Challenges and opportunities for robot mediated

neurorehabilitation

W.S. Harwin,Member, IEEE, J. PattonMember, IEEE, and V.R. EdgertonMember, IEEE

(DRAFT of IEEE proceedings 94(9) 2006)

Abstract— Robot mediated neurorehabilitation is a rapidly —of expansion in the field. This rapid growth can be attributed

advancing field that seeks to use advances in robotics, virélireal-  gayeral factors, the first being the emergence of hardware fo

ities and haptic interfaces, coupled with theories in neurscience haptics and advanced robotics that could be made to operate

and rehabilitation to define new methods for treating neurobgical

L . - ) . safely within the human’s workspace. The dramatic drop in
injuries such as stroke, spinal cord injury and traumatic brain

injury. The field is nascent and much work is needed to identy the cost of computing along with the emergence of software
efficient hardware, software and control system designs afmside to support real-time control further helps to reduce thetxos

hospital settings. This paper identifies the need for robotsn This technological shift has coupled with better knowledge

neurorehabilitation and identifies important goals that will allow o ) ] )
the rehabilitation process and the social need to provigk hi

this field to advance.
quality treatment for an ageing population.
The focus of this paper is on robotic assistance in neuro-

| INTRODUCTION rehabilitation. Although this usually means stroke relibi

The use of robots for providing physiotherapy is a relagivetion many of the arguments put forward are also appropriate
new discipline within the area of medical robotics. It enestg for people with traumatic brain injury, spinal cord injurpch
from the idea of using robots to assist people with disaédit other damage that might occur to the brain or spinal cord.
For example, the Rancho Golden, developed in 1969, wad Bus these areas are included in our discussions. Likelwese t
powered orthosis with six degrees of freedom to assist movgrm 'robot’, which can be seen as pejorative by practitiene
ments of individuals with polio [1]. The transition to usingif incorrectly introduced, is considered interchangeablth
robots to assist a therapist with a rehabilitation exeraias the concept of a haptic interface. The only difference ig tha
identified by several groups although Erlandson was pogssitthe latter is a more specific term relating to a robot used to
the first to publish a working implementation [2]. The adapti guide or restrict the movements of a person who is in direct
of the idea to robotic devices to assist in neurorehahiitat contact with the robot end effector. In most cases the robot o
was first identified by Nevile Hogan at MIT [3] and is in theéhaptic interface is not used in isolation and requires atlaa
area of neurorehabilitation where there is currently a nigh computer interface and possibly also a virtual environntent

establish the particular therapy.
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Il. IMPORTANCE OF THE PROBLEM OF STROKE

Cerebral vascular accidents, more commonly referred to as

strokes, are an important problem in clinical medicine.yrhe



A stroke is the consequence of cell death within the braiisk of a stroke. In the USA the number of people over the age
relating to either internal bleeding or a blockage in one af 60 years will increase by 10 million (22%) over the next 10
the two main supplying arteries. The term ’'ischemic strokeears. Another pressure comes from the fact that survitesra
accounts for 80% of cases and refers to the condition whdrem stroke are increasing due to the improvement in acute
an artery becomes blocked by an embolism or thrombosmsedical care. The cost of hospitalisation of stroke alspdel
whereas 'hemorrhagic stroke’ accounts for the remainirigy 20to make the case for robot assistance in neurorehabititafio
and is caused by blood leaking into the brain. The conseguepeople following a stroke. The costs to the UK National Healt
of either etiology is cell death that results in a loss of braiService of stroke are estimated to be of213 billion per year
function. Conditions such as brain tumours or traumatiénbraand the cost is expected to rise in real terms by around 30%
injuries may have similar consequences to those of a stroke.the year 2030 [8]. Similar economic pressures prevail in
These consequences include hemiplegia (on the side oppaie USA where there is an annual spending of $30 billion on
to the injury), visual neglect, cognitive difficulties (a#ing physical rehabilitation.

to thinking, learning, concentrating and decision making)

and speech and language difficulties including dysarthméh a Ill. BACKGROUND AND THEORY OF

aphasia. Although technology may contribute in other areas NEUROREHABILITATION

of neurorehabilitation this article will concentrate onethA. Theoretical background to neural control of movement
rehabilitation of movement disabilities. Observations on repetitive cyclic movements in lower limb
Stroke statistics are available for the developed worlde Tistudies show that there is some variation in the neuromechan
rate is highest for men in Finland (2.9 per 1000) and in Jap@al properties of each step, i.e. movement variability is a
(2.8 per 1000) [4]. In the UK the rate is between 1.25 and 1rformal feature of the neural control strategy of the nervous
per 1000. Incident rates in Germany and France are broadiystem.
similar to the UK [5]. In affluent areas of the USA the rate Similarly animal studies based on a transection of the $pina
can be as low as 0.9 per 1000 [6]. cord show that the spinal cord can learn a motor task, in
Stroke is the third leading cause of death and the leadipgrticular the rhythmic locomotion activities while beggifull
cause of severe disabilities in the developed world. Theeotir body weight [9]. This is evidently a learnt skill as it is only
assumptions are that about 3/4 of people who have had a strakquired when the animal is given treadmill training. Itghu
will survive for at least a year, but around 1/3 of survivorseems logical to assume that the spinal cord as well as the
will have moderate to severe disabilities relating to mogam brain has a role in movement.
speech, concentration and cognition [7]. For lower limb movement it is hypothesised that repetitive
Age is a strong factor in stroke with 88% of individualdraining increases the efficacy of a more selective group of
who have had a stroke being over the age of 65. Indesghapses and circuits, which will reduce the variance and
beyond age 55, the likelihood of stroke doubles for every témcrease the probability of success in generating consecut
additional years of age. Other factors that deleterioubct successful steps. The persistence of these changed probabi
the risk of stroke include ethnicity, poor diet, tobaccogesa ties reflecting improved synaptic efficacy in a more selected
use of anticoagulant drugs, a previous stroke or prior tesihs network of neurons seems to have multiple time courses,
ischemic attack (TIA, also known as a ministroke). suggesting multiple mechanisms of learning and memory.
So it is clear that stroke is a concern for our society, The situation in intentional movements typical of the upper
especially given the demographics of a growing populatidimbs is more complex. It is clear that movement targets are

of elderly people and by implication more people who are acquired from a variety of sensory channels including visio



and touch and information from these sensory channelsolsserved. This is the phenomenon whereby a neuronal cell
used to update internal models. These models not only ench@eomes hyper-sensitive when there has been a recentyhistor
the state of the world, but also the sensory consequenceobfirings and this increase in sensitivity can last seveedks.
any interactions. A decision to make a movement registersAfthough there is no objective evidence it is suggested that
the premotor cortex up to 250ms before activity in the motencouraging LTP with an enriched environment might be a
cortex [10], and it is hypothesised that an internal model Easis for neurorehabilitation [16].
being prepared to predict the consequences of the movemert siroke causes neuron death to a focal area of neurons.
[11]. Surrounding this area is an ischemic penumbra where the
Strokes that are linked to a movement impairment are Us\srons are no longer functioning normally due to the lack of
ally due to thrombosis or aneurysm in the mid cerebral artegy, g supplying both oxygen and ATP to the neuron. It is in
located near the sensory-motor cortex. This explains highs penumbra where the recovery of function is most likely
involvement of motor disabilities following a stroke. Givéhe 5 occur and the evidence is that because the blood supply
complexity of the movement process and the severity of the,g ot returned to normal these penumbra neurons die and

stroke it is evident that movement can be impaired at meltipfhe clinical deficit that was observed just after the inctden

levels, with a result that the rehabilitation process do@s Mecomes fixed [17].

follow a clear path of recovery.

B. Theoretical background on neuroplagticity

] ~ IV. ROBOTICS ANDVIRTUAL REALITY IN REHABILITATION
A key concept that underpins all forms of neurologically

directed physiotherapy is that of brain plasticity. Eviden
from fMRI and transcranial magnetic stimulation (TMS) [12] Evidence for integrating stroke care to include early and
[13] has shown that the visual cortex of people who are b“nappropriate rehabilitation is the reduction in mortalifyabout
is reorganised to process somasensory and tactile infanmat20% and the reduction of mortality and severe disability by
such as reading and interpreting Braille. This conclus®n $0% [18].
also confirmed by animal experiments [14] and shows that theA key challenge is how best to enhance the therapist's
transfer of activity is both intra and inter modality, andath skills with robot technology. An appropriate concept is to
where there is a need for the brain to reorganise to adaptito neonsider the robot as an advanced tool under the therapist's
circumstances this reorganisation is not necessarilymeafio direction. As such the robot can best handle relatively Emp
the understood maps of the Homunculus brain [15]. The fatterapies that are characterised by a repetitive and labour
that this reorganisation occurs even in mature adult humantensive nature. Clinical decisions should be managed by
is a primary justification for neurorehabilitation follomg a the therapist and, when appropriate, planned and execated o
stroke. the robot. This approach would be part of an integrated set
The mechanisms for this reorganisation are still uncertaifi tools that would include simpler, non robotic approaches
although there is a body of evidence of some interestisgch as intelligent sensing of therapy tools that could keep
effects associated with learning and memory. Among thesetlh® therapist and patient informed about the progress of an
histological evidence that an increase in neuron actidgdbk individual exercise as well as the overall treatment. Thsre
to modifications of the number of synaptic connections aradready a precedent for such tools in intensive care nursing
a greater level of dendritic branching. Also effects such aghere staff use a range of highly complex tools to monitor

long term potentiation (LTP) following neuron activity che and deliver care to their patients.



A. Technologies for neurorehabilitation sensor linking the robot to the subject [20]. This work pro-

When a robotic device is coupled with a three-dimensionta(atyped several possible therapy modes including a mode

I6r_10wn as MIME (Mirror image motion enabler) whereby

graphic display such as shown in figure 1 the sensorim
. . rr?ovements of the stroke affected arm could be patterned to

tor system is able to engage all normal types of visua

and motor adaptation. The robotic actuator is typically fé\)"OW the motion of the persons unaffected arm. Johnson

specially designed robot or a haptic interface, which whilléSeOI this principle along with a realisation that a strong

. . stimulus for motivation was to regain the ability to drive,
easily moved by the user, may also resist or apply forces.

This process appeals directly to the person’s propriooaptito develop 'Drivers SEAT’ [21]. A modified steering wheel

(position and velocity of the limb) and to the sense of toucll?.eIIOS the stroke affected arm in preference to the unatlecte

. . . . ilap@m by measuring the relative force contributions from each
Commercially available robotic devices are now available

that provide haptic interaction with humans. These devic-erge principle was integrated into a simulation of driving to

include the PHANTOM (SensAble Technologies, USA), tngncourage both motor relearning and relearning of driving
HapticMaster (FCS robotics, The Netherlands) and the WAﬂ('”S’ thus providing a stimulating interactive enviroam.

arm (Barrett Technologies, USA). The addition of a graphic Work by Reinkensmeyer [22] tested the potential of inte-

displays that uses Virtual Reality (VR), enhances the Selclsegra‘ung the therapy with the measurement. This work looked

the interaction. Although stereoscopic vision (for exaenpith specifically at factors affecting reach and attempted terext

shutter glasses) and head tracking may enhance the sens'g%fthe reaching movement with a one degree of freedom

realism of the interaction, the acceptance by the subjéotga device.

with the value to the neurorehabilitation process is redd An European project titled Gentle/s extended on the ther-

untested. apies offered by the MIME system by offering the subject

. L . a choice of movement targets that were selected on the
These haptic and graphic virtual environments offer sdvera

. . . .__Initiation of a particular movement [23]. The Gentle/s work
advantages. Properties of objects can be changed in antinsta

. . . .__also patterned movements to follow stereotypical movement
with no setup and breakdown time. This element of surprise 1S b P

i . . atterns [24], as well as using an arm deweighting mechanism
critical for studying how the sensorimotor system reacts alﬁJ [24] g ghting

o e - similar to those used in lower limb rehabilitation.
adapts to new situations. For rehabilitation, friction oags

can be suppressed, or mass can be separated from weight ar-wrorl]e hardware for upper limb therapy prototypes has tended

the weight reduced during the early stages of recovery. to separate reach and grasp as two separate activities. This
is primarily due to engineering decisions. Thus, for exampl
the Gentle/s project dropped plans for retraining grasp so
B. Upper limb rehabilitation methods that it could focus on arm pronation-supernation [23]. This
Work by Hogan and Krebs on the design of a 2-link robotlecision lead to the pre-commercial Gentle/s prototyp&sho
MIT-MANUS, along with its evaluation on a cohort of subjectsn figure 2. This is still primarily the case although several
recovering from stroke was the first to make a major impagtoups are now investigating integration of reach and grasp
on upper limb neurorehabilitation [19]. MIT-MANUS is ainto a single device.
high quality manipulandum that works in the horizontal glan A variety of control methods are being developed but all
However it is evident that more degrees of freedom should bleare the concept of guiding the stroke affected movement
available to allow movement of the upper limbs against dyavito achieve a target or tracking path. The algorithms are
Burgar et al. investigated bimanual motion using a six d&ighly varied, and range from implementing virtual mass-

gree of freedom PUMAS560 robot plus additional force/torquspring-dampers and guiding the equilibrium point [24], to



constraining movements to occur within a prescribed volunassistance reduces the level of activation of the motouitgc
and changing the dimensions of the volume depending on that generate stepping. This apparent habituation andcyedu
subject’s success and abilities [25]. tion in activity is not consistent with allowing these ndura
circuits to relearn. When exposed to a constant and invarian
C. Lower limb rehabilitation methods movement strategy, the neural control circuitry accomntesia
A technique known as partial body weight support usuallyy becoming non-responsive to the imposed motion.
forms the basis for lower limb neurorehabilitation [26],/]2 Colombo et al. [29] have presented some supportive ev-
Although not necessarily robotic it simplifies many aspetts idence for gait retraining in severe brain injury. Using an
introducing robot mediated neurorehabilitation for thevdo alternative arrangement to partial body weight suppors thi
limbs. Partial body weight support usually requires that thwork is based on an inclined table with an integrated robotic
patient wear a parachute type harness that is connected tstpping mechanism that moves the feet in a gait like cycle.
overhead gantry that allows the therapy to happen with onfyie case study presented relates to a person with traumatic
a percentage of the person’s true weight appearing as a folocain injury who was still unresponsive 14 months afteripju
on the treadmill. The subject received stepping retraining on inclined table
Data collected by Visintin et al. [27] showed that after sixreatment for five 20 minute sessions for three weeks.
weeks of exposure to partial body weight support therapy 4The results showed significant improvement of the muscle
times a week, subjects with stroke performed better in théone between baseline and end of the 3 week training as well
ability to balance, in their motor recovery, in their alyilito as an improvement of alertness, head position control and
walk and in their endurance of walking. reaction to pain. The authors also noted better communicati
The disadvantage of partial body weight support is thattith the patient and better posture when seated in a wheel-
requires greater involvement of the therapist, often néogi chair.
between two and three therapists are required to assistlvéth In recognition of the benefits of robotic based lower limb
movement of the feet. Since these are repetitive and pHlysicaherapies several prototypes and commercial devices have
demanding tasks for the therapists it is an opportunity timin emerged that provide robot step assistance.
duce robotic based solutions. The potential for valuakietio These include PAM (Pelvic Assist Manipulator) and POGO
assistance is further enhanced when considering the saffetfPneumatically Operated Gait Orthosis), pneumatic robots
the patient in a partial body weight support mechanism aad tthat compliantly assist in gait training shown in figure 3.
fact that an inexpert therapist may be applying greatere®rcPAM can assist in five degrees of freedom of pelvic motion,
and giving fewer opportunities for the task to be completaghile POGO can assist in hip and knee flexion/extension
unaided [28]. [30]. The devices can be used in a backdriveable mode to
The robotic device must be able to guide the kinematics tdcord a desired stepping pattern that is manually specified
the limbs during load bearing stepping to generate theafter by human trainers, then replay the pattern with compliant
patterns that normally occur, and which in turn drive thanapi assistance. During compliant replay, the devices autaalti
networks which generate the motor pattern. It appears llgat synchronize the timing of the replayed motions to the inhere
control system needs to have some learning capability. #tmwariations in the patient’'s step timing, thereby maintagni
be designed so that it can assist on an “as needed” baais,appropriate phase relationship with the patient. Inapin
much like highly skilled physical therapists perform wheigord injuries the robot assisted stepping assistance neast 0
teaching a spinal cord injured patient to relearn to walk. Hilaterally, whereas for strokes it is most likely to be negd

is already apparent that complete, and stereologicallgtem  unilaterally. Similar commercial devices also exist sushtee



Lokomat (Hocoma AG, Switzerland) where similar bilaterdkeads to enhanced learning. Subjects learning how to counte
robotic elements are used to assist movement of the subjeatt a force disturbance in a walking study increased thésr ra
leg while providing partial body weight support via a hamesof learning by approximately 26% when a disturbance was

As in work on upper limbs the idea is to reduce th&ansiently amplified [36]. In another study, artificiallyving
dependence on the robotic mechanism as far as possi#nealler feedback on force production has caused subjects to
to encourage motor relearning by the patient. One possilalpply larger forces to compensate [37]. Several studies hav
control mechanism is to define a target trajectory gait arstiown how the nervous system canthieked by giving altered
then subject the limb to a force or torque field to return it teensory feedback [38], [32], [39], [40], [41].
this trajectory only when the limb state is outside a prémzti  Conversely, suppression of visual feedback may slow the
boundary [31]. When compared to upper limb retraining, gadidaptive process [42]. However, not all kinds of augmented
retraining has more repeatable cyclic operations whichdev feedback on practise conditions have proven to be therapeut
simpler control concepts. In contrast the engineering wklo cally beneficial in stroke [43]. It may be that there are Isnit
limb rehabilitation devices needs to be more considerateef to the amount of error augmentation that is useful [44][45].
dynamics of gait, and the forces applied to the legs and feet
need to be larger although this engineering problem is $impl V. MEASUREMENTS OF SUCCESS
fied by using the partial body weight support mechanisms.A- Clinical measures

To get a new treatment accepted in practise requires evi-

D. Perturbation methods dence sufficient to convince the practitioner and the aasedi

One important advantage of virtual systems is that they chospital management that the results will be effective him t
distort reality. One study used altered visual feedbackick’ UK one arbiter of decisions to introduce new techniquesés th
the nervous system into perceiving higher stiffness thas wiational Institute for Health and Clinical Excellence (NHLC
actually presented [32] Another tricked the nervous sydemA recommendation about a new technology is based on a
increase strength [33]. Still another used prisms thatesththe review of clinical and economic evidence, with a randomised
visual field to the right to cause adaptation in stroke swmgv controlled clinical study being the preferred instrumet.
with hemispatial neglect, triggering the recovery prod843. recommendation is based on the effectiveness of the inter-
Clearly there is an advantage to such distortions of realityention and the economic impact - 'does it represent value fo
Preliminary results point to a single unifying theory susfijggy money?’ The health economy in the USA is influenced both
that errors induce movement adaptation, and judicious pranby government and private regulatory bodies, ranging from
ulation of error can lead to lasting desired changes. the Food and Drug Administration, and the Department of

Some preliminary studies show that stroke survivors redpo¥eterans’ Affairs to individual insurance organisations.
to error augmentation [35]. In this study, stroke survivors These evidence based medicines require measurements
experienced training forces that either amplified or reducevith clinically accepted measures. A number of these exist
their hand path errors. Significant trajectory improversenthat are relevant to the field of stroke rehabilitation (see
occurred only when the training forces magnified the originattp://www.strokecenter.org/trials/scales/) and thatsempt to
errors, and not when the training forces reduced the errangasure attributes such as consciousness, levels of gain, d
or were absent. Hence causing adaptation by using errtarity, mobility, spasticity, ability to perform daily ths etc.
augmentation training may be an effective way to promotdost clinical measures are based on subjective judgements,
functional motor recovery for brain injured individuals. for example the Fugl-Meyer assessment is a widely accepted

Other studies confirm the hypothesis that error augmemntatiecale that attempts to measure motor function following a



stroke [46]. However it is a general score and is based ability to measure an underlying phenomena, the sengitioit
rating attributes as 0-2 made by the clinician. Each atteibuthat phenomena, and the relevance of the phenomena to the
is then added together to produce either a subscales measecevery process.
(for example motor recovery, balance, upper limb recovery, |y addition to the use of robotic devices for teaching or
sensation, range of motion, sensation, pain) or a totalesc@glearning as described above, they should be designed¢o ha
with a maximum of 124. The difficulty is then one of relatingynother feature, which will make them even more valuable.
the recovery process to a subjective measure that is highlifese devices should be able to provide ongoing feedbabk wit
susceptible to noise. This is compounded by the relativelyspect to how much and what kind of work is being performed
small numbers in any robotic based clinical study. A studyy the robot versus the subject. Theoretically, it is felasib
in a drug trial with n= 500 is small, whereas a rehabilitatiofyr the human subject to monitor their level of performance
trial with n=50 is large simply because of the cost of acari throughout a given training session and over a period of seek
the data [47]. Considerations for the design of a randomisgg simply observing a monitor which could easily demonstrat
controlled trial of a complex intervention such as reh&ion  thejy degree of success e.g. their stepping. Thus, the iobot
are discussed in [47]. device, should have sensors to detect critical but yet umelei
mechanical and perhaps physiological events, as well asdnav

B. Robot based measures the capability of mechanically controlling the robot.

Rehabilitation robots are atypical in that it is possibleise
the same tool both to gather information for diagnosis, aad b
a part of the intervention. Experiments assessing movement VI. FUTURE PROSPECTS
often yield a large set of time-dependent multidimensional
vectors which must be analysed. Intervention devices th&t Engineering challenges
allow us to measure the resulting position, velocity, and
acceleration of the body with increasing precision leachto t The field of machine mediated neurorehabilitation has chal-
guestion of how to evaluate performance or scrutinise eswor lenges both in engineering and clinical practise. On thé-eng
that they answer a relevant question about neurophysiabgineering side of the equation there is a need for more integrat
function. In recent decades several studies have utiliabdtr solutions. A discussion with interested therapists wilicly
technology in order to model the control exerted by the braindicate that the range and complexity of movements thad nee
on upper extremity movement alone [48] [42] [49]. A numbeto be coordinated, especially in upper limb work outstripes t
of hypotheses have been tested, such as: what are the telepaacticalities of any of today’s robots. Given that the #psr
control variables (stiffness, force, position); how doég t needs to be done in an environment that is safe for the patient
motor control system adapt to a novel environment (internahd therapist, it is unlikely that any single hardware sotut
models, memory consolidation etc.); and how are multiplgill be accepted. Therefore, realistically a number of tibo
degrees of freedom controlled? solutions will be required, ideally with similar protocadsd

Examples of some common but non standardised measurgsrfaces so that the patient and therapist can transterclea
of performance are: time to reach a target, the value numimeachines without concern. Designing these solutions would
and time of occurrence of velocity peaks, the sum of jerk ovafso be simplified if it were clear what the best form of
the movement (the second derivative of velocity), the ayeramachine mediated therapies were. These answers will only
or summed interface force with the robot [50]. With the virie come iteratively as machines are designed, tested clinical

of measures available, it is necessary to validate theshéor and the results published.



B. Novel measures and less therapy. Ironically, recent research stronglysrip

The measurement of success is highly unspecific if basé¥¢ delivery of more intensive therapy [53]. Techniques in
on clinical measures alone, so along with this iterativégies telerehabilitation will need to be addressed to ensurettieat
of therapies and machines must come realistic quantitatf@chine mediated therapies are appropriate to the patient a
measurements of the underlying recovery process. There §@ir particular stage of recovery and so the equipment ean b
some excellent opportunities for basing these measuremgftimed to a loan pool when the patient is no longer gaining
techniques on the current generation of robotic technoloB?nem-
(including haptic interface and manipulandum technolggik:
would seem that methods can be developed based on pertLIJEr'b!:unding
ing the limb either when stationary or during movement and AS With many nascent research areas there is a need for
using system identification techniques along with knowteddurther funding [54] [55] if long term health cost savingsar
of the fundamental neural delays to identify intrinsic aeflax t© be realised and the quality of life of the senior members

components as outlined in Kearney [51] and used extensiv&your society is to be improved. As a discipline the area is

by Mirbagheri [52] and others. beginning to receive attention from commercial companigs b
it is an area where investment is conservative as companies

C. Acute phase rehabilitation are aware of the problems of translating research into mtodu

Ideally machine mediated neurorehabilitation should be A pioneering company in the field of upper limb neuro-
available to a person within a few days of the initial attackehabilitation is Interactive Motion, USA. Their technglois
When a person is in the acute phase of stroke they will based on the MIT-MANUS robot and has established systems
occupying a hospital bed so the initial equipment must 3@ the USA, and the UK with an expectation of a greater
operable within that environment. Concerns such as acc#38ss of clinical evidence to follow. Several companies are
to the patient should they need emergency treatment suchinygstigating the market for lower limb rehabilitation &ga
cardiac resuscitation needs to be designed into a devite tih the expectation of amassing greater clinical evidemte
should be available to a possibly unresponsive patient. Thest clinical practise.
equipment needed when the patient visits the rehabilitatio However public funding is still needed from governments
gymnasium either as an inpatient or outpatient can nedlgssa@nd charities to advance the technology and to ensure indepe
be more specific for limbs and movements, and although ridgnce of clinical results. This money is also needed to leridg
necessarily spacious, these areas are less constraimethéhathe so called 'funding gap’ that occurs between the demon-
bed-side machines. stration of a promising new technique and the acceptance of

the technique by mainstream healthcare providers.

D. Home rehabilitation In the USA the National Institute for Disabilities and Reha-

Finally the concept of allowing the patient to continudilitation Research (NIDRR) currently funds a rehabiliat
rehabilitation at home is attractive to the patient who isrke engineering research centre on the topic, and project grant
to return to familiar surroundings, and economically selesi have been successfully funded by the National Institutes of
to the hospital who would like to increase through-put! Butlealth and the Department of Veterans’' Affairs. In Europe,
it is important that the patient is not abandoned at home withe European Commission has funded collaborative projects
the equipment. Home rehabilitation is often self-direatéth in the area and local governments have sponsored work at a
little professional feedback, and used so private instsach lower level. However, it is a concern that the progress in the

as Medicare can encourage a reduced length of hospital sti@jd may not be recognised by funding agencies at a critical



(€)2001 by Baaed of Trusiees of UIC

Fig. 1. Rehabilitation Institute of Chicago Virtual roomRROOM) concept

point where more research and better collaboration shoellddyy. 2.  Gentle/s commercial prototype for machine mediaturor

fostered. rehabilitation

VII. CONCLUSIONS

In this paper we give a brief outline of machine mediated

neurorehabilitation as an important emerging field in €lini

cal medicine. We have highlighted some of the engineering
problems and potential solutions that will result in effeet
treatments. One area for research emphasised in this paper
the challenge of measuring recovery in the patient when the
are undergoing machine mediated therapies and we propos
that perturbation methods can be used both to gain a bette
insight into the recovery process and also to improved the
effectiveness of the treatment. The paper is highly focused
motor recovery in the upper and lower limbs but it should be
remembered that the patient may have other stroke relate
impairments. Stroke rehabilitation is moving towards more
integrated process and ideas in robotics and have much t

offer in this scope.

ACKNOWLEDGEMENTS

The authors wish to acknowledge the support of Carnegid
Mellon University, Jim Osborn and Takeo Kanade, for their or
ganisation of the International Advanced Robotics Prognam Fig. 3. PAM/POGO, two pneumatic robots used to assist giairing
meeting on Medical and Rehabilitation Robotics in May 2004

from which many new ideas have emerged.



(1]

(2]

(3]

(4

(5]

(6]

(7]

(8]

El

[20]

[11]

[12]

[13]

REFERENCES

W. Harwin, “A summary of the icorr94 discussion groups safety,
assessment, consumer issues amd human-machine inteAagdied
Science and Engineering Laboratories, P.O. Box 269, Witoim,
Delaware, USA, Tech. Rep., 1995.

R. Erlandson, “Applications of robotic/mechatronicsggms in special
education, rehabilitation therapy, and vocational trainia paradigm
shift,” IEEE Trans. Rehab. Eng., vol. 3, no. 1, pp. 22—-34, 1995.

N. Hogan, H. Krebs, J. Charnnarong, P. Srikrishna, an&®aron, “Mit

- manus a workstation for manual therpay and training ii,thiea SPIE
Conference on Telemanipulator Technology, no. 1833, 1992, pp. 28-34.
C. D. A. Wolfe, A. G. Rudd, R. Howard, C. Coshall, J. Stetyar
E. Lawrence, C. Hajat, and T. Hillen, “Incidence and casalifgtrates
of stroke subtypes in a multiethnic population: the soutidtm stroke
register,”J. Neurol. Neurosurg. Psychiatry, vol. 72, pp. 211-216, 2002.
[Online]. Available: jnnp.bmijjournals.com

P. Thorvaldsen, K. Asplund, K. Kuulasmaa, A.-M. Rajagas, and
M. Schroll, “Stroke Incidence, Case Fatality, and Monalit the WHO
MONICA Project,” Sroke, vol. 26, no. 3, pp. 361-367, 1995. [Online].
Available: http://stroke.ahajournals.org/cgi/contahstract/26/3/361

J. A. Stewart, R. Dundas, R. S. Howard, A. G. Rudd, and CAD.
Wolfe, “Ethnic differences in incidence of stroke: prosjpee study with

stroke register,BMJ, vol. 318, no. 7189, pp. 967-971, 1999. [OnIine].[

Available: http://bmj.bmjjournals.com/cgi/contentsatact/318/7189/967
A. W. and B. R., Eds.Merck Manual of Geriatrics. Merck Research
Whithouse Sation, NJ, 1997. [Online]. Aalaiié:
http://www.merck.com/mrkshared/mmg/home.jsp

P. Sandercock, E. Berge, M. Dennis, J. Forbes, P. Haidydn, et al., A
systematic review of the effectiveness, cost-effectiveness and barriers to

Laboratories,

implementation of thrombolytic and neuroprotective therapy for acute
ischaemic stroke in the NHS ~ Health Technol Assess, 2002, vol. 6,
no. 26.

W. K. Timoszyk, R. D. de Leon, N. London, R. Joynes, K. Miata,
R. R. Roy, V. R. Edgerton, and D. J. Reinkensmeyer, “Comearisf
virtual and physical treadmill environments for traininggEping after
spinal cord injury,”"Robatica, vol. 21, no. 1, pp. 25-32, 2004. [Online].
Available: http://titles.cambridge.org/journals/

N. Nishitani and R. Hari, “Temporal dynamics of corlicapresentation
for action,” PNAS, vol. 97, no. 2, pp. 913-918, 2000. [Online]. Available:
http://www.pnas.org/cgi/content/abstract/97/2/913

R. C. Miall and D. M. Wolpert, “Forward models for phy#igical motor
control,” Neural Netw., vol. 9, no. 8, pp. 1265-1279, 1996.

T. Kujala, K. Alho, and R. Naatanen, “Cross-modal reongation of
human cortical functions,Trends in Neurosciences, vol. 23, no. 3, pp.
115-120, 2000.

J. Eyre, “Understanding brain damage and neurologieabvery,” in
Restoring Neurological Function: putting the neurosciences to work

in neurorehabilitation. Academy of Medical Sciences, March 2004,
ch. D, pp. 35-38, iSBN No: 1-903401-07-0. [Online]. Avalib
http://www.acmedsci.ac.uk/peurofunc.pdf

[14]

[15]

[16]

[17]

(18]

19]

[20]

[22]

(23]

[24]

[25]

[26]

[27]

10

D. Bavelier and H. Neville, “Cross-modal plasticity: h&re and how?”
Nature Reviews Neuroscience, vol. 3, pp. 443-452, 2000.

W. Penfield and T. Rasmusséfhe Cerebral Cortex of Man. A Clinical
Sudy of Localisation of Function. New York Macmillan, 1950.

B. B. Johansson, “Brain Plasticity and Stroke Rehsdtibn : The
Willis Lecture,” Sroke, vol. 31, no. 1, pp. 223-230, 2000. [Online].
Available: http://stroke.ahajournals.org/cgi/contahstract/31/1/223

S.
Neurological Function:

Dunnett, “Neuroprotection and plasticity,” inRestoring

putting the neurosciences to work in
neurorehabilitation. Academy of Medical Sciences, March 2004,
ch. I, pp. 47-50, iSBN No: 1-903401-07-0. [Online]. Availab

http://www.acmedsci.ac.uk/peurofunc.pdf

C. Warlow, C. Sudlow, M. Dennis, J. Wardlaw, and P. Saooek,

“Stroke,” The Lancet, vol. 362, pp. 1211-1224, 2003.

S. E. Fasoli, H. I. Krebs, J. Stein, W. R. Frontera, R. hiegg and
N. Hogan, “Robotic therapy for chronic motor impairmentteabtroke:
Follow-up results,”Archives of Physical Medicine and Rehabilitation,

vol. 85, pp. 1106-1111, 2004.

C. Burgar, P. Lum, P. Shor, and H. Van der Loos, “Develepmof
robots for rehabilitation therapy: the Palo Alto VA/Stardexperience,”
Journal of Rehabilitation Research and Development, vol. 37, no. 6, pp.
663-673, 2000.

21] M. Johnson, H. V. der Loos, C. Burgar, P. Shor, and L. éeifDesign

and evaluation of driver’s seat: A car steering simulationi®nment for
upper limb stroke therapyRobotica, vol. 21, no. 1, pp. 13-23, January
2003.

D. Reinkensmeyer, B. Schmit, and W. Rymer, “Mechatromssessment
of arm impariment after chronic brain injury,” ifBiomechatronics,
University of Twente.
61-65.

Institute for Biomedical Technolody999, pp.

R. Loureiro, F. Amirabdollahian, M. Topping, B. Driess and W. Har-
win, “Upper limb mediated stroke therapy - GENTLE/s appioac
Secial Issue on Rehabilitation Robotics, Journal of Autonomous Robots,
vol. 15, no. 1, pp. 35-51, July 2003, kluwer Academic Pulelish

F. Amirabdollahian, R. Loureiro, and W. Harwin, “Minim jerk
trajectory control for in
Proceedings of the 2002 IEEE International Conference on Robotics
and Automation Washington, DC, May 2002, pp. 3380-3385. [Online].

Available: http://ieeexplore.ieee.orgl/iel5/7916/2&882.014233.pdf

rehabilitation and haptic applicas,”

J. Liu, J. Emken, S. Cramer, and D. Reinkensmeyer, ‘hiegr to

perform a novel movement pattern using haptic guidancev #arning,

rapid forgetting, and attractor paths,” Rroceedings of the 2005 |EEE

9th International Conference on Rehabilitation Robotics, 2005, pp. 37—
40.

S. Hesse, C. Bertelt, M. T. Jahnke, A. Schaffrin, P. Badak. Malezic, ,
and K. H. Mauritz, “Treadmill training with partial body wgiit support
compared with physiotherapy in nonambulatory hemiparpéitients,”
Sroke, vol. 26, pp. 976 — 981, June 1995.

M. Visintin, H. Barbeau, N. Korner-Bitensky, and N. E.ayb, “A new

approach to retrain gait in stroke patients through bodyghtesupport



(28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

and treadmill stimulation,”Sroke, pp. 1122-1128, 1998. [Online]. [41]
Available: http://stroke.ahajournals.org/cgi/confehstract/29/6/1122

J. A. Galvez, G. Kerdanyan, S. Maneekobkunwong, R. We¥leScott,
S. J. Harkema, , and D. J. Reinkensmeyer, “Measuring hunaamets

[42]

skill for the design of better robot control algorithms faaitgtraining
after spinal cord injury,” inProceedings of the 2005 |EEE 9th Interna-

tional Conference on Rehabilitation Robotics, 2005, pp. 231-234.

G. Colombo, R. Schreier, A. Mayr, H. Plewa, , and R. Rupnvel tilt

table with integrated robotic stepping mechanism: Designcjples and
clinical application,” inProceedings of the 2005 |EEE 9th International

Conference on Rehabilitation Robotics, 2005, pp. 227-230.

J. Galvez and D. Reinkensmeyer, “Robotics for gaitiraj after spinal

[43]

[44]

[45]

cord injury,” Topics in Spinal Cord Injury Rehahilitation, vol. 11, no. 2,
pp. 18-33, 2005.

L. Cai, A. Fong, C. Otoshi, Y. Liang, J. Cham, H. Zhong, Roy,
V. Edgerton, and J. Burdick, “Effects of consistency vs.ialaitity

[46]

in robotically controlled training of stepping in adult spl mice,”
in Proceedings of the 2005 IEEE 9th International Conference on
Rehabilitation Robotics, 2005, pp. 575-579.

M. A. Srinivasan and R. H. LaMotte, “Tactual discrimfizan of soft-
ness,”J Neurophysial., vol. 73, pp. 88-101., 1995.

B. Brewer, R. Klatzky, and Y. Matsuoka, “Feedback distm to
increase strength and mobility,” im Proceedings of 8th International
Conference on Rehabilitation Robotics (ICORR 2003). Published
by HWRS-ERC Human-friendly Welfare Robot System Enginegri
Research Center, KAIST, Republic of Korea,, April 2003, pH8—261.
Y. Rossetti, G. Rodeet al., “Prism adaptation to a rightward optical

[47]

[48]

[49]

 [50]

deviation rehabilitates left hemispatial neglediature, vol. 395, no.
6698, pp. 166—169, 1998.

J. L. Patton, M. E. Phillips-Stoykovet al., “Evaluation of robotic
training forces that either enhance or reduce error in ¢brloemiparetic

[51]

stroke survivors, Experimental Brain Research, 2005.

J. L. Emken and D. J. Reinkensmeyer, “Robot-enhancemmhearning: (52]
Accelerating internal model formation during locomotioy transient
dynamic amplification,TEEE Trans. Neural Syst. Rehab. Eng., vol. 13,

no. 1, pp. 33-39, 2005.

B. Brewer, M. Fagan, R. Klatzky, and Y. Matsuoka, “Pettel limits

for a robotic rehabilitation environment using visual feadk distor-

tion,” IEEE Trans. Neural Syst. Rehab. Eng., vol. 13, no. 1, pp. 1-11,
2005.

(53]

[54]
J. R. Flanagan and A. K. Rao, “Trajectory adaptation tooalinear

visuomotor transformation: evidence of motion planning visually
perceived space,Journal of Neurophysiology, vol. 74, no. 5, pp. 2174—
8, 1995.

G. Robles-De-La-Torre and V. Hayward, “Force can oweare object (55]
geometry in the perception of shape through active toudatlre, vol.

412, pp. 445-448, 2001.

B. Brewer, R. Klatzky, and Y. Matsuoka, “Effects of vaufeedback
distortion for the elderly and the motor-impaired in a raboehabilita-

tion environment,” inProceedings. ICRA '04. 2004 |EEE International
Conference on Robotics and Automation, vol. 2, 2004, pp. 2080 — 2085.

11

K. P. Kording and D. M. Wolpert, “Bayesian integratiom $ensorimotor
learning,” Nature, vol. 427, no. 6971, pp. 244-247, 2004.

J. L. Patton and F. A. Mussa-lvaldi, “Robot-assiste@give training:
custom force fields for teaching movement pattern&EE Trans.
Biomed. Eng., vol. 51, no. 4, pp. 636-646, 2004.

C. J. Winstein, A. S. Meriansgt al., “Motor learning after unilateral
brain damage,Neuropsychologia, vol. 37, no. 8, pp. 975-87, 1999.
K. P. Kording and D. M. Wolpert, “The loss function of satimotor
learning,” in Proc. Natl. Acad. Sci. USA, vol. 101, no. 26, 2004, pp.
9839-42.

Y. Wei, P. Bajaj, and R. P. J. Scheidt, “A real-time hafgiraphic
demonstration of how error augmentation can enhance regtnin
IEEE International Conference on Robotics and Automation (ICRA),
2005.

P. Duncan, M. Propst, and S. Nelson, “Reliability of flugl-meyer as-
sessment of sensorimotor recovery following cerebrovasaccident,”
Physical therapy, vol. 63, no. 10, pp. 1606-10, 1983.

M. Campbell, R. Fitzpatrick, A. Haines, A. L. KinmontR, Sandercock,
D. Spiegelhalter, and P. Tyrer, “Framework for design analuation
of complex interventions to improve healttBMJ, vol. 321, no. 7262,
pp. 694-696, 2000. [Online]. Available: http://bmj.bmjjoals.com

M. Arbib, Ed., Handbook of brain theory and neural networks. MIT
Press, 1995.

S. Goodbody and D. Wolpert., “Temporal and amplitudeegalization
in motor learning,”The Journal of Neurophysiology, vol. 79, pp. 1825—
1838, 1998.

F. Amirabdollahian, “An investigation of robot-metkatherapies and
therapy effects on the recovery of upper limb post-stroketi.D.
dissertation, The University of Reading, September 2003.

R. Kearney, R. Stein, and L. Parameswaran, “Identificabf intrinsic
and reflex contributions to human ankle stiffness dynatl&&E Trans.
Biomed. Eng., vol. 44, no. 6, pp. 493 — 504, June 1997.

M. Mirbagheri, C. Tsao, E. Pelosinl, and W. Rymer, “Tdmgutic effects
of robotic-assisted locomotor training on neuromusculespeprties,”
in Proceedings of the 2005 IEEE 9th International Conference on
Rehabilitation Robotics, 2005, pp. 561-564.

E. Taub, G. Uswatteet al., “Constraint-induced movement ther-
apy: a new family of techniques with broad application to sibgl
rehabilitation—a clinical review,Journal of Rehabilitation Research and
Development, vol. 36, no. 3, pp. 237-251, 1999.

T. Kanade and J. Osborn, “Report of the nsf/internation
advanced robotics program (iarp) workshop on medical
robotics,” National Science Foundation, Hidden Valley, ,PA
May 2004, Tech. Rep., May 2004. [Online]. Available:

http://www.nsf.gov/eng/roboticsorg/IARPMedicalRolostVorkshopReport.htm
A. Wing and W. Harwin, “Rehabilitation engineering,h iRestoring
in

Neurological Function: putting the neurosciences to work

neurorehabilitation. Academy of Medical Sciences, March 2004,
ch. M, pp. 58-59, iSBN No: 1-903401-07-0. [Online]. Avaikb

http://www.acmedsci.ac.uk/peurofunc.pdf



