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Objective: To review the state of the art of robotic-
aided hand physiotherapy for post-stroke rehabilita-
tion, including the use of brain-machine interfaces.
Each patient has a unique clinical history and, in re-
sponse to personalized treatment needs, research
into individualized and at-home treatment options
has expanded rapidly in recent years. This has resul-
ted in the development of many devices and design
strategies for use in stroke rehabilitation.

Methods: The development progression of robotic-
aided hand physiotherapy devices and brain-machi-
ne interface systems is outlined, focussing on those
with mechanisms and control strategies designed to
improve recovery outcomes of the hand post-stro-
ke. A total of 110 commercial and non-commercial
hand and wrist devices, spanning the 2 major core
designs: end-effector and exoskeleton are reviewed.
Results: The growing body of evidence on the effi-
cacy and relevance of incorporating brain-machine
interfaces in stroke rehabilitation is summarized.
The challenges involved in integrating robotic reha-
bilitation into the healthcare system are discussed.

Conclusion: This review provides novel insights into
the use of robotics in physiotherapy practice, and
may help system designers to develop new devices.

Key words: rehabilitation; stroke; BMI; exoskeletons; end-
effectors.

Accepted Mar 13, 2017; Epub ahead of print Jun 8, 2017
J Rehabil Med 2017; 49: 449-460

Correspondence address: Alistair C. McConnell, Robotics Lab., School
of Mathematical and Computer Sciences, Heriot-Watt University, EH14
4AS, Edinburgh, UK. E-mail: acm9@hw.ac.uk

Stroke is a global issue affecting people of all ethni-
cities, genders and ages (1, 2); approximately 20
million people per year worldwide experience a cerebro-
vascular accident (3), of which strokes are one of'the pri-
mary causes (4, 5). Typically, one year on from a stroke
65% of these patients remain severely handicapped and
dependent on assistance in daily life (6). A patient may
be left with mild to acute disabilities, depending on the
type and severity of the stroke. Levels of restoration of
hand mobility and motor skills are often very low fol-
lowing conventional therapies for stroke (7).

In recent years, several new forms of rehabilita-
tion using robot-aided therapy have been developed,

and have been shown to improve upper limb motor
function (8).

This paper reviews the current state of the art of
robotic devices and brain-machine interface (BMI)
techniques developed for post-stroke hand rehabilita-
tion. The following 4 themes are discussed: develop-
ment of these robotic systems; current challenges;
future potential; and inherent ethical issues.

POTENTIAL CONSEQUENCES OF STROKE

Patients typically begin rehabilitation immediately af-
ter a stroke, with the first phase taking place in hospital
under the supervision of a physiotherapist (9). This is
usually followed by the provision of a set of physio-
therapy exercises, for the patient to perform unaided
and unsupervised after discharge from hospital. The
reason for the use of unsupervised rehabilitation is the
lack of resources available to health services world-
wide, such as a shortage of physiotherapists and limited
availability of mobile or affordable equipment (10, 11).

Hand rehabilitation after stroke is considered to be
a lower priority than recovery of the upper arm, which
itself is secondary to restoration of the motion of the
trunk and lower body, such as walking through gait re-
learning. Thus, when rehabilitation of the hand begins,
it is often after the acute stage (the period during which
treatment has the greatest potential for recovery (12—
14)). Due to this missed window of opportunity, only
minor additional measurable improvement occurs after
the 6 months following stroke onset (15—17), leading
to less-than-satisfactory results (18). A robotic-based
rehabilitation framework might have the potential to
improve the treatment process, by guiding the rehabi-
litation exercises and storing and providing access to
data for physiotherapists to analyse.

Recently, some new recovery strategies, such as
constraint-induced movement therapy (CIMT), and
robot-assisted therapy, have been clinically tested for
stroke rehabilitation and shown to be eftective. How-
ever, their application is restricted to stroke patients
with residual movement capabilities, who typically
account for 50-70% of cases (19). Where these systems
cannot be used; for example, for patients with chronic
stroke and no residual hand movement, there is no ac-
cepted efficient rehabilitation strategy available (20).
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CONVENTIONAL PHYSIOTHERAPY

There have been many in-depth reviews, meta-analy-
ses, and comparisons of the ideas, theories and practice
of different physiotherapy schools. For example, Kalra
et al. (21), Kwakkel et al. (22) and Lincoln et al. (23)
reviewed the effects of training intensity, timing in
relation to the stroke, and the precise motions used.

The typical programme of stroke physiotherapy
exercises for the hand was researched. Details of how
these exercises can be applied to develop effective
rehabilitation devices are described below.

There are 3 key exercises given to patients for re-
habilitation of full motion of the wrist and hand (24):

* Opening the hand from a closed to a fully open posi-
tion, followed by relaxing the hand. This is typically
the first exercise used, since most stroke patients
initially have their hand locked into a “claw” shape.
To gauge the severity of this disability, the patient
typically attempts to perform the exercises unaided,
after which the physiotherapist manipulates the fing-
ers into the correct position to fully open the hand.
The patient will slowly progress to unaided motion.

* Grasping motion: aiming to rehabilitate holding
an object in the hand, as in everyday life. Again,
the patient will slowly progress to unaided motion.
This movement adds difficulty by having the patient
attempt to hold an object, requiring different finger
positions depending on the item used (e.g. cylindrical
grasp: involving opening the hand as far as possible
before closing it slowly around a cylindrical object,
such as a tin; or precision (pinch) grasp: bringing the
thumb and forefinger together in a pinching motion
(Fig. 1)).

» Wrist movement: flexion and extension of the hand
(Fig. 2). In a flexion motion, the patient assumes a
neutral or flat wrist position, then tilts their hand
downwards as far as possible. Extension starts with
the patient’s hand in a neutral or flat wrist position,
then the patient tilts their hand upwards as far as
possible. This combination of movements helps the
patient rehabilitate the “claw-like” shape of their
wrist and hand after stroke. Due to the layout of the
muscles in the human arm, if the extensor or flexor
muscles become overextended, the motion of the
fingers and wrist becomes compromised, resulting
in a high probability of limiting the patient’s range
of motion.

There are 4 other wrist movements that patients may
be advised to carry out for rehabilitation: abduction, ad-
duction, pronation and supination. These movements,
however, are of a far lower priority than flexion and
extension. Abduction and adduction describe the mo-
tion of moving the wrist from side to side in alignment

www.medicaljournals.se/jrm

a) Sequence of movements for a cylindrical grasp
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b) Sequence of movements for a precision grasp
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Fig. 1. The sequence of movements required to perform cylindrical
grasp and precision grasp. Top row: open-hand position, moving to
grasping a cylindrical object. Second row: open-hand position, moving
to a precision grasp or a “pinch” position.

with the arm, and pronation and supination describe
the motion of rolling the wrist so that the hand turns
from palm up to palm down.

ROBOTIC DEVICES FOR HAND
REHABILITATION POST-STROKE

Existing robotic devices for hand and wrist rehabili-
tation can be divided into 2 categories based on the
following criteria:

* technology readiness level (TRL) of the device;

* type of mechanism (end-effector or exoskeleton
system) used to achieve the desired movement. An
example of an end-effector system is the haptic knob
(25) from the National University of Singapore and
Imperial College London. Examples of an exoske-
leton system is the PMHand from Heriot-Watt Uni-
versity (26). Fig. 3 illustrates the differences between
end-effector and exoskeleton systems.

End-effector systems

End-effector systems, in the context of rehabilitative
robotics, are devices that interact with the patient
through a single point, which is either attached to the
patient’s hand (27) or gripped by the hand (25). This

Extension

Fig. 2. Example of the exercises a patient should perform to regain full
range of motion and use of their wrist and hand are (/) flexion, where the
patient moves from a neutral palm-down position to bringing the palm
closer to the underside of the arm and (ii) extension, where the hand is
raised, to bring the back of the hand closer to the upper side of the arm.
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Fig. 3. End-effector set-up in a unilateral configuration (/eft). A generic
full-hand exoskeleton (right).
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single-point interaction allows the patient to perform
their given exercises within the robot’s predefined XYZ
Cartesian space, which can be represented graphically
on a monitor, displaying their progress in a realistic
manner (28). End-effector systems ensure that the
patient is restricted to the correct range of motions,
by controlling the paths along which their joints can
move. These systems can also include sections that
support the patient’s arm, if needed. End-effector
systems may be incorporated into bilateral therapy,
through the use of a second system on the non-paretic
arm. This enables the recording of motion data from
the non-impaired “master” arm to be translated into
movement of the paretic ”slave” arm. Such a data col-
lection process was used in the system implemented
by Kawasaki et al. (29).

Exoskeleton systems

In contrast, exoskeleton systems are devices that
are fully mounted on the patient, such as the system
developed by Ates et al. (30), enabling more realistic
and engaging treatment. These body-worn devices,
however, apply extra weight to the patient unless they
are aided by some form of cable mount.

ATTRIBUTES OF REHABILITATION SYSTEMS

Within these categories, another key element is the
training modality of the system, which can be assistive,
passive, active or active-assistive:

* In an assistive system the patient performs the ex-
ercise, but the robotic system provides assistance
during the whole routine.

* An active system is not actuated, but can perform
measurements. The patient is constrained to the
appropriate range of motion.

* Passive systems are interactive and help the hand or
wrist to achieve the correct range of motion through
the use of actuators, which apply a force to aid motion.

» Active-assistive systems are hybrid-style systems,
which include a mode allowing them to be utilized
in a similar manner to an active device. This mode
offers no resistance to the patient and only monitors

the movement, but can assist the patient in comple-

ting their task if required. Further training modalities

are suggested by Basteris et al. (31).

A critical design goal in creating these devices is
minimization of the sense of technological intrusion
experienced while using the system. The objective is
to mimic as closely as possible the manner in which a
physiotherapist would interact with the patient during
rehabilitation. In addition, the system should allow
a greater sense of continuity and a smooth transition
between interaction with the physiotherapist and use
of the device.

Device aesthetics and user comfort (both physical
and psychological) are important; patients must feel
comfortable with the device in order to continue its use.
Previous surveys on the use of artificial hands found
that up to 50% of amputees did not use their prosthetic
hands regularly. The main reasons for discontinuing
use were poor functionality, cosmetic appearance and
controllability (32).

When assisting in performing a movement, the
device should provide the patient with a safe range
of motion at all times, suited to their individual mea-
surements. The devices will be used by a wide range
of patients (10) and must be able to cope with a wide
variety of anthropomorphic parameters (33).

The system should also provide physiotherapists
with the data required to track the patients’ progress.
Ideally, this information should be accessible both as
raw data, retrieved directly from the device, and as
post-processed data, displayed for ease of analysis.
This monitoring could be conducted during interac-
tion between the patient and the physiotherapist,
which may occur once per week, and would allow
the physiotherapist to explain the progress directly
to the patient. Alternatively, if in-person visits are
not feasible, the device could present the option of
conducting sessions remotely. This might be done
with either the physiotherapist controlling the device
via teleoperation, in order to study the patient using
the device in real-time, or through monitoring the data
gathered during the exercises, if this information was
uploaded to a cloud-based system.

Interaction can also be aided by using the device
data to demonstrate to the patients that they are ma-
king progress through feedback graphing, as well as
the potential use of interactive games to motivate the
patients’ continued progress (34).

LOWER ARM ROBOTIC DEVICES

This section describes a number of devices designed for
stroke rehabilitation, compares their key features, and
divides the devices into 2 groups: commercial devices

J Rehabil Med 49, 2017
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currently available for purchase; and research-based de-
vices that are either at the prototype or clinical trial stage.

The focus of the current paper is the hand and wrist,
and therefore upper arm stroke rehabilitation is not
discussed. This can be found in Loureiro et al.’s review
article (35).

A literature search was performed in PubMed,
ScienceDirect, Google Scholar and Web of Science,
using the following key words and phrases: robotic
hand rehabilitation, robotic wrist rehabilitation, lower
arm robotic rehabilitation, robotic stroke rehabilitation,
BMI in stroke rehabilitation, BMI in rehabilitation,
(brain computer interface (BCI) in stroke rehabilita-
tion, arm based exoskeletons, arm-based end-effectors,
global stroke statistics, and stroke rehabilitation.

Commercial hand and wrist devices

There are many commercial rehabilitation devices; the
most prevalent of which are listed in Table SI'. These
devices have a wide range of cost and complexity. For
example, Fig. 4 (left) shows the Power-Web (36); a
non-responsive piece of rubber used to guide stretches,
which costs £10 (GBP), and the Kinetec Maestra (37)
(right), an advanced mounted exoskeleton that provides
a constant force to create motion in the fingers and feed-
back, which has a unit cost of approximately £4,000.

Non-commercial hand and wrist devices

The non-commercial devices, divided into 2 categories
according to device type (end-effector or exoskeleton).
are shown in Tables SII and SIII.

End-effector devices

The first end-effector device developed for hand and
wrist rehabilitation was based on the haptic sensor

'https://doi.org/10.2340/16501977-2229

A) B)

Fig. 4. (A) Power-Web: consisting of a simple circular rubber sheet containing multiple
small spaces. The Power-Web allows the patient to insert their fingers and then move
the fingers in different motions with the rubber providing a form of resistance training.
(B) Kinetec Maestra: worn mounted to the wrist and the tips of the fingers, the Kinetic
Maestra can open and close the fingers in a single motion. Through raising the arm
on which the device is worn, the user can achieve a full opening and closing motion.

www.medicaljournals.se/jrm

device known as the Space Interface Device for Arti-
ficial Reality (SPIDAR). This device was conceived
in 1989 at the Tokyo Institute of Technology (147),
where all subsequent SPIDAR iterations were also
developed (148).

The first SPIDAR was a single-point interaction
system in which one finger was attached to the device
and the patient could interact with a Virtial Reality
(VR) system. There were many versions of the SPI-
DAR device (e.g. SPIDAR-II (149), which allowed a
pinch motion to more accurately reflect reality). This
model was followed by the Both-Hand SPIDAR, which
allowed the use of both hands, then the Big SPIDAR
(150), a full-body interactive system, and SPIDAR-
G, which used a ball mounted in the centre of a link
system to allow the patient to grasp objects in a more
realistic manner. The current iteration is SPIDAR-8
(52), a2-handed multi-finger interactive device desig-
ned to incorporate all of the advantages of the previous
devices, which is currently undergoing clinical trials.

The Rutgers Master 11, created in 2002 by Bouzit et
al. (55), is an end-effector device that is attached to the
fingers through a palm-side individual grip and uses a
piston combination to reflect the force a patient could
apply in a VR game.

HI-FI Hand, created by Mali & Munih (59), is the
first end-effector device capable of both aiding the
patient in the movement, being able to provide up to
10 N force, and collecting feedback data from the force
generated by the patient. The HI-FI Hand, however,
can only manipulate a single finger and is a very ela-
borate system compared with the SPIDAR and Rutgers
Master II systems.

The HIRO (Haptic Interface Robot), created by Ka-
wasaki et al. (29) in 2003, used a 2-finger and thumb
configuration to allow an object to be felt through a
VR-based environment with haptic feedback sent to the
patient’s fingertips. Next came the HIRO 11 (57), a full-
hand 15 DOF system created in the image of the human

hand, that was capable both of interacting
with a VR environment, with a passive
6 DOF control device on the non-piratic
arm, which would control the active arm.
HIRO II+ (61), built in 2007, was created

II, such as the inability to perform pinch
motions, but it was still based on the same

= Z o , f/) to overcome problems with the HERO

] model of the human hand to interact with

a modified method of motion. The final
system was the HIRO III (73), created
in 2011, based on the previous systems,
retaining its number of degrees of freedom
(DOF) and hand shape as well as master/
slave system, but with the inclusion of a
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new travel mechanism and a reduction in wires to create
a minimal friction system with near-zero backlash.

The HapticKnob, developed in 2007 by Lambercy
etal. (25), uses an adjustable grip that can be used as a
stand-alone grip for any number of fingers or to allow
everyday items to be clamped into the device for more
realistic rehabilitation. It provides force feedback by
measuring both the strength of the patient’s grip and
the motion of the wrist. In 2011 the ReHapticKnob
(76) was created to overcome previous limitations
with the HapticKnob, such as low output force and
only limited DOF measurements. To overcome these
issues the ReHapticKnob used 2, 6 DOF force/torque
sensors, allowing for greater sensory cover, and a dif-
ferent linkage design to correct for the force limitation.

HandCARE “Cable Actuated Rehabilitation” built
by Dovat et al. (62) in 2008 is a system that uses a
single motor to provide direct feedback of the force
exerted by the patient, who is connected to the device
through the fingertips. HandCARE is portable, as it
is lightweight and easy to set up. The device can also
exert a force on the patient’s fingers to allow for a
resistance similar to what they would feel in reality.

GENTLE/s, developed by Loureiro et al. (56), is a
whole-arm motion system, which is a combination of an
exoskeleton and an end-effector. Although its mounting
could be considered an exoskeleton due to it encasing
the entire hand, the system could also be classed as an
end-effector due to its grasping mechanism. In 2009, the
Grasp assist unit was developed by Loureiro & Harwin
(27) as a module for the Gentle/G, in which the patient
uses a full-hand monitoring system that shows their
grasping motion and strength on a VR system.

Master Finger-2, developed by Ueki et al. (95) in
2011, is a haptic end-effector that uses the finger and
thumb to simulate a pinching motion. It can also use
other fingers and provide force feedback for VR use.
Master Finger-2 is similar to the SPIDAR-II, Rutgers
Master II and the HapticKnob regarding the type of
rehabilitation exercise motion that would be performed
by the patient.

Several of these devices have been used to conduct
small-scale trials on both non-impaired and stroke
patients; for example, the HapticKnob (25) was tested
using 3 stroke patients and 12 non-impaired volunteers
and the GENTLE/s, included in 1 study conducted by
Coote etal. (151), was used by 20 stroke patients with
various motor deficits.

All of the end-effector devices discussed here are
listed in Table SII.

Exoskeleton devices

The Hand-Wrist Assisting Robotic Device (HWARD)
was one of the first stroke rehabilitation exoskeletons

to be developed. The device, created in 2005 by Taka-
hashi et al. (86), incorporated the wrist and full hand in
a 3 DOF arrangement, allowing movement of the wrist
in flexion and extension, as well as a grasp motion for
the fingers. Due to its exposed palm design, for addi-
tional realism patients could also feel the object they
were grasping. The HWARD was designed to fulfil 2
goals: to translate the force the patient generated, and
to apply a force to help the patient’s motion.

The Actuated Finger Exoskeleton (AFX) (103), fa-
bricated in 2010, is a single-finger rehabilitation system
created as a reach-to-pinch system with 2 motors: 1
motor provides force for extension and a second motor
provides force for flexion of each finger. Full actuation
is provided for each joint in the finger.

The first hybrid-exoskeleton, constructed in Gifu
University by Kawsaki et al. (89), part of the NEDO
project, used a 2-finger mounted exoskeleton that fitted
in an end-effector style, allowing support for a pinching
motion. Their next generation device (90), a semi-
exoskeleton, encased both the hand and the wrist in
an end-effector-style unit, allowing for full flexion and
extension of the fingers, while aiding in wrist stability.
Each individual joint of the finger was controlled by a
single motor; with a passive joint to ensure complete
alignment. In addition, the wrist arrangement used a
single motor to provide motion. This system not only
provided the power to move the hand for exercise, but
was also capable of recording the motion for use in a
VR environment.

The HANDEXOS, designed by Chiri et al. (96), was
a hand-mounted exoskeleton designed to open and close
the fingers, with an open palm to allow for interaction
with everyday objects. This system used an arrang-
ement of wire tendons running through a specifically-
designed kinematic set-up. This mechanism ensured
that the fingers could not move in the wrong alignment.

Brokaw et al. (115) created the HandSOME systems
in 2011, a group of exoskeletons designed to train the
patient in 1 particular aspect of hand rehabilitation:
the pinch motion. An elastic cord was used to aid
extension of the hand. This method, however, could
lead to issues if a patient with weak flexion abilities
was using the device.

The IHRG exoskeleton, developed in 2013 by Po-
pescu et al. (122), used a plastic moulded glove with a
mechanical structure mounted on the back of the hand
to control the motion of each finger individually. The
IHRG system is still in development.

An initial soft-exoskeleton-based system, the Pneu
Glove, was designed in 2009 by Connelly et al. (97).
This device used a combination of servos and a pneu-
matic pump arrangement to inflate a bladder in each
finger of the glove, pushing the finger into extension.

J Rehabil Med 49, 2017
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This device could be used with or without a VR game
and incorporated a headset to allow for a more inte-
ractive rehabilitation experience.

Soft robotic devices advanced again in 2013, when
the Walsh group at Harvard University developed a
soft robot glove that allowed for grasping of an object
using inflatable cells mounted on the backs of the
fingers (127). This device was capable of grasping an
object in a realistic manner and, due to its soft robot
construction, reduced the chance of injury.

The PMHand, developed by McConnell et al. (26),
uses a 3D-printed low-profile exoskeleton and a wire-
tendon-motor linked system to allow both flexion and
extension motions of the fingers. Data from all the
exercises are collected to show the patient’s progress.

A new device, the Hand Exoskeleton System (HES),
was created in 2015 by Conti et al. (144). HES is a
3D-printed, inexpensive, portable exoskeleton system
designed to run as a cable-driven single-phalanx mo-
tion system. This device allows for successful grasping
of different objects and is currently being used in tests
with patients.

SOPHIA (145), created at Heriot-Watt University
in 2016, uses a combination of soft robotic actuators
to physically aid rehabilitation by providing extension
motion, incorporating a BMI interface to increase
neural recovery.

Helping Hand, created by Zhao et al. (146) at
Cornell University, is the most recent example of the
soft robotic progression of exoskeletons, in which an
EMG controller is used as the trigger for motion of
the fingers. The Helping Hand also uses a novel fibre
optic solution to counteract inherent errors in several
flexible sensors.

Further details of the devices mentioned in this sec-
tion are given in Table SIII.

SUMMARY OF DEVICE PROGRESS

Most currently available commercial systems are of
the end-effector type, which are the more mature and
stable type of device. However, this review found a
gradual decrease in the number of end-effector systems
being developed. This might be because these systems
cannot aid in full movement of the fingers or wrist,
since they have reached maturity in their construction
and are primarily only available at fixed locations. In
addition, while end-effector systems can simulate the
approximate force/resistance that an object would of-
fer, they cannot provide the texture or tactile interface
of a real object, as the patient grips the end-effector
and not the object in question.

End-effector systems, however, could be regarded
as a more robust technology due to their fixed nature.

www.medicaljournals.se/jrm

Thus, they can provide accurate feedback and apply
resistance to the patient in the same alignment as they
are experiencing in a VR simulation.

Exoskeleton systems are currently being developed
at more than twice the rate of end-effector systems.
These new exoskeleton systems counteract some of
the flaws found in end-effector systems, by aiding the
motion of the fingers and wrist. Exoskeleton systems
also provide accurate feedback to a VR system, but
they remain bulky, intimidating and not very robust.

There have also been attempts to develop hybrid
end-effector/exoskeleton-based systems, such as the
Gifu NEDO (90). These hybrids overcome the problem
of not being able to provide force to move the fingers
and wrist. However, this approach has the disadvantage
of requiring a large complex system design.

Even with these issues, there has been an increase
in the number of exoskeleton devices now reaching
small-scale clinical trials, with either individual or
complementary modules to be used in combination
with other upper limb rehabilitation aids to gain a better
view of robotic rehabilitation overall.

Recently, a minimum of 3 forms of orthosis have
been developed every year. As shown previously, all
have remarkably different approaches to solving the
problems that occur in the different stages of stroke
rehabilitation.

BRAIN-MACHINE INTERFACES

BMI systems are a novel area of technology with great
potential in medical robotics. BMIs have been propo-
sed for motor neurorehabilitation, motor replacement
and assistive technologies (152). These systems use
physiological signals originating in the brain to activate
or deactivate external devices or computers.

BMI systems integrate the recorded brain signals
with controllable devices in order to re-establish
or expand sensorimotor limitations, as stated by
Pfurtscheller & Neuper (153). They may rely on pas-
sively generated brain signals (e.g. staring at a blinking
light to modulate the visual cortex frequency band)
or actively generated brain signals, (e.g. imagining
moving the own hand; motor imagery (MI)).

Non-invasive BMIs relate to systems that gather
brain signals without surgical procedures. The expe-
rimental set-up ranges from bulky, expensive options,
such as functional magnetic resonance imaging (fMRI)
or magnetoencephalography (MEG), to lightweight
and relatively cheap approaches, including electro-
encephalography (EEG) and, recently, near-infrared
spectroscopy (NIRS). Due its availability and ease of
use, EEG is widely used in clinical stroke rehabilita-
tion; thus, these systems are the focus of this review.
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An EEG can record rhythm activity, such as the mu-
rhythm, also called the sensori-motor rhythm (SMR)
(154, 155) (4-200 Hz) and its harmonics (8-30 Hz),
which show a clear functional specificity, disappea-
ring during planned, actual, or imagined movements
and event-related potentials (ERPs), and occurring
in response to a specific sensory, cognitive or motor
event. Primary examples are the P300-based (156,
157), steady-state visual evoked potential (SSVEP)
(158), slow cortical potentials (SCP) (159) and hybrid
systems (160, 161).

Despite the fact that all these techniques could be
used to control devices, only the application of SMRs
(involving motor imagery and neuroplasticity) has been
developed as a rehabilitation strategy to date. Thus, this
review only addresses this specific type of BMI.

The use of BMIs in stroke rehabilitation is divided
into 2 main approaches: a monitoring mechanism,
with recorded brain signals serving as feedback for
concentration levels of the physiotherapy practice; and
a control framework in which an artificial actuator is
driven at will.

A significant number of patients present with hand
motor impairment post-stroke. In addition, loss of
concentration limits the efficacy of conventional phy-
siotherapy. Mental practice of voluntary movement
(e.g. M1, in which patients are instructed to imagine
moving their own limbs, but without performing a
real movement) has been envisaged to alleviate this
loss of focus (162). This positive effect may be due to
the promotion of neural plasticity and engagement of
relevant sensorimotor regions of the brain (163, 164).
Nevertheless, further studies are needed to clarify the
effects and mechanisms of Ml in stroke rehabilitation.

EEG-based BMI is attractive because it combines MI
with active orthosis control. More specifically, voluntary
movement or motor intention of the arm, hand and wrist
activates the primary sensorimotor area in the brain,
which is characterized by a desynchronization of the
8-30 Hz brain rhythms over the hemisphere contrala-
teral to the limb in use (165). This neural signature can
be detected in the EEG signals and processed to provide
control commands for an artificial actuator. EEG-based
BMI aids the patient, either by bypassing a physical
impairment in the ability to control the hand, or by
highlighting engagement with the task. Fig. 5 illustrates
apossible configuration for the signal flow between the
BMI, patient and repetive hypoxic preconditioning.

Birbaumer et al. (166, 167) suggested BMI tech-
nology as a possible solution for treatment of stroke
patients who require simultaneous rehabilitation of
the impaired limb and brain functions. The authors
showed that using a BMI system would strengthen the
patient’s sensorimotor loop by re-establishing the lost

connectivity between ipsilesional (i.e. located in the
area of the brain damaged by stroke) cortical activity
related to the execution of finger movements, and
proprioceptive (haptic) feedback. In turn, feedback
would foster neuroplasticity, the ability of the brain to
form and reorganize synaptic connections, especially
in response to injury, thus facilitating motor recovery
(166, 168, 169).

Two issues challenge the advancement of BMI in
post-stroke rehabilitation robotics. Firstly, not every
patient can consistently modulate their mu (8—13 Hz)
and beta (1230 Hz) rhythms in response to MI tasks,
thus preventing the extraction of reliable control sig-
nals (170). Secondly, the small signal-to-noise ratio,
combined with the poor spatial resolution inherent to
EEG systems, results in low bit rates (Fig. 6), which
in turn prohibit sophisticated control strategies for
the orthosis. Nevertheless, recent studies point out
that the use of neuromodulation techniques, such as
transcranial direct current stimulation, which applies
a small current exciting or inhibiting brain activities,
may improve performance in MI (171).

Although there is increasing clinical evidence
showing the benefits of BMI-related tools in stroke
neurorehabilitation, more and larger clinical studies are
needed to fully establish the efficacy of these systems,
as demonstrated by Kansaku et al. (172).

DISCUSSION

The increasing use of both robotic-aided techniques
and BMI systems is reviewed in this paper, through ex-
amples from key clinical trials involving these devices.
To clarify how the conclusions of these studies were
assessed the most common scores used to measure
stroke incidence are described here.

Evaluating the efficacy of robotic devices in hand
rehabilitation

Several systems of measurement are currently in use to
record the state and progress of the stroke patient’s reha-

feedback \:h}
Q

Fig. 5. Brain-machine interface framework. Electrophysiological signals
are extracted and processed to produce control signals for external
actuators, which in turn provide visual and somatosensory feedback
to the user.
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Fig. 6. Bit rate, defined as: bit rate=log 2N - P log 2P + (1-P) log2
[(1-P)/(N-1)]*1/t, where N =number of classes, P =task performance,
and t=time (in s) needed to reach peak performance in a trial. In the
figure N=2. Note, that if a patient is to control a more complex device
(which requires more bits/trial) whilst maintaining trial duration, itimplies
on significantly higher performance in the task (accuracy).

bilitation, according to the International Classification
of Functioning Disability and Health (ICF) domains,
such as the Upper Extremity Fugl-Meyer Assessment
(FMA-UE) proposed by Fugl-Meyer et al. (173), the
Motor Activity Log-14 (MAL) defined by Uswatte et al.
(174), the Manual Ability Measure-36 created by Chen
& Bode (175), the Jebsen Hand Function Test (JHFT)
introduced by Spaulding et al. (176), the Grip Strength
by Schmidt & Toews (177), the Action Research Arm
Test (ARAT) created by Lyle (178), the Ashworth Scale
by Ashworth (179), the Modified Ashworth Scale de-
fined by Bohannon & Smith (180), and the Motricity
Index (MI) by Demeurisse et al. (181) A full in-depth
review of the different ways to measure the outcome of
stroke rehabilitation, both for the hand and the rest of
the body, was carried out by Salter et al. (182).

Multiple clinical trials using robotic-aided rehabi-
litation have been carried out; among them, the most
extensive trial was conducted in 2010 by Lo et al.
(183) on upper limb rehabilitation. This experiment
was performed using the In-motion robot (MIT-Manus
with horizontal, vertical, wrist and hand modules) and
involved 127 patients. The study provided evidence
for the benefits of robotic-aided rehabilitation after a
stroke. In summary, the researchers found that using
the device over 36 1-h sessions of robotic therapy
was equally as beneficial as 36 1-h sessions of high-
intensity traditional therapy regarding improvement
measured over both 12- and 36-week periods.

The commercially-available Amadeo system was used
in a hand-specific trial (184), involving 12 patients who
performed exercises for 18 h in total. This trial showed
comparable improvements in all of the measurements
used, compared with the standard physiotherapy treat-
ment a patient would undertake. It was also noted that
this improvement lasted beyond 6 months after stroke.

www.medicaljournals.se/jrm

The Haptic Master (185), a full arm exoskeleton,
was used by Timmermans et al. (186) in a single-blind
randomized controlled trial involving 22 patients over
an 8-week period, with the exercises being performed
4 times per week, twice a day for 30 min. Trial re-
sults showed a significant improvement in the ARAT
using the robot system and a noticeable, but similar
improvement on the MAL for both robot and standard
rehabilitation. The researchers noted that the effects
of the robotic therapy were sustained after the trial
was completed, while the benefits from conventional
therapy were not. The Haptic Master is not directly
a hand rehabilitation system, but, due to its common
usage in upper limb rehabilitation and that it is grasped
by the hand, it has been included in the clinical tests.

The PneuGlove was used in a 6-week trial with 7
stroke patients; each performing the exercise in 18
training sessions over the trial period (97). A significant
improvement was shown in the patients’ FMA scores,
which was maintained over a 1-month period after the
sessions had ended.

There have been multiple other studies of robotic-
aided rehabilitation that show either comparable or,
in some cases, greater progress in patients’ recovery
as measured against a traditional approach. The sam-
ple sizes of these trials are not large enough to draw
statistically significant conclusions, but the majority
of them show a common pattern, that the benefits of
robot therapy outlast the standard treatment. Due to
the preliminary nature of these studies, not all of the
clinical trials used the same score system or the full
list of measurements described earlier.

BMI systems were also included within some
clinical studies as a rehabilitation technique for stroke
recovery. Several examples can be highlighted from
this perspective.

Prasad et al. (187), submitted 5 post-stroke partici-
pants to a 6-week BMI programme, in which neuro-
feedback was given proportionally to the MI-measured
activity. They concluded that the more subjects could
modulate their mu and beta rhythm synchronization,
the greater the performance in a goal-directed task.
Prasad’s work emphasizes the importance of incorpo-
rating BMI strategies into post-stroke rehabilitation
protocols despite the heterogeneous MI capabilities
of the subjects.

Initial studies of stroke rehabilitation using BMI
revealed that patients learnt to control the rehabilita-
tion device accurately over a few weeks of training,
but such a short trial period meant that they did not
improve significantly regarding motor function (188).
However, further studies combining BMI training with
goal-directed behavioural physiotherapy over a longer
period showed significant improvements in motor and
cognitive capacities of severely affected chronic stroke
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survivors (189). Based on these findings, Ramos-
Murguialday et al. (190) conducted a larger control-
led double-blinded randomized clinical trial with 32
chronic stroke survivors who had no residual finger
movement. This study showed that 20 sessions of ip-
silesional BMI training, combined with goal-directed
behavioural therapy, led to motor improvements in the
experimental group superior to those in the control
group, who were trained under random BMI feedback,
receiving the same goal-directed behavioural therapy.
Using the FMA score, the experiments showed that the
group who could control a BMI-based orthosis impro-
ved their motor control more than the ones submitted
to random orthosis movements. Furthermore, subjects
presented cortical activity reorganization linked to BMI
training. These results further corroborate that, robotics
and BMI combined with physiotherapy is a suitable
solution to enhance motor recovery for severely af-
fected stroke patients.

A recent clinical study involving 26 chronic stroke
survivors with less severe paralysis compared con-
ventional robot-assisted therapy with BMI-controlled
robotic training and found similar results (165). Other
studies with smaller samples further corroborate this
trend (191, 192).

Finally, Pichiorri et al. (193) conducted a related
study with 28 subacute stroke patients. They found a
significantly higher probability of achieving a clini-
cally relevant increase in the FMA score in subjects
submitted to BMI training than in those involved solely
in MI training.

Taken together, these trials provide evidence of both
the efficacy of robotic rehabilitation independent of
BMI and the benefits of incorporating BMI techniques
in stroke rehabilitation. With further development
of this theory in mind, in addition to the number of
new studies with a greater number of patients, this
reinforces the evidence that adapting the current BMI
strategies to work with commercial orthoses and other
robotic devices has a strong potential for progression
of this type of therapy.

Inherent ethical issues

The trend towards developing systems that are capable
of gathering a great deal of patient data raises many
questions. A critical issue is the potential use of this
data by research groups, companies and physiothera-
pists, and the level of anonymity that would be needed
to be applied to the data for each group to be able to
use it ethically (194, 195).

Safety considerations for patients using a device
that evolves unsupervised would be far-ranging if the
device manipulated the patient’s motion in an incor-
rect manner, inhibited the rehabilitation process, or

injured the patient. These ethical issues are discussed
in more detail by Feil-Seifer & Matari (196), who ex-
plore these and other matters, their ramifications and
potential solutions.

Factors restricting widespread uptake of robotic
devices for hand rehabilitation

The current review shows that the increase in regular
use of orthotic devices is related not only to the growth
in their functionality, but also to their portability,
location of use (clinical or domestic), simplicity of
use, level of safety data or framework to evaluate the
system, aesthetics factors, and overall system cost.

Lack of consistent framework of metrics

Unlike the framework of accepted metrics for bipedal
locomotion proposed by Mombaur et al. (197) that
has been established between clinicians and research
groups regarding lower limb rehabilitation, there is
currently an absence of a similar agreement for the
upper limb counterpart. A framework for classifying
the training modalities in robot-aided therapy for the
upper limb has been suggested by Basteris et al. (31).

Sivan et al. (198) evaluated multiple studies and tri-
als for the different metrics used in each, judging which
were used more often and include suitable measurable
properties for use in robot-assisted exercise criteria
finding that FMA and ARAT are compatible. All of
the scoring methods mentioned, e.g. MAL, measure
the progress and recovery of the patient’s movement.
However, they do not assess the device itself. For
this task there are 2 different factors that quantify the
reliability of an instrument in medicine and sport: the
intra-class correlation coefficient and the standard error
of measurement. These techniques have been examined
further by Maggioni et al. (199).

Even with the application of these techniques,
new methods for measuring the adequacy of robotic
rehabilitation devices are required in order to make a
complete comparison.

In summary, the fragmented nature of the results
from the multiple trials using different metrics leads
to complications in their comparisons of effectiveness.
This fact can discourage medical bodies from purcha-
sing robotic rehabilitation equipment, as it would be
an unproven investment.

Control system and human-robot interaction

Control of these devices is an important issue. While
the use of integrated exercise apps or a function for
remote control by a physiotherapist can be made user-
friendly, the end goal would arguably be to remove the
intermediate interface layer entirely. In this scenario,

J Rehabil Med 49, 2017



JRM

JRM

JRM

458 A. C. McConnell et al.

the ultimate aim for non-intrusive assistive devices
would be to be able to respond to the user’s thoughts
of, for example, “open hand” by doing just that.

Therefore, the development and provision of reha-
bilitative robotics integrating BMI, particularly those
which can function even with existing damage to the
patient’s peripheral nervous system, represent a pro-
mising avenue of research. If devices can be controlled
intuitively and without requiring extensive training to
gain reliable control (20), BMI systems promise to
enhance assistive technology for stroke patients, and
even for wider application in other forms of neurolo-
gical damage (152).

Thus, the development and provision of assistive
devices that are independent of the integrity of the
peripheral nervous system represent a promising and
appealing prospect.

Cost of purchase and service

Two of the biggest problems regarding robotic reha-
bilitation devices are their predominantly high price
and a lack of large-scale clinical evidence. This leads
to healthcare providers being unwilling or unable to
purchase a still largely-untested device, as it would be
safer to use their budgets for conventional treatments
with a physiotherapist and medication. Due to this lack
of'uptake, there is a shortage of large-scale evaluations
of these robotic devices, which contributes to the cy-
clical problem of staging clinical trials.

The increasing use of 3D printing to rapidly proto-
type new and individually customizable devices is a
possible solution to this problem. Soft robotic tech-
nologies eliminate complex mechanical linkages and,
in combination with 3D printing, have the potential
to reduce the cost of servicing and replacement (200).

The increase in cost-effective and viable BMIs that
are commercially available has the potential to reduce
the cost of robotic rehabilitation.

Portability and aesthetics

The aesthetic appearance of these devices is a further
issue. If a machine appears intimidating, it may affect
the patient’s progress or desire to use the device. One
way to mitigate this problem is to include patients and
clinicians in the design process (201, 202). Through
an iterative process of consultations, researchers could
develop devices that proved practical and, at the same
time, visually reassuring to patients.

The traditional hard robotic approach, in which
movements are driven entirely by motors and the
direction of motion is controlled by rigid mechanical
frames, can appear intimidating and cause concern
among patients. Instead, the use of more recent soft

www.medicaljournals.se/jrm

robotics technologies can be embraced to create a
system that provides the correct motion, while using
soft silicone-based materials to allow for a lighter and
safer device. Several systems with these characteristics
exist at present, such as the Harvard Soft Robotic Hand
(127) and A Helping Hand (146).

The portability of robotic rehabilitation systems is a
2-fold issue; it may be related to the exoskeleton or to
the end-effector itself, which could either be used only
in a laboratory due to requiring supervision or due to it
being of a fixed nature. This is correlated with the fact
that the majority of BMI devices are wired and only
tested in a laboratory environment, where portability
is not an issue. Systems that are wireless and more
portable are currently emerging onto the market.

The SOPHIA system (145) proposes a way to in-
crease the portability of a system by using the wireless
EMOTIV EPOC+ (203) and a soft robotic-based sys-
tem, which is envisioned to be used unsupervised and
in a domestic setting. This illustrates the potential for
future work in the synergy of BMI and soft robotics.

CONCLUSION

Despite the wide range in both size and focus of the
trials that have been conducted in robot-aided rehabi-
litation, there is an increasing body of evidence that
such rehabilitation can be highly beneficial to stroke
patients. From the trends seen in current research, it
appears that a combination of robotic and traditional
treatment would produce the best results.

At present, a constant failing in the rehabilitation
cycle is that the assigned exercises have to be perfor-
med unsupervised at the patient’s home, with little
monitoring or correction. With the robotic systems
discussed in this paper, the potential for unsupervised
rehabilitation is now developing. More devices are
being designed specifically for independent use at
home, with the aim of helping patients perform their
exercises more often and in the correct manner. As has
been shown in the overall area of stroke rehabilitation
research, the increased intensity and frequency of reha-
bilitation exercises should result in a better prognosis
for regaining use of the limb in question.

There is also the opportunity to incorporate a greater
number of sensors into future systems, allowing for a
more in-depth analysis of patients’ progress. The new
data could be used by more intelligent devices to aid
patients’ recovery by adjusting the internal parameters of
the system, or by incorporating the data into interactive
games. The data gathered would also allow physiothera-
pists to examine and compare progress between patients,
allowing for a greater knowledge of the patterns and
challenges each patient faces through their recovery.
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Current advances in this field provide great potential
for wider development and distribution of these types
of devices.
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