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1. Introduction
A disturbing paradox has developed between rehabilitation research and practice in the
last decade.  On the one hand, scientific evidence has accumulated that therapy improves
movement recovery following stroke and spinal cord injury.  On the other hand, the
duration of reimbursed therapy has decreased due to economic pressures on the U.S.
health care system.  If intensive therapy stimulates recovery, an important goal is to
develop technology that allows people with neurologic injuries to practice therapy
without always requiring one-on-one interactions with clinicians.

In this chapter, we first discuss key elements of this paradox and how technology
may help address those elements.  We then review several recent attempts to automate
movement therapy for both upper and lower extremity rehabilitation.  In conclusion, we
pose three questions that we believe will shape the future development and use of this
technology.

2. Rehabilitation Practice, Rehabilitation Science, and the Need for
Therapeutic Technology

The largest inpatient populations within typical comprehensive rehabilitation hospitals
are patients with neurologic injuries such as stroke, traumatic brain injury, and spinal
cord injury.  These patients typically receive intensive movement therapy, if they can
tolerate it, from physical and occupational therapists for several hours each day.  Over the
last decade, however, the length of hospital stay as inpatients has been roughly cut in
half, to about 20-30 days.  Often it is less, and indeed many individuals do not have
access to comprehensive rehabilitative facilities because of barriers such as cost and
distance, and end up at facilities that do not specialize in rehabilitative services but do
provide some level of therapy each day.  Depending on their personal situation,
individuals then either go home or to some type of structured environment (e.g. skil led
nursing facility), where for a while they typically have access to outpatient care or home
care visits (involving nurses or therapists).  Typically this will involve therapy about 2-3
times per week.  As represented by Figure 1, therapeutic care is then stopped by two to
six months, depending on patient progress and financial considerations.  At this stage
there has been an implicit assumption within the healthcare system that the individual has
reached a “plateau,” with there being a residual level of “chronic” impairment that is
treated as a fact of life.



As represented by the far right part of the graph in Figure 1, scientific studies in
neurorehabilitation now challenge this plateau assumption, and indeed the whole clinical
rehabili tative process.  As noted nearly a century ago [1], significant recovery following
stroke is often possible well after six months with intensive therapy [2].  Some of the
most notable and visible evidence comes from studies of Constraint-Induced Movement
Therapy (CI Therapy, which refers to a family of therapy techniques that has initiall y
been applied to stroke patients).  CI Therapy, initially motivated by the concept of
“ learned-disuse” of an impaired extremity [3], incorporates constraint of the less-affected
extremity (e.g., arm in sling or mitt over hand), with intensive, therapist-supervised
movement practice of the more effected extremity.  Individuals with mild to moderate
impairment following stroke can significantly improve their movement ability even years
following the initial insult.  Several other studies of intensive movement therapies,
including repetitive movement practice [4], robot-assisted therapy [5-7], virtual-reality
based therapy [8-10], and locomotion training [11], have shown that significant
improvements are possible even years after the initial injury onset.  In light of these
results, the current scheme of delivering intensive therapy in the early inpatient phase and
then transitioning to no supported therapy within six months is likely sub-optimal [12].

Despite this scientific evidence, however, it is unlikely that conventional
rehabili tation practice will be restructured to incorporate a longer duration of therapy.
The financial pressures on health care providers are intense, and make it difficult to add
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Figure 1   Idealized representation of the continuum of interventional rehabilit ative care and its impact on
outcomes for a typical client going through comprehensive neurorehabilit ation, as a function of time.  Thin
line represents the degree of “spontaneous recovery,” thick line the outcome due to intervention, and dotted
line the idealized final outcome (e.g., full recovery).  “Outcome” typically is measured by degree of
independence (e.g., FIM score) but could also relate to measures of functional skill , health fitness, or patient
satisfaction.  In this example, at six months, an experimental, high-intensity intervention (for example,
several weeks of Constraint-Induced Movement Therapy or Robot-Assisted Therapy) is introduced, further
improving recovery.  Research studies of interventions at later times (e.g., over one year) have helped
eliminate the myth that a “chronic” state exists at 6 months after which further therapy is ineffective, at least
for many (likely most) patients.  From the perspective of optimizing the allocation of healthcare resources,
one challenge is to determine the optimal bolus of inputs (i.e. vertical li nes) that will yield the best outcome.
Another challenge is the best intensity and type of therapy during each of these sessions, and how to integrate
in home-based therapy.  Movement therapy technology will li kely play a key role in meeting these
challenges.
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more therapy unless it can be documented that the therapy reduces long-term care costs.
Demonstrating reductions in long term care costs is in turn a difficult undertaking due to
the time scale of interest and the complexity of the factors that influence long term
outcomes.

Improved technology for automating aspects of rehabili tation may however help
align rehabilitation practice with rehabilitation science in the area of movement therapy.
For patients who can tolerate additional exercise as inpatients, devices that automate
movement therapy could be used relatively unsupervised as an adjunct to regular therapy.
Therapy devices could also allow more effective group therapy, allowing the therapist to
give one-on-one attention to one patient while another worked with the device under
intermittent supervision.  Most significantly, emerging devices that could be used at
home or at community exercise facilities could allow individuals ongoing access to
therapy even years after the cessation of conventional therapy, thereby improving quality
of life.  Recognizing this potential to enhance access to therapy, there has recently been a
surge in research activity focused on devices for automating movement therapy for both
the arm and legs.

3. Rehabilitation of Arm Movement
Of the 600,000 people who survive a stroke in the U.S. each year, over 300,000 incur
chronic arm impairment. Several robotic therapy devices, or “ rehabilitators” , have been
developed to automate therapy for the arm following stroke.  In initial clinical trials, these
devices have been used to address several fundamental questions, including:
• Will movement recovery improve if conventional therapy is supplemented with

robotic therapy?
• What are the relative benefits of robotic and conventional therapy?
• What are the elements of robotic and conventional therapy that stimulate movement

recovery?

3.1 Clinical Results with Arm Rehabilitators
MIT-MANUS: The first robotic system to receive extensive clinical testing was the MIT-
MANUS, a two degree-of-freedom (DOF) robot manipulator that assists shoulder and
elbow movement by moving the hand and forearm of the patient in the horizontal plane
[13].  A unique design feature is low intrinsic end-point impedance (i.e.: back-
driveability), which allows the device to measure free movements as well as to guide a
weak limb in “hand-over-hand” therapy.  Video games with visual, auditory and tactile
feedback engage the patients in the therapy.  For more than 5 years, clinical testing has
been underway predominantly at the Burke Rehabil itation Hospital (White Plains, NY).
The testing protocol has been guided by how the device is likely to be used clinically, as
an adjunct to regular therapy that provides patients with extra sensory motor stimulation
that they would not normally receive if the device were not available.  A recent report
described results with 56 subacute patients who completed the training protocol.  In
addition to their regular therapy, experimental subjects received five one-hour sessions a
week (25 total sessions) with MIT-MANUS beginning 23 days after stroke onset.
Controls received one hour of “sham” therapy a week, in which the subject used the less-
impaired limb in the robot, or the robot interacted passively with the more-affected limb.
When compared to controls, the experimental subjects had greater gains in proximal arm
strength, reduced motor impairment of the shoulder and elbow, and greater recovery of
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functional independence [14].  The two groups were still statistically different in terms of
motor impairment at a 3-year follow-up [5].

MIME:  The MIT-MANUS results provide convincing evidence that supplemental
robotic therapy can improve recovery, but they do not address whether robotic treatment
offers unique advantages to conventional therapy, or at least is no less effective than
conventional methods.  Answering this question has been the driving motivation behind
the MIME project at the Veterans Affairs Palo Alto Rehabil itation Research and
Development (RR&D) Center [15, 16].

The MIME system consists of a robot manipulator (Puma 560) that applies forces to
the paretic limb through a customized forearm and hand splint.  The robot’s six DOF
allow the forearm to be positioned within a large range of positions and orientations in
three-dimensional space.  A six-axis sensor measures the forces and torques between the
robot and the paretic limb.  Four modes of robot-assisted movement have been
developed.  In passive mode, the subject relaxes as the robot moves the limb toward a
target with a predetermined trajectory.  In active-assisted mode, the subject triggers
initiation of the movement with volitional force toward the target and "works with the
robot" as it moves the limb.  In active-resisted mode, the robot provides a viscous
resistance in the direction of the desired movement and spring-li ke forces in all other
directions as the subject attempts to reach toward the target.  In bimanual mode, the
subject attempts bimanual mirror-image movements while the robot assists the affected
limb by continuously moving the affected forearm to the contralateral forearm’s mirror-
image position and orientation.  During bimanual mode, the two forearms are kept in
mirror-symmetry by a position digitizer, which measures the movement of the
contralateral forearm and provides desired coordinates for the robot motion controller.

The goal of the initial clinical testing was to compare the effectiveness of a therapy
program of robotic manipulation with an equally intensive program of conventional
therapy techniques [16].  Twenty-seven chronic stroke subjects received 24 one-hour
sessions over two months.  Subjects in the robot group practiced shoulder and elbow
movements while assisted by MIME.  Subjects in the control group received
conventional treatment, based on NeuroDevelopmental Therapy methods, that targeted
proximal upper limb function, and five minutes of exposure to the robot in each session.
When compared to conventional treatment, robot-assisted movements had advantages in
terms of clinical and biomechanical measures.  The robot group had statistically larger
improvements in a clinical motor impairment scale after one month of treatment, and also
after two months of treatment.  The robot group had larger gains in strength and larger
increases in reach extent after two months of treatment.  At the six-month follow-up, the
groups were no longer different in terms of the motor impairment scale, however the
robot group had larger improvements in a scale that measures functional independence in
ADL.

The ARM Guide: The MIT-MANUS and MIME studies generated strong evidence
supporting the benefits of robotic therapy, but left open what the essential elements of the
robotic therapy were. For example, it may be that the repetitive movement attempts by
the patient, rather than the mechanical assistance provided by the robotic device, were the
primary stimuli to recovery.  This question is being addressed using a device called the
ARM Guide in a clinical trial being conducted at the Rehabilitation Institute of Chicago
in collaboration with the University of California at Irvine.

 The ARM Guide is a singly actuated, three DOF device designed to mechanically
assist in reaching movements [17].  Since reaching movements typically follow straight-
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line trajectories, the device uses a linear bearing to guide reaches by the subject.  The
linear bearing can be oriented at different yaw and pitch angles to allow reaching to
different workspace regions. Like MIT-MANUS and MIME, the device can assist or
resist in movement, and can measure hand movement and force generation.  The device is
statically counterbalanced so that it does not gravitationally load the arm.

In an ongoing clinical trial, sixteen chronic stroke subjects have received 24 therapy
sessions over two months.  Subjects in the robot group have received mechanically
assisted reaching exercise with the ARM Guide.  For this group, the subject initiates
movement, and the ARM Guide completes the movement along a smooth trajectory
through the arm’s full passive range if the subject is unable. Subjects in the free reaching
group have performed unassisted, repetitive reaching exercise, matched in the number of
repetitions and target locations with the robot group.  All subjects have been evaluated
using a set of clinical and biomechanical measures of arm movement.  As in the MIT-
MANUS and MIME studies, the subjects who have received therapy with the ARM
Guide have shown significant improvement in the clinical and biomechanical measures
[7, 18].  However, the amount of improvement in the free reaching group has been
comparable.

One interpretation of these preliminary results is that the action of repetitively
attempting to move, rather than the mechanical assistance provided by the ARM Guide,
was the primary stimulus to arm movement recovery.  Such a hypothesis is consistent
with other repetitive movement exercise paradigms that improve upper extremity
movement ability following brain injury [4, 19, 20].  Another possible explanation is that
the particular form of active assistance provided by the ARM Guide is sub-optimal, and
that other devices with their own versions of active assistance may demonstrate a benefit
over unassisted exercise.  For example, the MIT-MANUS device can assist planar motion
rather than constraining motion to a linear path, and this may be therapeutically
beneficial.  The MIME device can assist in 3D movements besides straight-line
movements and in bimanual therapy, and again, these features may be therapeutically
beneficial.  A third possible explanation is that the subject group in the ARM Guide
group spans a range of impairment levels and stroke types, and mechanically assisted
movement will benefit particular subsets of stroke patients.  For example, severely
impaired subjects may benefit motivationally from the mechanical assistance.

3.2 Other Emerging Technologies for ARM Rehabilitation

Several other systems are being developed to automate therapy for the arm and hand
following stroke.  In this section we review a few examples that demonstrate how virtual
reality, low-cost technology, and the Internet are being incorporated into automated
therapy systems.

GENTLE/S: The GENTLE/S is a project sponsored by the European Commission to
evaluate robot-mediated therapy for neuro and physical rehabilitation following stroke
[21]. In this project, a three DOF robot called Haptic Master has been used to implement
three exercise modes similar to MIME’s unilateral modes.  A novel feature of the system
is that the robotic exercise is integrated with virtual environments.  For example, one
virtual environment is a room that patients interact with by moving objects from one
location on a table to another.  The Haptic Master assists the movement patterns needed
to complete the tasks.  Compared to user interfaces that provide feedback in terms of
video games or abstract 2-D presentations of interaction forces, a user interface based
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upon a Virtual Environment could improve patient motivation for using the system.  This
is relevant given evidence that highly repetitive exercises may be needed for improved
recovery.

SEAT: At the Veterans Affairs Palo Alto RR&D, the SEAT project is investigating
device-based bimanual therapy in the context of a wheel-steering task [22].  This project
builds upon previous work that identified the potential of instrumented and powered
devices that assist the paretic limb during bimanual tasks [23, 24].  SEAT includes a full
driving simulation and a motorized steering wheel.  Sensors on the steering wheel
measure the forces imposed upon the wheel from each hand.  In addition to modes that
assist the impaired limb, a unique “constrained” mode forces the more-affected limb to
perform the task.  In this mode, the subject attempts to steer normally with both limbs,
but the wheel can only be rotated by the more-affected limb, and not by the less-affected
limb.  Preliminary testing has shown that during turns in which the more-affected limb is
moving against gravity, more positive torque is applied to the wheel by the more-affected
limb in “constrained” mode than when the motor only supplies the restoring torque
associated with a normal steering environment.  It has been suggested that this is a
device-based form of CI Therapy, and could be a means improving performance of an
important functional task without direct supervision from therapists.

ARC-MIME: The ARC-MIME project at the Rehabilitation Technologies Division of
Applied Resources Corporation is an attempt to develop a commercial device that merges
concepts from MIME and the ARM Guide.  Since a large portion of the movement
patterns used in the MIME therapy are based upon straight-line reaching movements, it
was realized that a linear slide similar to the ARM Guide could accommodate a
significant portion of the movement patterns used in the MIME treatment.  In addition,
since a linear guide allows only one DOF of movement, it can be operated more safely
than the PUMA-based MIME, and also can be produced at significantly reduced cost.
With NIH SBIR Phase I support, a prototype device was buil t that functionally resembles
two ARM Guides, one for each limb.  The MIME control software was ported to ARC-
MIME, so all of the MIME modes are available, including the bimanual mirror-image
mode.  In initial testing, four chronic stroke subjects exercised in both MIME and ARC-
MIME in the same session.  When the movement patterns were matched, the forces
directed toward the targets by the paretic limb were not significantly different for the two
devices, although there were some differences in the forces lateral to the target.
Nevertheless, it was concluded that subjects interact in ARC-MIME in a similar fashion
to MIME, and so the clinical gains seen in the MIME training should also be reproducible
with ARC-MIME.  With NIH SBIR Phase II funding, further development and clinical
testing are proceeding.

EMG-Induced Stimulation Therapy.  In the robotic therapy systems discussed
above, the endpoint of a manipulator is coupled to the hand or forearm, with forces
transmitted and positions passed through this mechanical interface.  Conceptually, the
manipulator mimics aspects of hands-on physical therapy, but with the added benefit of
being able to obtain quantitative information across the interface.  This requires external
power and a controller, and doesn’ t directly impact on muscle activity.  An alternative
approach is to electrically stimulate muscle.  This concept has been has been around for
centuries, mostly applied to paralyzed individuals, and basic functional neuromuscular
stimulation (FNS) has been an active area of research since the 1960s [25].  The area of
neural prostheses is outside the realm of discussion; suffice it to say that while
considerable progress has been made (e.g., for how to best stimulate and condition
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muscles), there have also been challenges, especially related to control algorithms.  One
strategy that bypasses such problems is EMG-induced Stimulation Therapy.  One
commercial system (AutoMove) explicitly targets stroke therapy, and was FDA-approved
in 1997.  Rather than attempt proportional EMG control as with high-end arm prosthetics
systems, it uses sensitive detection of a very weak voluntary EMG signal to cause a much
larger FNS drive to the muscle that by default lasts for 5 seconds.  It normally is used to
target weak muscles such as wrist extensors.  A typical therapy session consists of several
5-second contractions followed by 20 seconds of rest, continued for about 20 min.  An
advantage is that it takes advantage of human power and control, and is modular and fully
ready for home use.  While this product would seem to target muscle strengthening rather
than coordination, the evidence suggests significant enhancement not only of strength in
the local muscle(s) and increased range of motion in the related joint, but also in
measures related to function (e.g., Fugl-Meyer) and independence (FIM)  [26, 27].   

Virtual Reality-Based Neurorehabilitation.  The cornerstones of Virtual Reality (VR)
technologies are “ interactivity” and “ immersion” .  VR was originally motivated by
applications such as mil itary training simulators and space telerobotics and more recently
high-end gaming industry and telesurgery [28].  VR systems for movement therapy are
just beginning to be developed [29].   In developing these systems, the burden of proof
rests with producing evidence that therapy in a virtual world is better than “ real world”
therapy at preparing individuals to function in the real world.  One possible advantage of
VR is that it can augment a therapy environment, for example by overlaying novel
computer-generated audiovisual displays or by using haptic devices to provide novel
sensory input.

For example, in one recent study, two chronic stroke subjects with hemiparesis
practiced placing a virtual envelope in a virtual mail slot depicted on a computer display.
An electromagnetic tracking device measured and displayed the subject’s actual arm
movement [8].   The computer display showed the desired movement trajectory, derived
from an unimpaired subject, which could be used as a virtual, animated “ teacher” to
demonstrate the desired movement to the subjects.  The teacher animation could also be
adjusted in speed, paused at any point, or displayed as a trace.  Training in the virtual
environment for sixteen treatment sessions reduced reaching errors during real-world
performance by 50%.  Using a similar enhanced virtual feedback approach, four subjects
with acquired brain injury were trained to pour a cup.  The subjects also showed transfer
to real-world performance [10].

Novel haptic interfaces for use in VR therapy have been developed by Burdea and his
colleagues [9, 31, 32].   For their hand rehabilitation system they have used two
interfaces: a Cyberglove (Virtual Technologies, Inc.) with 18 embedded sensors and their
Rutgers Master II -ND (RMII) force feedback glove (US patent 5354162, 1994) with 14
sensors and four small pneumatic actuators that can apply forces up to 16 N.   This
unique glove and system (US patent 5429140, 1995) requires an air compressor (100 Psi)
for power and their Haptic Control Interface to control fingertip forces and compute joint
angles (to actuators crossing thumb, index, middle, ring).  The glove applies forces to the
hand to simulate different therapeutic equipment, and to perform passive range of motion
or strengthening exercises.  The display shows a rigid body image of the hand rather than
a cursor. For therapy, the system currently uses four VR exercise programs that were
developed using a commercially available graphics library (WorldToolKit).  Each
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program targets one aspect of hand movement, namely range, speed, fractionation and
strength, within the context of simple games for which the patient performs a number of
trials of a particular task.  Three subjects with chronic stroke improved hand movement
ability by using the system daily regularly over two weeks [9]. This same research group
has also developed a six degree-of-freedom Stewart platform coupled to the foot to
provide ankle therapy, so far targeted to orthopedic and stroke applications [32, 33].

Java Therapy: Java Therapy is a low-cost, high accessibility system for facili tating
repetitive movement therapy developed at U.C. Irvine with support from the Microsoft
Corporation [34].  This system is called “Java Therapy” because of its heavy use of the
Java programming language.  Users log on to the system using the Web, perform a
customized program of therapeutic activities, and receive quantitative feedback of their
rehabili tation progress.  A remote supervising caregiver can then monitor progress, make
changes to the exercise program, and provide information and encouragement.  The
system can be used with a variety of input devices for monitoring movement, including a
low-cost, force-feedback joystick that is also capable of assisting or resisting in
movement like more sophisticated robotic therapy devices.  Because the system uses
mass-manufactured input devices, Web infrastructure, and Java applets, it is relatively
affordable, accessible, and adaptable.  Data from home-based usage by a chronic stroke
subject have been presented that demonstrate the feasibil ity of using the system to direct
a therapy program, mechanically assist in movement, and track improvements in
movement ability [35].

Constraint-Induced Therapy: A therapy technique that may be amenable to
automation is Constraint-Induced Therapy.  As mentioned above, CI therapy has been
demonstrated to substantiall y improve upper extremity recovery of patients with mild to
moderately severe chronic strokes, but remains labor intensive [36].  The therapy
involves promoting use of the more-affected upper extremity for 90% of waking hours by
constraining the less-affected extremity for two or three consecutive weeks with a resting
hand splint and sling or other device that prevents movement of the hand and wrist for
activities of daily living.  The patients receive a type of training termed "shaping" for 7
hours/day (with rest intervals) for all weekdays during this period (massed practice) [37].
Shaping involves highly repetitive movements and tasks with the difficulty graded in
small i ncrements by the trainer.  A device that allows subjects to perform the shaping
training without direct supervision could make CI-therapy accessible for the vast number
of stroke subjects who might benefit from the treatment.  Subjects could receive CI
therapy at home and a therapist could treat three or four patients at one time in the clinic,
thereby substantially reducing the cost of the therapy.  However, it is an open question
whether compliance with such an intensive training protocol is possible without direct
one-on-one attention and encouragement from therapists and trainers.  A new research
project at the VA Palo Alto RR&D Center, supported by a grant from the Department of
Veterans Affairs, will explore these issues.

4. Rehabilitation of Gait

4.1 Devices for Automating Body Weight Supported Locomotion Training
Recent research has suggested that the spinal cord has a remarkable capacity to learn.

For example, the lumbar spinal cord of the cat can be trained to step [38-47] in the
absence of supraspinal input.  The key characteristics of the training are partial unloading
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of the limbs and assistance of leg movements during stepping on a treadmill.  Based on
animal studies, several laboratories and rehabilitation centers world-wide have developed
“body weight supported” (BWS) locomotion training as a treatment therapy for humans
following spinal cord injury, stroke, and other neurological disorders that impair
locomotor ability [48-56]. The findings from several independent studies indicate that
BWS training improves stepping, including both treadmill and overground walking, in
spinal cord injured and stroke-impaired humans [22, 49, 51, 53, 55-59]. Under the
supervision of researchers at UCLA, an NIH-funded, multi -center, clinical trial is
currently being conducted to determine whether BWS locomotion training should
become a treatment standard.

Implementing BWS locomotion training as an accessible treatment would be
difficult, however, for several practical reasons. BWS locomotion training is labor
intensive, requiring two to three therapists to manually assist the patient’s legs and torso
during each training session.  Assisting in leg motion can be exhausting for the therapists.
In addition, the assistance provided, and thus the pattern of sensory input to the spinal
cord, can vary greatly between trainers and sessions.  Recognizing this need, two
European research groups and a major U.S. healthcare provider have developed robotic
devices for automating BWS training in humans.

MGT: The Mechanized Gait Trainer (MGT) is a singly-actuated mechanism that
drives the feet through a gait-li ke trajectory [60].  The device consists of two foot plates
connected to a doubled crank and rocker system.  An induction motor drives the cranks
via a planetary gear system.  The rear ends of the foot plates follow an ellipsoid-li ke
movement.  Different gears can be incorporated to vary stride length and timing.  The
planetary gear system also moves the patient harness in a locomotion-li ke trajectory
through two cranks attached to suspension ropes.  The torque generated by the motor is
sensed and displayed on-line to provide a biofeedback signal to the patient. The MGT has
been used to train two patients who were two months post-stroke [60].  The patients
received four weeks of gait training with the device, consisting of f ive 20-minute sessions
per week.  The patients improved significantly in their overground walking ability.

Lokomat: The Lokomat is a motorized exoskeleton worn by the patients during
treadmill walking [61].  This device has four rotary joints that accommodate hip and knee
flexion/extension for each leg.  The joints are driven by precision ball screws connected
to DC motors.  Parameters such as the hip width, thigh length, and shank length can be
manually adjusted to fit individual patients.  The weight of the exoskeleton is supported
by a parallelogram mechanism that moves in the vertical direction and is counterbalanced
by a gas spring.  The hip and knee motors can be programmed to drive the legs along
gait-li ke trajectories.  Several spinal cord injured patients have tested the device [61].
The device was able to drive gait-li ke patterns in the patients, reducing the labor burden
on the therapists who were assisting in the step training.

Autoambulator: HealthSouth, the nation's largest provider of rehabilitative healthcare
services, has developed a robotic device for automating locomotion training called the
“Autoambulator” [62].  The device is intended to replicate a normal walking pattern.
Although few details on the device design are available, the patient is supported by a
hoist, and his or her legs are secured in a pair of aluminum rotating arms located above a
treadmill .  Vital signs, knee, thigh and side torques, speed, weight, wiring voltage are
automatically monitored after the treadmill begins to move.

4.2 Other Emerging Technologies for Gait Rehabilitation
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As for arm therapy, virtual reality is also being incorporated into gait therapy.  For
example, at the VA Palo Alto RR&D Center, the SOR (stepping-over-responses) project
is investigating the potential benefits of virtual reality for improving the ability of stroke
subjects to step over obstacles.  It is hypothesized that training subjects to walk over
objects will also improve their gait patterns.  To use the system, a subject wears a head-
mounted display as he or she walks on a treadmil l while holding onto handrails if needed.
Simulated obstacles of various heights and lengths are presented to subjects
superimposed over a real-time lateral view of the subject walking.  An image capture
system measures the foot position, and collisions between the virtual object and the foot
are detected.  Vibrotactile feedback is presented to the heel or toe of the foot involved in
a collision depending upon which part of the foot coll ided with the object.

In preliminary clinical testing, 21 chronic stroke subjects were randomized to a test
group that received the VR training or a control group that stepped over real foam
objects.  All subjects received 6 one-hour sessions over two weeks.  Both groups had
significant improvements in obstacle clearance, walking speed, stride length, and the
distance covered in a 6-minute walk test.   There was a non-significant trend in favor of
the VR group in all of these parameters.  Improvements were also retained at a two-week
follow-up. Training subjects with this VR system is expected to be safer than
conventional training, and provide more rapid, precise and novel feedback to the patient,
which could facilitate more effective movement strategies.

5. Future Directions
Clearly, there is a rapidly developing array of tools for automating some aspects of

movement therapy following neurologic injury.  We conclude by presenting three
important questions that will shape the development and use of this technology:

What are the key stimulants to movement recovery, and how can they be enhanced
with technology?  Currently it is unclear what the essential components of a successful
therapy program or technology are.  Some of the many possibilities are enhancing
proprioceptive input, repetitive practice, care in grading therapy difficulty, and
quantitative or novel feedback of movement performance.  Movement therapy
technology provides the tools necessary to selectively control many of these components
and then to measure their effects. Identifying the essential components of therapy will in
turn allow therapy technology to be improved in a rational, systematic fashion.

Can the benefits of the technology be made to outweigh its costs?  Many of the
devices described in this chapter require relatively sophisticated equipment.  To become
truly accessible, this equipment must be designed in such a way that a company can
afford to produce it while rehabilitation clinics and individual users can afford to buy it.
Incorporating technologies that are mass manufactured for other applications may help.
Careful consideration will need to be given to the cost of equipment as well as its
capability.

Can automated therapy techniques be made foolproof enough to be truly accessible?
Current technologies for automating therapy typically involve donning a device and
accessing a software interface.  Can the human-machine and human-computer interfaces
be made simple enough that the system can be used without assistance from therapists?
In addition, can technologies be designed well enough so that they are not misused to
promote harmful movement patterns?  Ultimately, the acceptance of new technology for
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therapy will depend not only on its restorative benefits and cost-effectiveness, but also on
its simplicity of use and robustness to misuse.
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