL QOM
SIS

Abbreviations: FM: Fugl-Meyer assessment, ARAT: Action Research Arm Test, MAL AOU: Motor Activity Log
Amount of Use, MAL QOM: Motor Activity Log Quality of Movement, SIS: Stroke Impact Scale.

Discussion
A second generation technology-supported arm and hand training system was evaluated
in patients with chronic stroke in their own home. The present findings show that training
at home using the training system was feasible, since patients accepted the training
well (median SUS = 73%) and were motivated (median IMI = 4.4). This was reflected in a
median weekly training duration of 113 minutes (i.e., approximately 15 minutes per day).
Participants showed improvements in arm and hand function, dexterity and self-perceived
amount of arm and hand use in daily life.
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The motivation outcomes of the current study indicate that patients perceived the training
as motivating, to a similar extent as interventions applying rehabilitation technology in
a clinical setting.28, 29 With a median SUS score of 73% the training system was rated as
promising. This might be related to a large variation of games available in the current study,
which was much appreciated by the participants. Although participants positively valued
the training system, several usability issues were identified and should be considered when
implementing further design adaptations.
In particular, some games caused errors after leaving the pause screen resulting in incorrect
saving of the data, controlling one game was not clear for some participants, and another
game had limited fluent game control in poor day light. The game utilized the position of a
marker on the orthosis to determine hand position in space, however poor day light impacted
on capturing this position accurately. Although these issues were not major, if repeated or
cumulative, they are likely to result in frustration and might influence the motivation and
attitude towards use of the system, which can negatively affect the adherence to training
over time.30
In the current study, participants were able to make their own decisions about their training
schedule, without direct, real-time supervision of a therapist. The rationale for this was
to remove the training constraints and increase therapy availability. Compared to previous
telerehabilitation studies in which training sessions are often scheduled beforehand and
with direct supervision,13, 31 the achieved training duration of median 113 minutes per week
was substantial, suggesting that stroke patients do have the incentive to train at home and
were able to use the system. This adherence falls within the range reported in other recent
studies into technology-supported home-based self-administered upper limb therapy
programs after stroke.30, 32, 33 On the other hand, most participants did not reach the advised
training duration, which is also comparable to these previous home-based studies.15, 30, 32, 33
One of the major assumptions concerning tele-rehabilitation using technologies is that
when patients accept the technology and clinically benefit from it, they will actually use
such a system when provided. However in practice, several factors, such as low motivation,
fatigue and musculoskeletal issues can result in limited adherence,34 while training dose
is an important factor in rehabilitation outcome.35 When considering individual results,
participants who had a rather high amount of training per week (>100 minutes), showed
substantial improvements on arm and hand function. This suggests that actual adherence
during self-administered practice is a highly relevant outcome. Moreover, stimulation of
adherence should receive wide attention when designing and implementing home-based
training interventions.
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Several strategies can be considered for stimulation of adherence. Research has shown
that regular patient-therapist contact during treatment has a motivational effect and
can increase therapy adherence.36 In our study, additional motivational strategies were
implemented in a subset of our games,37 to increase participants’ independent training time
at home. This comprised more direct feedback about training duration, such as showing
motivational messages about the duration after completion of each game, or continuously
showing a timer during game play. We incorporated approaches from the field of psychology
and education theory to further overcome this barrier, such as setting the correct balance
between supporting and challenging, to maximize adherence to therapy.37 However, our
adaptive game-difficulty setting was not available in all games. In addition, patients’ selfdiscipline might also play a role in this kind of unsupervised home training. So in future, it is
also valuable to look closer at other characteristics such as patients’ attitudes, personality
traits, coping skills and commitments in daily life30, 32 to enable understanding of the most
suitable patients for this kind of self-administered training.
The extent of improvement in motor function of the arm in the present study corresponded
with those found in other robot-aided studies in chronic stroke in a clinical setting,4-7 and
with therapy programs for the upper limb performed at home.13 Perceived use of the
affected arm in daily life as assessed by the MAL did significantly change on group level
after six weeks training, which was also reflected in an improved dexterity capacity as
measured by ARAT. Three of the games contained functional movements: integration of
reaching, grasping and transportation simultaneously, and the inclusion of specific grasps,
such as cylinder grasp, lateral grasp and palmar prehension grasp, to represent handling of
different objects. This might have played a role in the improvements on activity level in the
current study, since task-specificity is an important factor in restoration of arm and hand
function after stroke.9, 38 However, these improvements are still modest on group level and
not clinically relevant in terms of functional improvements. On the other hand, games with
more complex gestures were only made available to patients after some progress was made
in simpler games which could impact on the extent of these modest improvements. When
these aspects are incorporated more prominently and in more games, exercises become
even more functional and task-specific, which is expected to further enhance the clinical
impact.
This study was performed with chronic stroke patients, limiting bias from spontaneous
recovery and simultaneous other treatments. Home-based training could be considered at
an earlier stage, where larger treatment effects would be expected. Further, only data of
seven chronic stroke patients with mainly moderate stroke are available. Findings of the
present study can only be partly generalized to other stroke survivors because of the small
number of participants in this study. Future research should consider implementing a large
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randomized controlled trial, with sufficient statistical power to compare the effects with a
control group.

Conclusion
The positive results for motivation, usability and actual training duration in this study
indicate that home-based technology-supported arm and hand training is a feasible tool
to enable self-administered practice at home. The improved arm and hand function and
increased performance on activity level (both actual as well as perceived) indicates that
self-administered home-based training can have a clinical value. Such an application has
the potential to allow a higher dose of treatment than would be possible when depending
on therapist availability in a conventional setting, if adherence can be stimulated further.
Future research regarding telerehabilitation should therefore pay attention to adherence
(stimulation) and the functional nature of exercises. Furthermore, identification of factors
associated with better treatment outcomes (e.g., time post stroke, stroke severity and
personal characteristics) is needed in order to understand who would benefit most from
this technology-supported training at home.
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Many physical therapy interventions in stroke rehabilitation are currently available.1-3
However, it is not always clear which type of intervention is most successful in promoting
upper extremity motor recovery. The use of technology-supported devices, such as
rehabilitation robotics, has been shown to be effective for rehabilitation of the arm and
hand after stroke.4, 5 The literature review in chapter 2 reveals that most of the studies so
far on upper extremity robot rehabilitation focus on training of the proximal arm in chronic
stroke patients, although integration of distal with proximal arm training is thought to be
most effective to enhance functional gains.6 Features stressing active contribution by the
patient revealed most beneficial for improvements in arm function (chapter 2). Therefore,
active contribution of the patient during training, involving functional movements of both
the proximal and distal arm and hand, was incorporated within the SCRIPT training study.
This was succeeded by providing a passive-actuated orthosis equipped with sensors. This
orthosis was worn on the forearm and hand, requiring active initiation and execution of arm
and hand movements by the patient to control functional exercise games for training. In the
subsequent studies described in this thesis we evaluated this newly developed technologysupported prototype, used for training of the arm and hand after stroke. Compared to
many other technology-supported devices currently available, the SCRIPT training system
had the advantage to easily transport it to the patients’ homes, to encourage independent
practice without direct supervision of a therapist, and as such provoke a high training dose.
With this thesis, we aimed to contribute to the knowledge concerning self-administered
technology-supported, functional and motivational training of the arm and hand at home
in the chronic phase after stroke, in terms of feasibility and potential clinical effects. As part
of this, we were interested to assess whether patients can work with the training system
independently, do they experience it as usable? If patients have the opportunity to use
a technology-supported training system at home, do they actually use it? Other relevant
questions concerned the motivation to train and to evaluate the (direct) effects of using the
training system. In this chapter we will combine and discuss the results of the subsequent
studies in this thesis, which gradually provided more insight in the potential of technologysupported training of the arm and hand after stroke at home. In addition, valuable lessons
were learned during the two consecutive evaluation phases of the SCRIPT training system
during the iterative design process, which gave rise to recommendations that could be
considered for future research and developments in the field of technology-supported arm
and hand training at home after stroke.

Iterative development of the prototype training system
According to the framework presented by Jansen-Kosterink et al. 2016, a staged approach
for the development and evaluation of telemedicine services is recommended.7 The SCRIPT
project followed this approach twice, in a slightly adapted and short form. An application
such as the SCRIPT device, which covers rehabilitation technology with a telemedicine
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component, is supposed to have a direct training effect. Therefore, a logical step would be
to evaluate the prototype already in an early stage in the form of a pilot longitudinal study as
a means to gain insight into its potential effect. Therefore, our development and evaluation
procedure followed several phases in an iterative cycle design process (Figure 8.1), but
mainly focused on the first two stages of the staged approach framework for evaluation of
eHealth presented by Jansen-Kosterink et al. 2016.7
As part of this approach, several usability aspects of the prototype were addressed before
evaluation of the complete system in the patients’ homes. A first prototype training system
was developed based on knowledge in literature and stroke patients’ preferences and
experiences with technology.8 Multiple prototypes of the passive hand and wrist orthosis
have been evaluated by patients and healthcare professionals before being ready for
independent training at home. This resulted in an orthosis providing assistance in wrist and
finger extension with natural range of motion of the wrist and hand, but also safe enough
to use independently at home.9 Before using it as a training device at home, this orthosis
was evaluated in a cross-sectional study in the lab (chapter 3) to evaluate its working
mechanism and to identify which design aspects and usability issues needed further
attention. During this cross-sectional measurement, the direct effects of the orthosis on
arm and hand movements were measured. The use of the orthosis had a positive direct
influence on maximum hand opening. Although predictable, confirmation of this positive
outcome supports the notion that the orthosis enables patients with hand opening and
closing difficulties due to stroke to facilitate their hand movements during training, and
allows patients to grasp large objects. On the other hand, the use of the orthosis had a
negative direct influence on the trunk displacement (increased) and elbow range of
motion (decreased), probably due to the weight of the orthosis on the arm causing larger
compensatory movements. The use of an additional device supporting the arm against
gravity was therefore recommended when using this orthosis as a training device at home,
to counteract potential compensatory trunk movements. In previous research, the use of
such a device has been shown to have positive effects on reaching work area.10, 11 Weight
support of the hemiparetic arm compensates for abnormal muscle coactivation resulting in
synergistic joint torque coupling of shoulder abduction and elbow flexion.10, 12 Consequently,
the use of a device supporting the arm against gravity was also implemented during the
feasibility studies in chapter 4 and chapter 7, which contributes to functional training of
both proximal and distal arm and hand movements.
The feasibility study in chapter 4 taught us first of all that the training system was a feasible
tool to enable self-administered practice. Usability of the system was rated sufficient at
group level (mean 69%, median 68%), although some usability issues were identified during
the first evaluation that needed further attention.
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First, some patients mentioned technical problems with the system, such as an elastic
cord used for supporting finger extension that occasionally broke down after frequent
use, errors within the games resulting in a sudden black screen, or a sensor which broke
down causing a game to become unresponsive.13 Second, some patients had problems to
successfully complete a game due to problems with game control: the sensors at the leaf
springs for finger position and hand plate to track arm movements turned out to be limited
in accuracy, which affected interaction with the software environment.13 In addition, the
elastic cords were not strong enough to provide sufficient extension torque for the more
severely impaired patients. And last, since the hand orthosis was perceived as too bulky
and felt heavy, this required the need of an additional arm support for compensation of
the arm against gravity, which is in line with the direct influence of the orthosis as found in
chapter 3. This contributed to a large donning and doffing time. In addition to an extensive
calibration procedure required before actually starting a game, this required quite some
preparation steps and effort before patients could actually start a training session. These
usability issues caused frustration in some of the patients, and were serious reasons for not
using the system as frequently as intended. Many of these issues were taken into account
during the development of the second iteration SCRIPT training device13, resulting in indeed,
better usability outcomes (chapter 7, mean = 73%, median = 73%) compared to the first
iteration feasibility study (chapter 4, mean = 69%, median = 68%), as measured with the
System Usability Scale (SUS). The SUS scale determines that scores in the 70s and 80s are
promising and have potential for acceptance in the field. Interventions with usability scores
below 70% should increase the accuracy and need continued improvement.14 Furthermore,
results of chapter 4 and 7 revealed that patients do have the incentive to train at home,
with on average 105 minutes per week (median = 100 minutes) during the first evaluation,
and 104 minutes per week (median = 113 minutes) during the second iteration. Apparently,
participants were able to complete self-administered practice at home independently,
despite the above mentioned usability issues. In addition, motivation was positive and
comparable during both evaluations, with a mean of 5.2 (median = 5.3) out of seven during
the first evaluation and mean of 4.7 (median = 4.4) during the second evaluation, which
are both above the midpoint of the Intrinsic Motivation Inventory. For future research, it
is suggested to take abovementioned usability aspects into account, by providing a robust,
reliable and safe training device. It is recommended to provide an easy to apply system for
training, which is easy to use independently. Subsequently, such a device can be evaluated
further in a large cohort study or cohort multiple randomized controlled trial as the next
stage (stage 3) in evaluation of rehabilitation technology with a telemedicine component
(Figure 8.1).
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The importance of functional training
On group level, upper extremity function improved significantly after the six weeks of
training. During both the first and second evaluation, scores on the Fugl-Meyer assessment
increased with four points over training. No generalization is found to improvements in upper
limb activity capacity during the first evaluation (chapter 4), whereas the second evaluation
(chapter 7) did show some moderate improvements in activity capacity, specifically dexterity
in this case, as represented by an average improvement of two points (median improvement
= 3.1) on the Action Research Arm Test. Our results correspond with those found in other
robot-aided studies in chronic stroke in a clinical setting5, 15, 16 (chapter 2) and with therapy
programs for the upper extremity performed at home.17-19 The improvements found in our
studies involved particularly proximal arm movements, especially during the first evaluation
phase. Apparently, the exercises appeared not diverse or functional enough yet to reveal
functional gains. Primarily during the first evaluation, the three games available for practice
mostly required movements of the arm, wrist and hand in sequence. In addition, the hand
gestures were rather course and did not contain specific grasps representing the handling
of various objects. This may have played a role in the marginal effects on activity level,
because proximal and distal arm and hand movements were not integrated optimally yet.
The expectation was that when such aspects are integrated more specifically, exercises
become even more functional and task-specific, which are important factors in achieving
functional benefits on arm and hand function after stroke.6, 20, 21
These aspects have been considered in designing six additional games for the second
evaluation in chapter 7. Here, more versatile grasping gestures were incorporated, and
translational movements of the arm were integrated with wrist and hand movements in
parallel instead of sequentially, to emphasize functional, challenging and varying movements.
This resulted in improvements on both upper extremity function, activity capacity and selfperceived activity performance in daily life after six weeks of training (chapter 7), whereas
the improvements on upper extremity function were not transferred to improvements on
activity level during the first evaluation phase (chapter 4).
Chapter 6 further emphasized the importance of providing functional movements for
training, in which relationships between an extensive set of objective movement execution
kinematics of the upper extremity and clinical outcome measures in chronic stroke
patients were measured. Elbow excursion and grip strength together explained the largest
amount of variance in the Fugl-Meyer assessment and Action Research Arm Test. This is
comparable to previous research in stroke patients showing relations between clinical
outcome measures and kinematic outcomes involving reaching and hand function.22 This
implies that addressing both reaching and hand function are indicated as valuable targets
for (technology-supported) treatment applications to stimulate functional improvements
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after stroke. Therefore, for future research we suggest to provide challenging, task-specific
and a high variety of exercises, since this is expected to have a positive influence on clinical
outcomes, and even might work motivational as well.

The importance of a high training dose
If patients are able to make their own decisions about their training schedule and are not
dependent on therapist availability, this will remove training constraints. Therefore, it is
assumed that training at home is a good solution to encourage independent training and
consequently enhance a high training dose. A high training dose, so the effective training
duration, has been shown to be an important factor for obtaining functional gains.23
Although the optimal training dose is not known yet, 16 hours of additional training is
recommended to achieve clinically relevant functional improvements.24 This corresponds
closely with our advised dose of 30 minutes per day for 6 days per week, which is 18 hours
total during the six weeks. Results of chapter 4 and 7 revealed that patients do have the
incentive to train at home, but with a large amount of variation in effective use of the system
between individuals (range = 13 – 284 minutes per week). The average use was 105 minutes
(median = 100) per week during the first evaluation (chapter 4), and 104 minutes per week
(median = 113) during the second iteration (chapter 7). When comparing these results with
other studies into home-based self-administered upper extremity programs after stroke,
the use of the training system equals or even exceeds the adherence in those studies.18,
25-28
Differently than what was assumed, the training duration is not tremendously higher
compared to technology-supported interventions performed in the clinic,4, 15 although there
is a considerable variability in how interventions are delivered with respect to intensity,
frequency and duration.4, 15 The training sessions performed in the clinic are often scheduled
beforehand and involve direct supervision by a therapist. It is known that human support
from a healthcare provider can influence the adherence to training.29 Our studies involved
limited support from a healthcare professional, with only home visits once per week, and
training was mainly performed independently by the patient.
Despite that patients do have the incentive to train at home independently, individual
training at home resulted in a lower adherence to training than the advised training
dose. Reasons for patients not making the advised training dose could be related to their
reintegration into daily life. A large part of the patients were moderately to mildly impaired,
continuing their activities in daily life, although slightly limited. This means that many of
the patients were reintegrated to work, or had to take care of their family. Some patients
mentioned this was quite tiring and the time remaining to dedicate to the exercise training
was limited. Therefore, when designing more motivational systems to enhance independent
training dose, practical issues such as regular daily activities and obligations (such as work,
family life, etc.), should not be ignored either.
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The importance of having a high training duration is emphasized in chapter 5, in which
correlation analyses were performed for training duration and changes in clinical outcomes,
next to a comparison of the SCRIPT system with a control group performing conventional
exercises from an exercise book. Individual patient outcomes indicated that training
duration in itself seems a major contributor to arm and hand function improvements. No
differences in clinical outcomes over training were found between both groups. However,
we did find a slightly higher training duration for the control group. This was surprising
since motivational exercise games and feedback were expected to enhance engagement to
training, resulting in a higher motivation and a higher training dose for the SCRIPT training
group,5, 30 since maintaining strong participant motivation can influence the adherence to
training.29 However, training duration in chapter 5 was recorded in a personal diary for both
groups. The participants in the experimental group knew that their training duration was also
automatically stored within the system, probably resulting in lower overestimation of their
training time compared to the control group. The training duration reported by the control
group could not be verified objectively and is likely overestimated, since it is known that
many people will overestimate self-reported physical activity.31 Other reasons for finding a
lower training duration for the experimental group than expected could be related to the
usability issues mentioned before, or the diversity of the training. In the study presented
in chapter 5, three games were available for the experimental group, versus maximally 34
exercises for the control group. This may have played a role in the higher training duration
of the control group. A large variety of attractive functional exercises is important to prevent
boredom and keep patients motivated to continue training. The weekly training duration
remained quite stable during the six weeks of training for both the control group and the
group using the SCRIPT training system. Also perceived motivation was equally positive for
both groups. One may argue if participants were really motivated to complete a training
session, or just pleasing the researchers, with a risk of participation bias. It is not known
whether patients would continue training beyond the six weeks of training if they had the
chance. More attention should be provided to determine effective strategies for ensuring
high motivation and adherence to training,32 since a high training dose is an important factor
for obtaining functional gains.23 The question is how we can achieve that.

Suggestions to enhance training adherence and motivation
To enhance motivation to training, it is important to offer a high variety of challenging
games, with enough variation in gestures to control the games. Monotonous exercises
have been shown to provide worse retention and generalizability of a skill compared with
variable exercises for training.33 The SCRIPT system was extended with six additional games
in chapter 7 in comparison to the first study (chapter 4). For further development of the
system, the number of available games for practice could be extended even more.
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Within the SCRIPT training study, all participants exercised alone during the training
sessions. This might be a risk considering motivation, since patients had no interaction with
other people during training. A promising method to increase motivation is by means of
interpersonal rehabilitation games, such as competition or cooperation with other people.
A stroke patient playing competitive games against unimpaired friends or relatives has high
potential for motor rehabilitation, since this has been shown to increase both motivation
and intensity.34 In general, the involvement of caregivers or peers in exercise training at
home might be an efficient method to enhance the motivation and intensity of training,
although the evidence is limited yet.35, 36 At least the patients who participated in the training
studies appreciated the weekly home visits from the healthcare professional, indicating that
interaction with other people is motivational. This might have had a positive influence on
the training duration, since home visits might improve adherence to therapy.37 In future,
more and more eHealth applications will be implemented in healthcare, but it is preferred
to maintain some kind of personal contact with healthcare providers.38
Another factor which might result in better motivation to training is the provision of
meaningful feedback.39 Providing extrinsic feedback has resulted in implicit motor learning
and improving upper extremity motor recovery in stroke patients.40 Feedback can be
provided either during or following the task performance, and might involve aspects such as
sounds, scores for task success or feedback about completed training time. The optimal type
and schedule of feedback delivery might need further research,40 and probably also depends
on different personality characteristics of individual patients. For the SCRIPT training system,
additional motivational strategies might be implemented to increase participants’ effective
training time during self-administered training at home. Future studies might consider
approaches from the field of psychology to further explore this potential and to explore for
what kind of patients this kind of intervention is most appropriate.

Tailored interventions
Recommendations specific to dose and type of intervention, target users (regarding severity
of impairment, time post injury or other factors) and expected outcomes are often not
specifically described in guidelines.41, 42 Very recently, research has proposed clinical tools
for choosing the most appropriate intervention, taking into consideration time post stroke
and stroke severity, such as the presence of hand movement and the presence of spasticity.2,
41
This is a first step in choosing an appropriate intervention for a specific patient. In health
research, often a ‘one size fits all’ approach is applied. However, what is generally considered
the best care for a group a patients is not by definition the best care for an individual patient.
Personalized care is preferred, to adjust the therapy program to the specific characteristics
and (most likely continuously changing) needs of the patient. However, it is still challenging
to tailor training strategies to the needs of the individual patient.2
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Within the SCRIPT project we attempted to provide a more personalized training program,
by providing a custom-built orthosis for training that physically interacted with the arm and
hand, and providing a variety of exercise games for training. These games were developed
based on patients’ preferences and suggestions.8 The exercise games contained adaptive
features since the type and speed of exercises were based on the patient’s specific capability
and training progress and could change over time by using a decision support system.43,
44
This was supported and verified by weekly home visits of a healthcare professional to
provide the best targeted training for the specific patient. Besides, patients were able
to choose their own preferred games for practice from the selected ones, although the
selection was limited to three (chapter 4) or nine (chapter 7) games in total.
However, for what kind of patients (in terms of stroke severity and time post stroke) the
complete training system was most suitable, was not clear yet. Therefore, during the
first evaluation phase of the SCRIPT training system at home (chapter 4), we included a
wide range of patients for training. This evaluation showed us a large amount of variation
in effective use of the system (range = 13 – 284 minutes per week) between and within
individuals, but also on usability (range = 38 – 100%) and motivation (range = 3.4 – 6.7
points) between individuals. Considering clinical outcomes, some participants did achieve
clinically relevant gains in arm and hand function, while others did not. From this sample of
21 patients, it appears that mildly to moderately impaired patients benefitted most from the
intervention, which is consistent with previous upper extremity robotic exercise training.45
In addition, severely impaired patients commented most about the difficulty of training,
and also showed least improvements. This emphasizes the need for other or better-tailored
therapy strategies for the more severely impaired patients.
During the second iteration feasibility study (chapter 7) we focused on including only
moderately to mildly impaired patients, since they seemed the most suitable target group for
the SCRIPT training system. These patients were able to complete the six weeks of training
without severe difficulties, and six weeks of training resulted in additional improvements
on activity level as well, compared to the first iteration (chapter 4). This suggests that the
SCRIPT training system might indeed be suitable for moderately and mildly impaired stroke
patients.
This patient-specific training approach actually covers a broader range of aspects,
underlining the need for further examination into which factors are associated with better
treatment outcomes. Within the SCRIPT study, we personalized the training to some extent
by providing a custom-fit orthosis and selected games based on patient progress, but maybe
we did not achieve its full potential with respect to the contents of the training and number
of available games yet. The training could have been more personalized by taking into
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consideration other aspects, such as age, technical affinity, patients’ preferences, coping
style, or other personality characteristics, since individual stroke patients might differ in the
way they think, feel and act.
In the current studies we included chronic stroke patients to diminish the influence of
spontaneous recovery as much as possible, from a methodological point of view. Further,
one of the main challenges of the SCRIPT training system was to explore if patients can and
will use such a training system independently if they have the opportunity, even when they
already finished their regular rehabilitation period, but still struggle with limitations in the
performance of activities of daily living. Results of our studies show that the SCRIPT system
is a feasible tool to enable self-administered practice at home in chronic stroke. In practice,
such training should be provided at an earlier stage after stroke, for example in addition
to inpatient rehabilitation. This will likely involve patients in the (sub)acute phase as well,
where larger treatment effects would be expected considering optimal advantage of the
time window for recovery.46, 47
We included a wide range of patients’ ages (34-80 years) into our studies, with diversity
between people’s technical affinity. In general, younger people have grown up with
technologies such as internet and smartphones in a digital world,48 assuming higher technical
affinity. Some of the older patients mentioned they were little scared to use the training
system independently, were insecure if they used it correctly, and thought it was somewhat
complicated donning and doffing the orthosis and starting a training session. People
with less technical affinity might therefore show lower training duration than expected.
Therefore, it is suggested to provide a user-friendly system and sufficient practice time for
people with low technical affinity to get used to such a technology-supported system, to
ensure confidence to use the system independently at home.
Some of the patients mentioned they had some concentration, motivation or planning
problems due to their stroke. Their lack of discipline or perseverance could have resulted
in a low training duration, since patients who are unmotivated will not exercise frequently
or intensively enough.49, 50 For future research, it is important to find methods to encourage
patients with motivational problems to sustain training after stroke. Abovementioned
examples show that many individual participant characteristics might play a role, indicating
that a personalized training approach, taking into account characteristics and preferences
of the individual patient, is highly recommended. These patient specific aspects could be
considered for further development of such technology-supported training devices.

Outlook beyond SCRIPT and future perspective
The concept of SCRIPT, technology-supported self-administered training, could perfectly
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fit in innovative rehabilitation environments such as the Roessingh NovaLab,51 if it is
usable, robust and practical in use. In such environments, newly developed devices can be
rapidly brought to patients and healthcare professionals, and provide a rich environment
of innovative rehabilitation possibilities with more variation and a targeted, more specific
training. Such environments can serve as a starting place where people can learn to get
acquainted with technology-supported systems. Perhaps this might result in becoming even
more experienced in using such systems independently at home. In these environments, also
other patient groups could potentially use such technology-supported devices for training.
One can think of patients with multiple sclerosis, who also suffer from motor problems
due to muscle weakness and coordination problems.52 These aspects can be considered for
future applications of such technologies in practice.
Results of the chapters in this thesis show that technology-supported training at home have
potential to comply with the increased demand of rehabilitation care. Several lessons have
been learned during the development and evaluation of the SCRIPT system, which should
be taken into account for future development and evaluation of such technology-supported
devices.
• Technology-supported devices stressing active contribution of the patient seem
most beneficial for improvements in arm function.
• The SCRIPT training system seems most suitable for moderately to mildly impaired
stroke patients.
• The evaluation of the SCRIPT system was performed with chronic stroke patients.
Technology-supported training is suggested for subacute patients as well, where
even larger treatment effects would be expected.
• When developing technology-supported devices:
o Develop a robust, reliable and safe device, which patients can easily use
independently. If need be, make use of a sufficient (supervised) orientation
period, to let the patient get acquainted with the system for independent
use.
o Take into account the weight of the device on the arm. Use an additional
device supporting the arm against gravity when needed.
o Take into account specific patient characteristics for personalized training.
• It is important to keep patients motivated and challenged during training, because
training duration is a major contributor to clinical changes. Examples are to provide
exercises as games, offer a high variety of games, use competitive or cooperative
games, and provide meaningful feedback.
• Independent training at home is feasible, but some kind of personal contact
from a healthcare professional is highly appreciated and should not be replaced
completely.
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•

Provide challenging, functional movements as exercise training. Addressing both
reaching and hand function in an integrated fashion are indicated as valuable
targets for treatment applications to stimulate functional improvements after
stroke.
As shown in this list, there are many possibilities to further explore and develop selfadministered technology-supported training systems for the arm and hand after stroke.
However, we should not neglect personality aspects which could not be caught in technology
development and depends on intrinsic patient motivation.
“I believe I am actually using my hand more and better now in daily life. I noticed that
my handwriting is getting better, especially the round letters. Yesterday, I even put on
my shirt using both hands, which I never did after my stroke. Well, I used my right hand
more than my left hand, but I still used it. But I have to say, it took me quite some time
and effort to get there.”
This quote of a patient after the six weeks of training further emphasizes the importance of
dedication and perseverance during training to obtain a high training duration and improve
one’s chance for clinical improvements. If we as researchers and developers could deliver
usable technology to enhance functional training effectively in a highly motivational way, my
advice for stroke patients starting a rehabilitation program would be: Roll up your sleeves,
and go for it!
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Summary
Chapter 1 provided a short overview of the background of stroke and rehabilitation after
stroke. Many stroke patients have an impaired arm and hand function, which limits them
in the performance of activities of daily living independently. In the long run, this may
result in learned non-use of the affected arm and hand in daily life. To overcome these
impairments, it is important to maintain the use of this arm and hand. There are several
aspects which are important to stimulate restoration of arm and hand function. Exercises
should be provided in a high intensity with many repetitions, with active involvement of
the patient, preferably in a motivating environment. Technologies, such as rehabilitation
robotics, have the opportunity to involve many of these aspects, and they can assist the
therapist in such an intensive therapy. The use of rehabilitation robotics has been shown to
be effective for the hemiparetic arm. However, evidence of the transfer of robotic training
effects to activities in daily life remains limited. More insight is needed into the best therapy
strategy and adequate design of robotic upper extremity devices. A next step would be to
provide such technologies at home, to support self-administered training, without requiring
continuous therapist involvement. In the Supervised Care and Rehabilitation Involving
Personal Telerobotics project (SCRIPT) we combined both the technology and telemedicine
aspects. This thesis aims to evaluate the global impact (in terms of feasibility and potential
clinical effects) of self-administered technology-supported, functional training of the arm
and hand at home in chronic stroke patients, to enhance independent, motivational and
active exercise.
We started with a literature review in chapter 2, to provide an overview of existing and most
effective training modalities in robot-mediated upper extremity training after stroke. The
review shows that most of the studies so far focus on training of the proximal arm in chronic
stroke patients, although integration of distal with proximal arm training might be most
effective to enhance functional gains. Studies often refer to active, active-assisted and passive
interaction training modalities, without providing information regarding the mechanism
about the physical human-robot interaction. Features stressing active contribution by the
patient, such as EMG-modulated forces or a pushing force in combination with springdamper guidance, may be beneficial for improvements in arm function. Therefore,
active contribution of the patient during training, involving both proximal with distal arm
movements, was incorporated within the SCRIPT training study.
One of the components of the SCRIPT training system is a passive actuated dynamic wrist and
hand orthosis, which physically interacted with the arm and hand. In chapter 3 we assessed
the direct effects of this orthosis on hand and arm movements during the performance of
a reach and grasp task in ten mildly to moderately impaired chronic stroke patients. The
use of the orthosis had a positive direct influence on maximum hand opening, but negative
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direct influence on the trunk displacement and elbow range of motion, probably due to
the weight of the orthosis on the arm. The use of an additional device supporting the arm
against gravity was added when using such an orthosis for training purposes, to counteract
potential compensatory trunk movements. The complete training system was evaluated
at stroke patients’ homes in chapter 4. This training system involved the passive actuated
wrist and hand orthosis, the Saebo Mobile Arm Support, and a computer containing a
motivational user interface within a gaming environment for training of arm, wrist and hand
movements. This training system showed to be a feasible tool to enable self-administered
practice: chronic stroke patients were able to use the training system independently at
home. They were motivated to train, although some usability issues were identified that
needed further attention. Upper extremity function and quality of life improved after six
weeks of training, although this was not transferred to improvements on activity level.
The SCRIPT training system was compared to a control group performing conventional
exercises from an exercise book, in chapter 5. The control group reported a higher training
duration, but perceived motivation was equal for both groups. The effects of technologysupported arm and hand training seemed comparable to conventional arm and hand
exercises at home, since no differences in clinical outcomes over training between groups
were found. A positive correlation with training duration and training-induced changes in
clinical outcome measures was found, indicating that training duration in itself seems a major
contributor to arm and hand function improvements. It is assumed that self-administered
training at home is a good solution to provoke a high training dose, because this will remove
training constraints since patients are not dependent of therapist availability.
We aimed to gain more insight into underlying mechanisms of recovery and best treatment
approach by investigating relationships in chapter 6. We investigated relationships between
an extensive set of objective movement execution kinematics of the upper extremity and
grip strength with clinical outcome measures in chronic stroke patients. Moderate to strong
relationships for most movement execution parameters with post-stroke arm function (FuglMeyer assessment) and activities (Action Research Arm Test) were found, with strongest
contributions for grip strength and elbow excursion. Following these relations, addressing
both reaching and hand function are indicated as valuable targets for (technologysupported) treatment applications to stimulate functional improvements after stroke. This
was targeted within chapter 7, in which the usability issues found during the first iteration
of the system were advanced in the second iteration training system. This second iteration
involved an updated wrist and hand supporting orthosis with improved user interface and
larger variety of more functional games incorporating also versatile grasping exercises. This
system was evaluated on feasibility in a new group of chronic stroke patients. Also here, the
training system was motivational and usable. Moreover, training for six weeks resulted in
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improvements on both arm and hand function and dexterity.
Based on the findings of the previous chapters, chapter 8 discussed main findings and
recommendations for future research. Results of the chapters in this thesis show that
self-administered technology-supported arm and hand training at home have potential to
comply with the increased demand of rehabilitation care. To further enhance this potential
of technology-supported devices in future, it is important to develop a robust, reliable and
safe device, which patients can easily use independently. Besides, patients should be kept
motivated and challenged to training, because training duration is a major contributor to
clinical changes. And finally, the contents of the training should address both reaching and
hand function, since they are indicated as valuable targets for treatment applications to
stimulate functional improvements after stroke.
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In hoofdstuk 1 wordt een overzicht gegeven van de achtergrond van een cerebrovasculair
accident (CVA), ook wel beroerte, en de revalidatie na een beroerte. Na een beroerte
hebben veel patiënten een enkelzijdige verlamming van de arm en hand. Dit kan problemen
opleveren in het zelfstandig uitvoeren van activiteiten in het dagelijks leven. Op de lange
termijn kan dit leiden tot het zogenaamde ‘learned non-use’, dat wil zeggen dat de patiënt als
het ware ‘leert’ de aangedane arm en hand niet te betrekken in het uitvoeren van functionele
activiteiten. Om deze beperkingen te verminderen is het belangrijk om de aangedane arm
en hand te blijven gebruiken. Er zijn een aantal aspecten binnen therapeutische interventies
die het mogelijk maken om herstel van arm- en handfunctie na een beroerte te stimuleren.
Oefeningen zullen moeten worden uitgevoerd in een hoge trainingsintensiteit, met veel
herhalingen, met actieve initiatie en uitvoering van bewegingen door de patiënt zelf, bij
voorkeur in een motiverende trainingsomgeving. Met behulp van technologische innovaties,
zoals revalidatierobots, kunnen veel van deze aspecten worden toegepast om intensieve
revalidatie van de arm en hand mogelijk te maken. Daarnaast kunnen revalidatierobots
therapeuten ondersteunen bij een dergelijke intensieve therapie. Het gebruik van robotica in
de revalidatie is veelbelovend voor het verbeteren van de armfunctie na een beroerte. Er is
echter nog beperkt bewijs dat het gebruik van revalidatierobots resulteert in verbeteringen
op activiteitenniveau en voor daadwerkelijk beter gebruik van de arm en hand in het
dagelijks leven. Meer inzicht is nodig in de meest effectieve trainingstoepassingen en een
adequaat ontwerp van revalidatietechnologie voor de arm en hand. Een volgende stap is om
een dergelijke technologie in de thuissituatie aan te bieden waarbij patiënten zelfstandig
kunnen oefenen, zonder directe aanwezigheid van een therapeut. Binnen het Europese
Supervised Care & Rehabilitation Involving Personal Telerobotics (SCRIPT) project hebben
we technologie met zorg op afstand kunnen combineren. Het doel van het onderzoek
beschreven in dit proefschrift is een beter inzicht te verkrijgen (in termen van haalbaarheid
en potentiele klinische effecten) van zelfstandig uitgevoerde functionele training van de arm
en hand in de thuisomgeving dat wordt ondersteund door technologie, in de chronische
fase na een beroerte.
Als eerste is in hoofdstuk 2 een literatuuronderzoek (review) verricht om een overzicht
te verkrijgen van de bestaande en meest effectieve trainingsmodaliteiten binnen robot
ondersteunende training van de arm en hand na een beroerte. Uit de review blijkt dat
de meeste onderzoeken tot dusver gericht waren op het trainen van de proximale arm
in de chronische fase na een beroerte, hoewel de combinatie van zowel proximale met
distale arm en hand training het meest effectief lijkt voor verbeteringen op armfunctie en
activiteitenniveau. Studies beschrijven vaak actieve, actief-ondersteunend, en passieve
modus als trainingsmodaliteiten, maar geven geen nadere informatie betreffende welke
mechanismen met betrekking tot mens-robot interactie een rol spelen. Mechanismen die
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een actieve bijdrage van de patiënt benadrukken in de training, zoals elektromyografisch
gemoduleerde krachten, of duwkracht in combinatie met veerdempergeleiding, leken het
meest voordelig in het verbeteren van armfunctie. Daarom werd de actieve bijdrage van
de patiënt tijdens training, en het trainen van zowel de proximale als distale arm en hand
meegenomen in het ontwikkelen van de SCRIPT trainingsstudie.
Een van de onderdelen van het SCRIPT trainingssysteem is een passief-geactueerde
dynamische pols en hand orthese, welke gedragen werd om de onderarm en hand. In
hoofdstuk 3 hebben we het directe effect van deze orthese op hand en arm bewegingen
onderzocht tijdens het uitvoeren van een reik en grijptaak in tien licht tot matig aangedane
chronische CVA patiënten. Het gebruik van de orthese had een positieve directe invloed
op maximale hand opening, maar negatieve directe invloed op romp verplaatsing en de
bewegingsuitslag van de elleboog. Dit kwam mogelijk door het gewicht van de orthese
aan de arm. Het gebruik van een aanvullend apparaat dat de arm ondersteunt tegen de
zwaartekracht werd toegevoegd voor trainingsdoeleinden, om potentiele compensatoire
bewegingen van de romp tegen te gaan. Het complete SCRIPT trainingssysteem is daarna
geëvalueerd bij CVA patiënten thuis (hoofdstuk 4). Dit trainingssysteem bestaat uit de
passief-geactueerde pols en hand orthese, de Saebo mobiele arm ondersteuner, een
computer met motiverende gebruiksomgeving inclusief spellen om arm, pols, en hand
bewegingen te oefenen. Dit trainingssysteem bleek een haalbaar middel om zelfstandig te
oefenen: chronische CVA patiënten waren in staat het trainingssysteem zelfstandig thuis te
gebruiken. Ze waren gemotiveerd om te trainen, hoewel er nog wel enige verbeterpunten
in de bruikbaarheid van het systeem naar voren kwamen. Armfunctie en kwaliteit van
leven verbeterden na zes weken training, maar er waren geen verbeteringen te zien op
activiteitenniveau.
In hoofdstuk 5 is het gebruik van het SCRIPT trainingssysteem bij patiënten na een beroerte
vergeleken met een controlegroep waarbij patiënten hebben getraind met conventionele
oefeningen uit een oefengids. De controlegroep rapporteerde een hogere trainingsduur, maar
de waargenomen motivatie was gelijk in beide groepen. Het effect van arm- en handtraining
thuis dat wordt ondersteund door technologie bleek vergelijkbaar met conventionele arm
en hand oefeningen, aangezien er geen verschillen in klinische uitkomstmaten tussen beide
groepen zijn gevonden. Er werd een positieve correlatie van trainingsduur met traininggerelateerde veranderingen in de klinische uitkomstmaten gevonden. Op dit moment lijkt
trainingsduur op zich een belangrijke factor te zijn voor klinische vooruitgang in arm- en
handfunctie. Er wordt verondersteld dat zelfstandige training thuis een geschikte oplossing
is om een hoge trainingsduur te behalen, omdat patiënten niet afhankelijk zijn van de
beschikbaarheid van een therapeut.
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Het doel van hoofdstuk 6 was om meer inzicht te verkrijgen in onderliggende mechanismen
van herstel en beste trainingsaanpak. We onderzochten relaties tussen een uitgebreide
set van objectieve kinematische bewegingsparameters van de bovenste extremiteit en
knijpkracht met klinische uitkomstmaten, bij chronische CVA patiënten. Er werden matige
tot sterke relaties voor de meeste bewegingsparameters met arm functie (Fugl-Meyer
assessment) en activiteitenniveau (Action Research Arm Test) gevonden, waarbij knijpkracht
en de bewegingsuitslag van de elleboog de grootste bijdragen leverden. Het toepassen
van zowel reikbewegingen als hand functie binnen een (technologie ondersteunende)
trainingssessie wordt daarom aanbevolen om functioneel herstel na een beroerte te
bevorderen. Dit was een van de doelstellingen om mee te nemen in hoofdstuk 7, waarin
ook andere verbeterpunten in de bruikbaarheid van het eerste trainingssysteem werden
doorgevoerd in een geavanceerdere tweede versie van het trainingssysteem. Deze versie
bestond uit een verbeterde pols en hand orthese met bijgewerkte gebruikersomgeving
en groter aanbod aan functionele spellen, waaronder ook veelzijdige grijpoefeningen. Dit
vernieuwde systeem werd opnieuw geëvalueerd op haalbaarheid in een nieuwe groep
patiënten in de chronische fase na een beroerte. Wederom werd de training als motiverend
en bruikbaar beoordeeld. Daarnaast werden na zes weken training zowel verbeteringen op
armfunctie als handvaardigheid gevonden.
Gebaseerd op de bevindingen in voorgaande hoofdstukken, werden in hoofdstuk 8 de
belangrijkste bevindingen en aanbevelingen voor toekomstig onderzoek besproken. De
resultaten uit de hoofdstukken in dit proefschrift laten zien dat het zelfstandig uitvoeren
van functionele training van de arm en hand thuis dat wordt ondersteund door technologie
potentie heeft om te voldoen aan de groeiende vraag naar revalidatiezorg. Om een dergelijk
trainingsapparaat en training nog verder te verbeteren in de toekomst, is het belangrijk
om robuuste, betrouwbare en veilige technologieën te blijven ontwikkelen, die patiënten
eenvoudig zelfstandig kunnen gebruiken. Daarnaast is het belangrijk dat patiënten
gemotiveerd en uitgedaagd blijven om te trainen, aangezien trainingsduur een belangrijke
factor lijkt te zijn voor klinische vooruitgang in arm- en handfunctie. Tot slot, de inhoud van
de training moet zich richten op zowel het oefenen van reikbewegingen als hand functie,
omdat optimale integratie hiervan in de training functioneel herstel na een beroerte lijkt te
bevorderen.
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Hier is het dan, mijn proefschrift. Het is eindelijk af! Het kostte wat tijd en moeite om dit
naast een nieuwe baan te voltooien, maar ik ben blij dat ik het af heb kunnen ronden. Dit
was niet gelukt zonder de hulp en steun van vele mensen. Ik wil iedereen hierbij dan ook
heel erg bedanken.
Allereerst mijn (co)-promotoren. Ik ben erg dankbaar dat ik deel mocht uitmaken van het
internationale SCRIPT project. Hierdoor heb ik mezelf erg goed kunnen ontwikkelen, en mijn
Engels eens goed bij kunnen spijkeren. Ook heb ik geleerd wat het is om samen te werken
met een diversiteit aan mensen met een verschillende achtergrond, en de technische
ontwikkeling van een trainingssysteem; wat niet altijd zonder slag of stoot gaat. Ik ben
dankbaar dat ik deze mogelijkheid heb gekregen, met als resultaat het proefschrift dat nu
voor me ligt.
Hans, ik heb veel van je geleerd. Je kritische blik op het SCRIPT systeem heeft me goed
aan het denken gezet en mij ook kritisch leren kijken. Hoewel het me soms wat tijd heeft
gekost om je commentaar op artikelen te ontcijferen, was dit erg nuttige feedback en heb
ik nu een mooi aantal publicaties liggen. Een van de hoogtepunten (zowel letterlijk als
figuurlijk) was misschien wel het tripje naar Singapore, waar we onder het genot van een
lekkere biercocktail met een mooi uitzicht over de baai nog eens konden napraten over onze
ervaringen van de stad en het congres.
Jaap, bedankt voor je begeleiding en wetenschappelijke input. Ik heb het erg gewaardeerd
dat je altijd betrokken bent, zowel binnen als buiten het werk om. De werkoverleggen heb
ik als heel prettig ervaren, waarin je een verhelderende blik gaf en waarin de kern van het
verhaal mooi samengevat werd in een paar zinnen, daar waar ik dan al een tijdje mee aan
het stoeien was. Je hebt me laten zien hoe ik me de afgelopen jaren heb ontwikkeld. Heel
erg bedankt voor al je steun, en wat leuk dat ik je op de valreep ook promotor mag noemen!
Gerdienke, heel erg bedankt voor al je hulp en de dagelijkse begeleiding. Ik heb erg veel
gehad aan je kritische blik op mijn artikelen, iets wat ik misschien zelf wel een beetje van
je overgenomen heb. Het was prettig dat ik altijd bij je binnen kon lopen voor tips, een
korte vraag of gewoon om frustraties te uitten. Er ging soms heel wat overlegtijd op aan
gesprekken over zaken buiten het werk, maar daar heb ik erg van genoten. Ook hebben we
heel wat tripjes gemaakt naar Europese steden, voor congresbezoek of SCRIPT meetings.
Leuk om rondom de werkzaamheden samen de stad te verkennen!
I would like to thank the members of my graduation committee for the willingness to read
and evaluate my thesis and be part of my PhD defence.
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SCRIPT project members from the University of Hertfordshire, Roessingh Research and
Development, University of Twente, R.U.Robots Limited, University of Sheffield, MOOG
BV, San Raffaele S.p.A and User Interface Design GmbH: Thank you very much for the nice
cooperation during the SCRIPT project, which resulted in this thesis. I really enjoyed the
SCRIPT meetings which gave me the opportunity to travel a lot around Europe. A special
thanks to the UH-team for their heartwarming hospitality at Hatfield and tour through
London during the Short Term Scientific Mission. I felt extremely welcome!
Ik heb een bijdrage mogen leveren aan verschillende projecten, waarbij ik samengewerkt
heb met vele onderzoekers, revalidatieartsen en therapeuten. Allemaal bedankt voor jullie
inzet en hulp, o.a. bij de inclusie van proefpersonen. Ook een grote dank gaat uit naar deze
proefpersonen, zonder jullie had ik de metingen niet kunnen uitvoeren en de artikelen niet
kunnen schrijven. Bedankt voor jullie inzet, jullie hebben heel wat inspanning vertoont
tijdens de trainingen en geduld moeten hebben tijdens de metingen.
Ook dank aan mijn paranimfen, Florentine en Anne. Leuk dat jullie tijdens de verdediging
aan mijn zijde willen staan! Anne, ik vond het fijn om met je te sparren over ons onderzoek,
en gezellig bij te kletsen over zaken naast het werk. Ook al zie ik je niet meer zo vaak, het
blijft leuk om tijdens mijn meetings bij RRD met je bij te kletsen! Leendert, bedankt voor
je technische ondersteuning en hulp met mijn Matlab script. Erg fijn dat je me hierbij hebt
willen helpen! Stephanie, leuk dat ik al die jaren een kamer met je heb mogen delen. Inger
en Gerda, bedankt voor jullie hulp als er weer eens een afspraak moest worden gepland of
iets geregeld moest worden.
En natuurlijk ook alle andere oud-collega’s van RRD: Ik heb erg genoten van de gezelligheid
en spontaniteit, waardoor ik het dan ook jammer vond om weg te gaan. Ik denk met
veel plezier terug aan de (cluster)uitjes, de Laatste-Donderdag-van-de-Maand-Borrels,
squashtoernooien, lunchwandelingen en praatjes in de koffiehoek. Bedankt allemaal dat
jullie mijn verblijf zo prettig hebben gemaakt. Ook wil ik graag de studenten bedanken die
ik de jaren bij RRD heb mogen begeleiden en daardoor hebben mogen bijdragen aan mijn
promotieonderzoek.
Ook aan mijn oud-collega-onderzoekers van het Radboudumc en leden van het Room with
a View team. Fijn dat jullie me ook in Nijmegen thuis hebben laten voelen. Ook al deed ik
geen promotie-onderzoek bij jullie, het is fijn om bij mensen te zitten die in dezelfde situatie
zitten en ervaringen met elkaar te delen. Jullie gezelligheid tijdens de lunch, het taart eten,
de afdelingsuitjes, de gesprekken in de kantoortuin en de vele borrels (ja die ga ik inderdaad
missen…), maakten de reis naar Nijmegen meer dan waard!
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Huidige collega’s van het SKB, fijn dat jullie mij ook hier al snel thuis laten voelen. Ik waardeer
het dat ik de kans krijg om mijn proefschrift af te ronden en weer te kunnen starten met
nieuwe uitdagingen!
Familie en vrienden, bedankt voor jullie belangstelling en steun, en natuurlijk de gezellige
afleiding op zijn tijd. Door op de juiste momenten tijd vrij te maken voor jullie ging het
afronden van het proefschrift er misschien niet sneller om, maar dat maakte het wel een
stuk aangenamer!
En natuurlijk Wouter. Het afronden van dit proefschrift heeft de nodige stress gegeven. Het
is dan ook erg prettig om na een dag werken thuis te komen en zo aan tafel te kunnen
schuiven, en mijn ervaringen van de dag met je te delen. Je bent altijd een grote steun voor
mij en ik geniet van de leuke dingen die we samen doen. Fijn dat je in mijn leven bent!
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