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Abstract. There has been a rapid increase in the past decdtie number of
robotic devices that are being developed to assimbvement rehabilitation of the
upper extremity following stroke. Many of thesevides have produced positive
clinical results. Yet, it is still not well undeostd how these devices enhance
movement recovery, and whether they have inheramaipeutic value that can be
attributed to their robotic properties per se. Ttlispter reviews the history of
robotic assistance for upper extremity trainingafitroke and the current state of
the field. Future advances in the field will likdbe driven by scientific studies
focused on defining the behavioral factors thadtigrice motor plasticity.
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Introduction

In the early 1990’s there were a handful of robdtwices being developed for upper
extremity training after stroke. Today there arasteof prototypes and several
companies selling commercial devices [1]. Howevese of robotic devices in
rehabilitation clinics is still rare. This chaptezviews the history of the field, and
identifies factors that limit clinical acceptancadaimportant directions for future
scientific research. Section 1 reviews why engisiestarted investigating robots for use
in rehabilitation therapy, and initial reactions dynicians to these efforts. Section 2
reviews key design decisions that had to be madéh®first robotic therapy devices,
which in some ways defined the flow of the fielc&ecBon 3 reviews clinical results
from the field and two important scientific quesisathat these results have raised.
Section 4 discusses recent developments in rokaggistance for the upper
extremity. The chapter concludes by suggestingtioes for future research.

1. Robotic Assistance: Beginnings and Therapist Response

1.1.Precursors from Therapists

The development of robotic devices for rehabilitattherapy can be seen as the logical
progression of a stream of technological develograetivity begun by therapists
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Figure 1. Pre-cursors of robotic therapy devices. The ttdegices on the left (Swedish sling, arm
skateboard, and JAECO mobile arm support) are degitp provides assistance for arm movement without
using actuators. The device on the right is thedBxoActive Dynamometer, which is a single degree-of
freedom robot that can be adjusted to assist @tmr@®vement around different joints.

themselves. Rehabilitation professionals have Idagen an active interest in
developing and using technology to assist in rditation (Figure 1). Therapy catalogs
such as the Sammons-Preston catalbtip(/www.sammonspreston.coméontain
dozens of devices designed to assist in upperraiiraherapy after stroke. Much of
this technology tries to meet one or more of thgeals: increasing activity, providing
assistance, and assessing outcomes (Table 1).

Implicit in the development of this technology was idea opartial automation
that is, the technology might allow patients togtice some of the repetitive aspects of
rehabilitation therapy on their own, without the ntouous presence of the
rehabilitation therapist.

1.2.Enter the Engineers

In the late 1980’s and early 1990’s engineers begaealize that robotic devices could
potentially be adapted to better fulfill these sagoals [2, 3]. This work was a logical
continuation of work on what were probably thetfirgbotic devices for rehabilitation
therapy: the active dynamometers, such as the andioBiodex machines,

Table 1. Typical goals of older, simpler therapy technologiyd how robotic devices further these goals.

Goals of therapy technology Example of smple, How robotic devices further
existing technology these goals

Increase Activityprovide activities therabands, pegboards, Robots can simulate a variety of

that allow stroke patients to blocks computerized activities and

independently exercise and practice quickly and automatically switch

functional tasks. between them.

Provide Assistanceassist patients in | Splints, arm supports Robots can generate arbitrary

positioning or moving the hand or arm patterns of assistance or resistante

with a therapeutic goal. force against the patient’s limb,
and automatically adjust this force
based on performance.

Assess Outcomesieasure the Grip force measurement Robots can assess performance [n

movement performance of patients. | devices, electrogoniometers, an integrated and objective way

timers using their sensors.




Figure 2. Some of the first robotic therapy devices for &ne to undergo clinical testing (left to right: MIT
MANUS [2], MIME [4], the ARM Guide [5]). These demés were designed to provide active assistance to
patients during reaching movements with the arm.

developed in the late 1970’s and early 1980'’s (fédy). Here we define a robot to be a
device that can move in response to commands (uierisan Heritage Dictionary).
Active dynamometers incorporate a computer-cormcblmotor, and thus fit this
general definition of a robot. They include a Kitlevers and bars that can be attached
to the motor. The levers are designed to work wlififerent limbs and joints (e.g.
elbow flexion/extension, or should abduction/adaugt allowing patients to exercise
a joint while the motor resists or assists movemen¢ dynamometer senses the torque
and limb rotation that the patient generates, agplalys this information to the patient
and therapist for visual feedback and outcomes meaotation.

Robotics engineers realized that not only one-jodtiotic devices with simple
controllers like active dynamometers could be usedtherapy, but also more
sophisticated robotic mechanisms with more than joire and more sophisticated
controllers (Figure 2). Engineers began to delmgaissible benefits of robots, in a
way that aligned with many of the therapists’ temlbgical goals defined above (Table
1). Engineers also explicitly promoted the goabpaftial automation robots had the
potential to allow the patient to practice soméhaf repetitive aspects of rehabilitation
therapy on their own, without the continuous preseaf the rehabilitation therapist.

1.3. A Skeptical Reception by Some Clinicians, and taBotative Approach by
Others

Some clinicians expressed skepticism toward the idat robots could help them meet
rehabilitation goals. Skeptical clinicians had gaedsons to be skeptical that included
the following points:

1) Robots cannot match therapists’ expertise and.SKilerapy involves manual
skills that are learned over the course of yearsekgerience under the
guidance of expert mentors. Some of these skifjsire sophisticated manual
manipulations of complex joints (e.g. mobilizingetipatient’s scapula). An
alert and perceptive therapist alters her theray@ysgand assistance based on a
complex, ongoing consideration of the patient'sest@nd progress. In brief:
hands-on therapy requires expertise and is comjtleseems doubtful that a
robot could replicate hands-on therapy effectively.

2) Robots are unsaferobots are dangerous because they can move patient
limbs but are not intelligent and sensitive to cafihdications to imposed
movement like human therapists. They could movatempt in a harmful way.

3) Robots might replace therapist8lso implicit in the dubious reception by
some therapists was a concern that robots mighagepherapists, just as



robots had replaced assembly workers in factohekeed, another definition
of a robot is “a machine designed to replace huimgings in performing a
variety of tasks, either on command or by beinggpammed in advance.”
(American Heritage Science Dictionary). Most engiseinterested in robotic
therapy probably never assumed that a robot ceydhce a therapist, because
the job of a therapist is multifaceted and intespeal, involving much more
than just rotely moving limbs. Rather, the goathie mind of most engineers
was consistent with that of therapists’ own presgiotechnological
developments (Figure 1): to provide a means foiept to practice therapy
on their own so that they could get more therapyess$ cost(i.e. partial
automation)

Other clinicians were of course more receptivehtoitiea or robot-assisted therapy,
perhaps because they saw robotic therapy deviceshaslogical evolution of
technology already being used in therapy. Robaidaks were an opportunity to try to
improve on the forms of technology already usedclinics to partially automate
repetitive aspects of therapy.

1.4.Incentives for Forging Ahead

Several research groups went ahead and developetiatherapy devices for the arm,
notably, MIT-MANUS [2], MIME [4], and the ARM Guide[5] (Figure 2),
collaborating with the rehabilitation professionalso saw potential for these devices.
These engineering teams were perhaps bolsteredebinsights that robotics, control
theory, and computational approaches were givinghto understanding of human
motor control in the 1980’s (e.g. [6]). If enginiegr concepts and technology could
help improve understanding of normal human motatrod, could they also improve
understanding of motor control after neurologicuig The prospect of developing
computational models of motor plasticity using ribeools was intriguing.

Another motivation in most research team’s mindss wlae possible business
opportunity presented by robotic therapy: more petman ever before were in need of
rehabilitation after stroke because of the demdgcspof aging in industrialized
nations and the increased stroke survival ratabtlae trend was expected to continue.
At the same time, rehabilitation units were beingcéd to deliver less repetitive
therapy because of cost-saving attempts in theteale industry. For example, the
average length of stay for stroke survivors in tigrd rehabilitation facilities in the
U.S. decreased from 31 days to 14 days after pctispe payment system
reimbursement was instituted in 1983 [7]. And yehabilitation science was finding
with increasing certainty that recovery could bédluenced by activity: training
enhanced use-dependent plasticity (e.g. [8, 9]y eldpers of robotic therapy devices
thought that robots might help people with a strékeallowing them access to a
greater quantitative of repetitive therapy at lesst than would be possible with one-
on-one interactions with a clinician. This accesghh allow the creation of new
businesses, providing an additional incentive tispe device development.



2. Initial Design Decisions
2.1.But what should the robot do?

To this point, | have spoken of “robot assistancefjeneral terms — the robot assists
the therapist and patient in some way that promekabilitation. When it came time
to actually build robotic therapy devices, howewengineers had to determine exactly
what the robots were to do — for example, they thagrite the computer program that
controlled the motors on the robot. Here, enginemmsountered a problem: we
discovered that the specific movement and assistpatterns that were effective for
therapy were relatively unknown. Despite a histofpver one hundred years, and the
presence of somewhat dogmatic schools of therapg. (Reurodevelopmental
Treatment, Brunstrom Technique, Proprioceptive BeBacilitation [10]), the field of
rehabilitation science had at that time few randmaicontrolled trials that defined the
elements of therapy that specifically aided recgv@rl]. Clinical practice varied
widely, with details of therapeutic techniques stimes in opposition to each other in
different clinics (e.g. should the therapist proenatovement within synergy or avoid
it? Is movement against resistance therapeuticdaes it increase spasticity?),
depending on which school of therapy the clinitisrapists had been educated in. The
general lack of evidence for specific motions tgpb&cticed or assistance patterns to be
applied had the practical result that there wasaetell-defined scientific basis on
which the design of robots and computer algorithorsmovement training could be
based.

2.2.A Logical Target: Active Assist Exercise

Despite this uncertainty, or perhaps because tfattherapeutic target that the robotic
therapy research teams chose for MIT-MANUS, MIME¢ ahe ARM Guide was the
same: active assist exercise, and, indeed, thisigee has continued to be the primary
target for robotic therapy devices. In this teclueigthe therapist manually assists the
patient in achieving desired movements. The “attreéers to the patient being active
and engaged,; i.e. the patient tries to move dutiagexercise. The “assist” refers to the
therapist manually assisting the patient, but @slynuch as needed. Researchers chose
this technique as a target because most of theolschbtherapy seemed to incorporate
active assist exercise as an element [10]. Asudtyepplication of this technique could
be withessed on almost any day on a visit to alnamst rehabilitation clinic. The
technique was also amenable to robotic implememati assisting movement was
something robots could do.

It was also straightforward to conceive of a sdfientationale for active assist
therapy, although the rationale was speculativgerathan verified:

1) Suppleness Enhancemenait the lowest level of motor control of
biomechanics and reflexes, active assist exerdistcBes soft tissue and
muscles, which might be helpful for preventing canoture and reducing
spasticity.

2) Plasticity Enhancementat a middle level of motor control, active assist
exercise provides the patient’'s motor system witmatosensory stimulation
that would normally not be available because thdiepta is paretic.
Somatosensory input had recently been shown te davtical plasticity [12].



3) Motivation Enhancementat a high level of the motor system, active assist
exercise may motivate patients to exercise. If tepa.cannot move well on
his own, he are she may be disinclined to try tovend\ctive assist exercise
allows the patient to be successful in achievingdesired movement,
presumably motivating practice and effort [13]. Hower, it should be noted,
assisting too much with a robot may decrease ffdit

As stated earlier, the field of rehabilitation saie was not well established and
none of these rationales was scientifically prosethe time. They still remain largely
unproven today, even though most robotic therapjcds still focus on implementing
active assist exercise.

2.3.But what joints?

A decision also had to be made about which joifith® upper extremity to focus on,
as development of a robotic exoskeleton that carstam all joint movements of the
upper extremity was and remains an unsolved probe&specially for the hand and
shoulder complex. The first robotic therapy devit@msthe upper extremity that were
clinically tested (i.e. MIT-MANUS, MIME, and the AR Guide, Figure 2) focused on
providing active assist exercise for elbow flexstiénsion and for limited shoulder
movements (e.g. shoulder flexion below 90 degre®s lanited external rotation).

Three reasons for this choice were:

1) Simplicity: these joints were viewed as simpler than the hawist, and
complex shoulder movements.

2) Availability of tools:robots had already been developed to study motaral
at these joints, and thus there were technologicatedents and scientific
concepts from which to build. For example, MIT-MAISWas essentially the
same robot that was concurrently being used iryearfluential studies of
motor adaptation [15]. MIME used an industrial rolmat had the scale of
human arm movements.

3) Pragmatism:the hand often appears to be hopelessly impaiodidwing
stroke, and shoulder problems such as subluxatiergaverned by complex
biomechanical and neurological mechanisms whichldvba very difficult for
a robot to address. Reaching movements with theasermeeded for a lot of
functional activities. Robotic therapy researchmsatherefore aimed to
achieve functional improvements by making robot flocused on reaching
movements with the arm.

It is worth noting that it is still unclear whicloipts to focus on for an optimal
therapeutic result because of a lack of clinicaalgr addressing this question.
Intriguingly, a device focused on simple wrist arfidrearm movements, the
BiManuTrac, has produced the largest changes irmimmgnt observed with robotic
therapy to date [16].

2.4. And what types of movements?
Finally a related decision had to made about wipés of movements the patient

would perform with robot assistance. Should the ements be single-joint or multiple
joint? Should they be fast-as-possible or slow?u&hthey avoid abnormal synergy



patterns or work to build strength in those pag@rBimanual, with two robots, or
unimanual? Should they have a functional goal?

The motions used by MIT-MANUS in the first clinicéials were unimanual
pointing movements in the horizontal plane [17]eTgatient was instructed to move a
cursor to a target. After attaining the target, thweget moved to a new location. The
robot helped the patient to make the movement ¢otdinget, following a normative
trajectory (minimum jerk trajectory) [17]. This tgpof paradigm had been used often
previously in motor control research. It requiredltiple-joint coordination, and was
functional in a sense, since pointing (or reachisg component of many activities of
daily living. MIME and the ARM Guide also focusedn cunimanual reaching
movements. MIME incorporated some bimanual reaghiercises also.

3. Initial Clinical Testsand the Questionsthey Raised
3.1.First Clinical Results

The basic findings of the initial clinical teststlwthe first three robotic therapy devices
for the arm (MIT-Manus, MIME, and the ARM Guide) rngeas follows (for detailed
reviews, see: [1, 9, 18]):

1. Statistically Significant Motor GainsAn additional dose of active assist
exercise, delivered with a robotic device with atensity of several hours per
week for several weeks, significantly (in a statat sense) improved motor
recovery in the acute or chronic stage followingteke, as measured with
quantitative measures of range of motion or sttengt clinical impairment
scales (Figure 3). Patients typically maintainad improvement at long-term
follow-up (i.e. months later).

2. Modest Motor GainsWhile statistically significant, the gains due tbotic
therapy were small — typically 2-6 points on theepextremity Fugl-Meyer
scale [19], which ranges from 0-66 (Figure 3). Riomal gains, as measured
with clinical ADL scales, typically were even snalland sometimes not
significant [19].

3. Comparable Motor GainsThe gains due to robotic therapy were roughly the
same size as those due to a matched amount of miona rehabilitation
therapy, or to unassisted rehabilitation practies, well as comparable
between the different robots used (Figure 3). lmeptwords, comparisons
between different types of therapy often led tdéistiaally inconclusive results.

Clinical testing of second generation robotic tpgrdevices has essentially been
confirmatory of these findings, as reviewed in @erd systematic review [19].
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Figure 3. Change in Fugl-Meyer Upper-Extremity Score wittedn two months of training several hours
per week after chronic stroke, for three robotiides (MIT-MANUS [17], MIME [4], and Gentle-S [20])
and with conventional table-top exercise [21] arith the TWREX non-robotic exoskeleton [21] (seeufey
4). The Fugl-Meyer score varies from 0 (completalyais) to 66 (normal movement ability).

3.2.Questions Raised by Initial Clinical Testing

This initial clinical testing raised two importagtiestions:

1.

The Question of NecessityWas the robot necessary for the observed
therapeutic benefit? | think the clearest way tpress this question is as
follows [22]: Consider a control group for whichetimotors of the robot are
removed but the joints are allowed to move freelghsthat the robot allows
movement but does not assist movement. The unadtuabot provides the
same audiovisual stimulation, and the control gramglergoes a matched
duration of unactuated therapy. Would this congnaup recover less than a
group that exercised with the actuated robot? tf tios would suggest that
the robotic properties themselves (i.e. the prognabie actuators) were
superfluous. This result is scientifically plausibbecause, with regards to
motor plasticity after stroke, we know that praetis a key (or perhapbe
key) stimulant for motor plasticity.

The Question of Optimizationf one accepts that the robotic properties of
robotic therapy are helpful for enhancing recoveryogical question is how
sensitive are therapeutic benefits to the optironatof the robotic
parameters? The first robotic therapy devices teticitherapeutic benefits
comparable to each other, even though they wenrdy fdifferent in their
design and approach (e.g. number of degrees afdragdetails of the form of
assistance provided, stiffness levels). Can tuntmg robot geometry and
control algorithm increase the therapeutic berfit®r will any reasonable
robot (or non-robotic therapy) give approximatdig same result?



4. State of the Field Today

4.1.Progress in answering questions about the neceasiyoptimization of robotic
actuation

Few randomized controlled trials have yet addressédther robotic actuation is
necessary for therapeutic benefit and how mucarithe optimized. A recent exception
was a study that found that chronic stroke patieriits received a fixed dose of active
assist therapy for the hand from a robotic devid@VARD) recovered significantly
better than a group that received half as mucheaetssist therapy [23]. The number of
patients included in this study was small (n = 48) the baseline characteristics of the
subjects were slightly mismatched, however, sadisalt needs to be examined with a
larger study. The additional advantage due to ractive assist therapy was moderate
(about 3 extra Fugl-Meyer points).

Notably, the process of answering the necessity @pttmization questions is
theoretically endless because of the problem dlirhited alternatives”. That is, even if
a randomized controlled trial demonstrates tharohetic properties being tested were
unnecessary to generate the observed benefita (geoup trained with an unactuated
technique at similar dosage receives similar thewtip benefits), or even if an
interesting tweak of a robot's parameters does sudistantially alter the clinical
outcomes, such a negative finding would of coursgéy doe for one particular
instantiation of robot therapy. Other robots ofatiént control algorithms, some maybe
as yet unconceived, may produce better resultzeSimere are an infinite number of
possible robots and robot control algorithms, ityrha impossible to provide definitive
answers to these questions. In addition, estahlishegative results (i.e. no difference
between therapy groups) with a high level of piliecisrequires large subject
populations because of the high inter-subject bdifg in stroke patients and the
nature of statistical power, again adding effoostcand time to the process.

4.2.Trends in the Field

If the field has not focused on answering the ngteand optimization questions with
clinical trials, what has it focused on? Three diemark the field of robotic therapy for
the upper extremity today:

1. Rapid Proliferation of Innovative Hardwardlany cleverly designed robotic
devices have been or are being developed to adgilfferent joints, at more
joints, or at the same joints as before with imgbweight, mass, or control
properties (Figure 4, see review: [1]). Non-robatfproaches are also being
developed, such as devices that passively reliegenmeight of the arm [21,
24]. Initial testing suggests that passive devioes/ have similar clinical
benefits with lower cost and theoretically-bettafesy [21] (Figure 4). Several
companies are now selling upper extremity deviaad, sales of these devices
number in the hundreds.

2. Development of New Control Strategiddost current research on control
strategies still focuses on active assist exerdiseimprove active assistance
algorithms, researchers are exploring severalegjied, including:



Figure 4. Recently developed robotic and non-robotic thedgvicesUpper left NeReBot: a 5 DOF cable
robot that can be used next to a patient’s bed Bdtom left Armin: a highly responsive robot that allows
naturalistic arm movement, including shoulder thatien [28]. Middle top Rupert: a lightweight
exoskeleton actuated with pneumatic muscles, wbah be worn by the subject [29}liddle bottom T-
WREX — a non-robotic arm support device [Adpper right HWARD — a 3 DOF hand and wrist robot [23].
Lower right A cable driven glove that can be worn, and dritagra motor or the patients shoulder shrugs

[30].

Improved Compliance and Feedforward Contrdhese efforts include
methods to make robots more compliant but stiledbl assist in spatial
movement, by incorporating feedforward control [2%]. Compliance
may have the advantage of making the patient femenn control of
therapy, and thus more engaged. It also presdmea®lationship between
motor commands that the patient generates and lachawement
direction, which may allow patients to better opienmotor commands,
since they receive accurate information about #wilts of a change in
their motor command, whereas a stiff robot will afe enforce the same
trajectory.

Adaptive Control:Several groups are making the controller adaptwee,
that the robot changes its assistance based oringngensing of patient
performance [25, 31, 32]. The key concept hereh@ patient ability
changes during therapy, and it would theoretichly best to keep the
patient appropriately challenged, for provoking andéearning.
Optimization: Optimization theory allows the goals of the thgrap be
expressed as a high-level control objective. Foang{e, for active
assistance, my research group has proposed to inamweighted sum
of patient movement error and robot assistanceeff@8]. Minimization
of this cost function thus helps the patient achiaxdesired trajectory, but
with as little robot force as possible (Assistaaserneeded). Optimization
theory provides a means to derive the robot therepgtroller that
mathematically optimizes the cost function. Withém optimization
framework, robotic therapy controllers can be rigmly proven to satisfy
a “high level” goal, rather than being based orhad strategies devised
by the research team.



Neuro-Computational Modelingly own research group has also begun
to develop computational models that model whatpatent's brain is
computing during therapy to gain insight into hoetter to design robotic
therapy controllers [34, 35]. The concept here hattif we can
mathematically model how behavioral signals dridagation, then we
should be able to design control strategies thahemaatically optimize
adaptation.

Other therapeutic paradigms besides active assestare also being explored

including:

3.

Error amplification strategie$36, 37]: The concept behind this approach
is that movement errors drive motor adaptation, g assistance may
be the wrong approach to take if the goal is toaenh motor adaptation,
since assistance reduces movement errors. Amglifygnrors may
improve the rate or extent of motor adaptation btdy provoking motor
plasticity. Clinically, this technique has only lpeghown to be effective
in reducing curvature errors during supported-ageaching in the short-
term [38].

Virtual environments (see review}39]) Another alternate therapeutic
paradigm that differs from the active assistanamgligm that dominates
the field is to use the robot to create a virtualimnment that simulates
different therapeutic activities. In this paradigtime robot may not
physically assist or resist movement, but instaed provide a training
environment that simulates reality. Potential adages of training in a
haptic environment over training in physical realihclude: a haptic
simulator can create many different interactiveiemments simulating a
wide range of real-life situations; quickly switchetween these
environments without a “set-up” time, automaticajiade the difficulty
of the training environment by adding or removingual features; make
the environments more interesting than a typicahabditation
environment; automatically “reset” itself if virtuabjects are dropped or
misplaced; and provide novel forms of visual anddtita feedback
regarding performance. In this haptic simulatianfework, robotics may
benefit rehabilitation therapy not by provoking wotplasticity with
special assisting or resisting control schemes,ratliter by providing a
diverse, salient, and convenient environment fomisautonomous
training.

Rehabilitation Therapists are Accepting Robots eigr8ific but not

Clinical Tools A third trend is that while rehabilitation thersts are not

widely incorporating commercial robotic therapy wes for clinical use, they
are using robots in their research. The researetapists in the conference
that led to this book are setting the pace: they @wing groundbreaking
scientific work using robotics and related techggloas can be read in this
book’s other chapters (see chapter by Mataricexample).



5. Conclusion

As mentioned in the Introduction, in the early 189there were only a handful of
robotic devices being developed for upper extremnéining after stroke. In 2008, there
are dozens of devices being developed. Howeventimltherapy has not become a
standard therapeutic treatment in most clinics. Vithpedes clinical acceptance?

One important factor is that the therapeutic beés&f robotic therapy are modest,
and have not been shown to be decisively better dtizer, less expensive approaches
that can partially automate therapy (Figure 1)other words, the necessity question
remains unanswered. There is little motivationrfarst clinics to buy expensive robots
until it is proven that the robots yield therapeudr cost benefits that are substantially
better than current approaches.

The field seems to be investing the majority ofriésources in developing new
devices, rather than in understanding and optimizire content of robotic therapy.
One explanation for this phenomenon is that thera lack of devices for certain
movements and applications, such as hand movemenmhaturalistic arm movement,
and the new technology addresses this lack, as agelmproving features such as
portability and force control response (Figure Byt another possible factor is that
engineers like to build devices and are good d&frigineers’ motivation and expertise
for scientifically exploring the clinical effects their devices is more limited, and this
may signal the need for an even greater role loyctdin scientists.

The field will likely have to evolve to place mdiecus on scientific studies of the
mechanisms of motor plasticity to optimize techgglamprove the benefits of robotic
therapy, and determine if routine clinical use nzakense. The question of “What are
the maximum benefits that we can obtain with rabtiterapy?” can be illustrated by a
boy playing with a stomp rocket (Figure 5). A dadeobotic therapy is like stomping
on the air bladder. The altitude that the rockathes is like the resulting improvement
in motor control. The boy can increase the rockéide by stomping harder, just like
a robotic device can increase recovery if it usesgtimal training paradigm, but there
is a limit to how the rocket, and likely recoverls@ can go. For upper extremity
recovery, the limit is probably dictated by the roenof spared corticospinal neurons
following stroke. The limit for the rocket is wedhort of the Eiffel tower, despite the
perspective shown in Figure 5. Does a trick of pective make us think that the limits
for recovery enhancement that are possible witlotioltherapy are higher than they
really are, if indeed the amount of cell loss deithem?

Addressing the following two key questions wouldphanswer this question, and
advance robotic therapy development:

1. What behavioral signals provoke plasticity duringhabilitatior? Knowing
these signals would allow us to design robots tipimally influence those
signals. This would provide answers to questioks fWhat type of forces
(error attenuating or error amplifying)?, “Whatnté?”, “What movements?”,
and “What type of feedback?”.

2. What are the fundamental limits to the plasticttattcan be provoked with
behavioral signals?Answering this question would define the limits we
should expect of robotic therapy optimization. lbukd thus allow us to
determine how much time to invest in optimizing atb therapy itself. If the
cost function is relatively flat and we are alreathse to an optimum, it may



Figure 5. What are the maximum benefits that we can obtaih mbotic therapy?

make sense to focus more attention on approactesctimbine cell- or
molecule based regeneration techniques with rolib&capy, in search for a
synergy that improves clinical results beyond thahievable with either
robots or regeneration alone.
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