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THERAPEUTIC METHOD AND DEVICE FOR
REHABILITATION

INCORPORATION BY REFERENCE

[0001] All publications, patents and patent applications
mentioned in this specification are herein incorporated by
reference to the same extent as if each individual publication,
patent or patent application was specifically and individually
indicated to be incorporated by reference. The application, for
example, incorporates in entirety by this reference U.S. Pat.
No. 7,239,065 filed Nov. 6, 2003, of Robert Horst entitled
“Muscle Assistance Device and Method” and U.S. patent
application Ser. No. 11/932,799, of Robert Horst, et al.,
entitled “Methods and Devices for Deep Vein Thrombosis
Prevention”, filed on Oct. 31, 2007.

FIELD OF THE INVENTION

[0002] The invention relates to the field of the functional
rehabilitation of patients who have suffered loss of function
due to injury, condition, or disease. For example, the method
may be therapeutically applied by patients who have experi-
enced a stroke.

BACKGROUND OF THE INVENTION

[0003] Thereisaneed for devices that can assistindividuals
with impaired mobility resulting from injury, illness, or cata-
strophic events such as stroke. Mobility assistance is needed
both in an immediate sense, assisting a subject with the physi-
cal abilities that he or she currently has, but also in a longer
term sense, where a rehabilitation of muscles and neural
pathways is desired for volitionally-instigated and controlled
movement. Current assistive and rehabilitative devices vari-
ously include strength training devices, passive assistance
and support devices, and active or powered mobility devices.
[0004] Strength training devices, their strength building
benefits notwithstanding, provide little if any direct benefit
toward mobility, nor do they provide joint support or muscle
support or augmentation. In general, strength training
enhances the strength of already functioning muscles and the
robustness of functioning neural pathways. Passive assistance
devices, such as canes, crutches, walkers and manual wheel-
chairs, can very effectively assist with mobility in an imme-
diate sense, but they generally do not provide for rehabilita-
tion or the development of unassisted mobility. As with
strength training, the devices tend to rely on functioning
muscle and existing neural pathways, without a particular
benefit in terms of regaining lost independent or volitional
function. Active or powered mobility devices, such as motor-
ized wheelchairs, provide very valuable mobility benefits, but
do little if anything in terms of encouraging the development
of strength, or regaining independent functional mobility.
[0005] Passive support devices or orthoses (such as ankle,
knee, elbow, cervical spine, thoracic spine, lumbar spine, hip,
or other support braces) provide passive joint support and can
serve as mobility aids and also provide support against injury.
Manual braces with clutch-based knee hinges require the user
to activate a brace lock mechanism in order to maintain a joint
flexion or extension position; this aspect provides further
supported functionality. These devices, as a whole, however,
do not provide rehabilitation toward device-free independent
mobility.

[0006] A number of newer and sophisticated microproces-
sor-enabled mobility assistance devices have been developed,
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many of which provide very helpful quality-of-life benefits to
patients with compromised mobility. In general, however, the
benefits of these devices are directed toward smarter forms of
mobility assistance, not with the development of independent
mobility.

[0007] There is a need to start closing the gap between the
therapeutic contribution of support devices, both passive and
active, as summarized above, and the benefits of therapy as
can be provided, for example, personally, patiently, and intel-
ligently, by physical therapists. What is needed are devices
that can be directed intelligently toward rehabilitative muscle
strengthening and neural pathway retraining, such as after a
stroke, in order to serve both the immediate goal of supporting
mobility and the longer term goal of independent, volition-
ally-instigated, and controlled movement. The present inven-
tion addresses these and related issues.

SUMMARY OF THE INVENTION

[0008] The invention relates to a method and a system for
increasing the functional capability of joints, particularly in a
rehabilitative sense, where the volitional range of motion of a
patient may be improved, and where the effective control over
joint movement within that range is increased. Rehabilitation
of'the functional capability of joints occurs through a number
of'physiological processes, including building of strength and
retraining of neural pathways. Basically, the method includes
fastening a powered device at sites above and below a joint of
a subject so the device is able to control movement of the
joint, the patient moving the joint volitionally within a range
of motion substantially without assistance of the device, and
then, moving the joint beyond that volitional range of motion
substantially with the support of the device.

[0009] Insomeembodiments of the basic method just sum-
marized, moving the joint volitionally includes moving the
joint from a starting position to a volitional boundary of the
subject’s range of motion substantially through the effort of
the subject; and moving the joint with the support of the
powered device includes moving the joint beyond the voli-
tional boundary with the assistance of the device. In some of
these embodiments, moving the joint substantially without
assistance of the device includes moving the joint solely
through the effort of the subject. In other embodiments, mov-
ing the joint substantially without assistance of the device
includes moving the joint with an amount of assistance from
the device not exceeding the amount of force required to
counter an effect of gravity that works against movement of
the joint.

[0010] Inother embodiments ofthe basic method just sum-
marized, volitionally moving the joint includes moving the
joint from a starting position in a direction toward the bound-
ary of a range of motion, and moving the joint with the
support of the powered device includes the device permitting
movement only in that direction. Thus, in this embodiment,
the device supports movement in a ratchet like manner.
[0011] In one aspect, the invention relates to a method for
extending a subject-controllable range of motion of a joint;
this method includes fastening a powered device at sites
above and below at least one joint of a subject, moving a joint
from a starting position to a volitional boundary of a subject’s
range of motion, substantially through the effort of the sub-
ject; and then moving the joint beyond that volitional bound-
ary with the assistance of the powered device. In some
embodiments, the moving beyond the volitional boundary
includes moving to the boundary of an expanded a range of
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motion. This latter expanded range of motion may be under-
stood as a rehabilitative range, movement through which may
have the longer term therapeutic effect of expanding the
patient’s volitional range of motion. In some embodiments of
the method, the position or dimensions of the expanded
boundary are predetermined prior to the step of moving to it.
Setting of the boundary may be done by a therapist, health-
care professional, or informed and capable subject inputting a
boundary, or by the system making use of a formula or algo-
rithm to generate a therapeutically appropriate boundary. As
disclosed herein, embodiments of the method may be applied
the ankles, knees, elbows, shoulder, hip, elbow, wrist, or other
joints of the body. Boundaries of the volitional and expanded
ranges of joint motion include the boundaries associated with
both flexion and extension of the joint.

[0012] Insomeembodiments ofthe method, moving ajoint
to the volitional boundary is repeated one or more times prior
to moving the joint to the expanded boundary of the rehabili-
tative range. As will be seen below, the movement within the
subject’s volitional range is sensed by the device, and repeti-
tion of this movement helps to better establish the volitional
range boundary.

[0013] Insomeembodiments of the method, moving to the
volitional boundary occurs substantially without assistance
from the powered device, and is thus substantially under the
control of the subject. In some particular embodiments of the
method, moving to the volitional boundary may occur with a
level of assistance from the powered device that counteracts
at least a portion of gravitational force. In some embodiments
of the method, the assistance in moving provided by the
powered device includes the device permitting movement
only in the direction of the expanded boundary in a ratchet-
like manner, thus allowing the patient an opportunity to move
the joint from an angle that is beyond the range where the joint
would be volitionally.

[0014] In some embodiments, the method includes deter-
mining or sensing joint angle at time intervals while the joint
is moving volitionally to determine if the joint has reached the
volitional boundary of the joint’s range of motion, and if the
joint has not reached the volitional boundary before the lapse
of'a predetermined amount of time, then the method returns to
the volitionally moving step.

[0015] In some embodiments, the method includes deter-
mining or sensing joint angle while the joint is moving voli-
tionally to determine if the joint has reached the volitional
boundary of the joint’s of motion, and if the joint has not
reached the boundary at a time after the lapse of a predeter-
mined amount of time, then the method proceeds to the step of
moving the joint with the assistance of the powered device. In
some of these just recited embodiments, the method may
further include decreasing the boundary of the volitional
range, such decreased boundary being applied to the next
cycle of the method.

[0016] In some embodiments, the method further includes
determining joint angle while the joint is moving volitionally
to determine if the joint has reached the volitional boundary
of'the joint’s range of motion, and if the joint has reached the
volitional boundary, then proceeding to the step of moving the
joint with the assistance of the powered device.

[0017] In some embodiments, the method further includes
determining joint angle while the joint is moving volitionally
to determine if the joint has reached the volitional boundary
of'the joint’s range of motion, and if the joint has reached the
volitional boundary, then determining joint velocity, and if
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the velocity is greater than a preset limit, then continuing with
the step of moving the joint volitionally.

[0018] In some embodiments, the method further includes
determining joint angle while the joint is moving volitionally
to determine if the joint has reached the boundary of the
volitional range of motion, and if the joint has reached the
volitional boundary, then determining joint velocity, and if
the velocity is less than a preset limit, then proceeding to the
step of moving the joint with the assistance of the powered
device. In some of these just recited embodiments, the
method may further include increasing the boundary of the
volitional range, such increased boundary being applied to
the next cycle of the method.

[0019] In some embodiments of the above summarized
method, after moving beyond the boundary of the volitional
range of either flexion or extension, the method may further
include moving the joint to the boundary of an expanded
range beyond the volitional boundary, and further moving the
joint to the boundary of another expanded range, the other of
flexion or extension. In some of these latter embodiments
further includes moving the joint back to the position in which
the joint started its movement. In these various embodiments,
movement within the volitional boundaries of flexion and
extension are substantially under the control of the patient,
and movement beyond the volitional boundary and toward the
boundary of the therapeutic range occurs with the assistance
of the powered device.

[0020] The sum of the moving steps which originate and
conclude at a starting position may be considered a movement
cycle, and in various embodiments of the method, the cycle
may be repeated one or more times. In some of these embodi-
ments, the cycle may be repeated for a predetermined number
of times, and it may be repeated at a predetermined rate of
cycles per unit time.

[0021] In some embodiments of the method summarized
above, the method includes sensing of the volitional bound-
ary of the volitional movement of the joint. Structural aspects
of'sensing by a system for controlling movement are summa-
rized below. Sensing may be provided by any one or more of
joint angle sensor, a force sensor, a movement sensor, a cur-
rent sensor, or a myoelectric sensor.

[0022] Inasecond aspect, the invention relates to a method
for increasing a subject’s control of movement of a joint
within a range of motion from a start position towards a goal
position. This embodiment includes fastening a powered
device at sites above and below the joint, the powered device
allowing volitional movement towards the goal position and
resisting volitional movement away from the goal position.
[0023] Embodiments of the second aspect of the method
include movement in both directions of flexion or extension,
outward from a more central starting position, as for example,
moving the joint volitionally to a peripheral position within
the range of motion and moving the joint back to the start
position, moving the joint volitionally to a peripheral position
within a range of motion in the other direction of flexion or
extension, and moving the joint to return back to the start
position, the return marking the conclusion of a movement
cycle. In various embodiments, the method may include
repeating the movement cycle one or more times, repeating
the cycle for a predetermined number of times, and/or repeat-
ing the cycle at a predetermined rate of cycles per unit time.
[0024] As summarized above in the first aspect of the
method, the second aspect of the method may include pro-
viding some minimal assistance from the powered device in
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moving the joint even when the subject is substantially and
volitionally moving the joint, the assistance counteracting at
least a portion of gravitational force. Embodiments of this
aspect of the method may be applied to various joints includ-
ing the ankle, knee, hip, elbow or wrist

[0025] The invention also includes a system that is able to
operate the aspects and embodiments of the rehabilitative
method summarized above. The system for increasing the
functional capability of a patient’s joint includes an actuator
coupled to an orthotic device that is attached to both sides of
ajoint, at least one sensor adapted to determine an angle of the
joint, and a controller operably connected to the actuator and
the sensor. The actuator is configured to activate the orthotic
to support movement of the joint, and the controller is con-
figured to control the operation of the actuator, based on
sensor input regarding the angle or position of the joint. Thus,
when the patient’s joint has reached a volitional boundary of
extension or flexion, based on sensor input, the controller is
configured to activate the actuator and thence the orthotic to
support movement of the joint beyond the volitional bound-
ary.

[0026] In some embodiments of the system, the controller
is configured to differentiate the angle of the joint with respect
to time, thereby being able to determine a rate of movement of
ajoint. Accordingly, these embodiments are able to determine
when a joint is moving, and when it has come to a stop, the
stop may indicate a boundary of volitional movement.
[0027] Insome embodiments of the system, the controller
is configured to operate the actuator and the orthotic inamode
that allows volitional movement of the joint to occur substan-
tially without the assistance of the device, and the support
provided to movement of the joint includes assistance in
movement when the joint has moved to a boundary of voli-
tional movement.

[0028] In some embodiments of the system, the controller
is configured to operate the actuator and the orthotic inamode
that allows volitional movement of the joint to occur substan-
tially without the assistance of the device when the joint is
moving in a direction of either flexion or extension, and the
support provided to movement of the joint includes permit-
ting only that same respective direction of flexion or exten-
sion.

[0029] In various embodiments of the system, the control-
ler is configured to activate the actuator to move the joint
beyond the volitional boundary and then to the boundary of an
expanded range of motion. In some embodiments, the con-
troller is configured to have the actuator counteract at least in
part the effect of gravity on movement of the joint even when
the joint is substantially under the volitional control of the
subject. And in some embodiments of the system, an actuator
force sensor is operably connected to the controller and pro-
viding input thereto, the controller capable of limiting the
maximal force applied to the actuator.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIGS. 1-5 are flow diagrams of embodiments of the
rehabilitative method. FIG. 1 provides a diagram of the
method as a whole.

[0031] FIG. 2 is a flow diagram that focuses on an assess-
ment phase of the method, wherein a boundary of a volitional
range of movement is determined.

[0032] FIG. 3 is a flow diagram that focuses on an assisting
phase of the method, wherein a device provides support for
movement beyond the volitional range.
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[0033] FIG. 4 is a flow diagram that focuses on an embodi-
ment of an assisting phase of the method, wherein a prede-
termined amount of time is allowed for volitional movement
to the volitional movement boundary.

[0034] FIG. 5 is a flow diagram that focuses on an embodi-
ment of an assisting phase of the method wherein the voli-
tional boundary may be increased or decreased according to
the performance of the subject, without returning to a formal
assessment phase of the method.

[0035] FIG. 6 shows views of a knee joint as situated in a
robotic knee device (the device not shown), with the angle of
the knee in varying positions within ranges of motion.
[0036] FIG. 7A-7D depicts aspects of a method wherein a
powered device supports movement of a joint in a ratchet-like
manner such that movement is allowed only in one direction.
[0037] FIG. 8 is a block diagram of a system that imple-
ments the rehabilitative method.

[0038] FIG. 9 shows a robotic ankle device that can be used
in the implementation of the method.

[0039] FIGS. 10A-10C show views of a foot placed in an
ankle device. FIG. 10A shows a frontal view of a foot in the
device, FIG. 10B shows a side view of flexion of an ankle, and
FIG. 10C shows a side view of extension of an ankle.
[0040] FIG. 11 provides a detailed view of a single-motor
actuator that is shown in FIG. 9.

[0041] FIG. 12 shows arobotic knee device that can be used
in the implementation of the method.

DETAILED DESCRIPTION OF THE INVENTION

Method of Extending the Range of Subject-Controllable Joint
Motion

[0042] The invention provides therapeutic methods and a
system for the rehabilitation of subjects who have suffered a
loss or diminishment of their volitional range of motion and/
or a loss of well-controlled joint function within their voli-
tional range of motion, an object of the invention being the
recovery of at least a portion of any aspect of such a loss of
functional capability. A loss of joint mobility or control gen-
erally results in the diminishment of self-mobility of the
patient, and this more generalized loss can have conse-
quences that further erode joint-mobility and self-mobility.
Increasing the functional capability of a joint, as provided by
embodiments of the invention, has an immediate aspect,
where mobility may be enhanced through support from
embodiments of the inventive method and device, and it has a
longer-term rehabilitative aspect, where the range of the
patient’s controlled volitional movement is improved or
extended. Recovering volitional range of motion can require
the strengthening of muscle, but more important, as in the
case of a stroke, is the retraining of neural pathways that
control the muscle. Embodiments of a system for such reha-
bilitative goals are described in sections below; the present
section focuses on embodiments of the inventive method.

[0043] An object of the method is to expand a functional
and controllable range of joint motion that has been compro-
mised by injury or an adverse health condition. In many
rehabilitative cases it is not the range of motion that a patient’s
joint may be passively put through that is so much the issue,
but rather, it is the range of motion through which the patient
can voluntarily exercise controlled movement, and the degree
of control over the range of motion whether increased or not;
the rehabilitative challenge is to increase the control within
the volitional range of motion and to increase the volitional
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range of motion. Accordingly, embodiments of the method
expect and encourage the patient to move a joint without
assistance within the boundaries of the patient’s current voli-
tional range of motion, but then the method transitions
smoothly into a different phase, and contributes powered
assistance to movement beyond that range, to the boundaries
of a rehabilitative range. Over time, by such supported move-
ment into a rehabilitative range, the volitional range of motion
may expand toward the expanded boundaries described by
the rehabilitative range.

[0044] Embodiments of the rehabilitative method
described herein may be described in various aspects. In one
aspect, the method is basically directed toward increasing the
functional capability of a joint. The method includes the
fastening of a device around ajoint so as to be able to move the
joint with the device, the patient moving the joint volitionally
within his or her volitional range of motion, the powered
device then supporting movement of the joint beyond the
volitional range. From the perspective of the joint, in one
phase, the joint is substantially under the volitional control of
the patient, and then, in a second phase, the powered device
engages and contributes support to the movement of the joint.
These phases may alternate, and further, the method may
include excursions alternately in directions of extension and
flexion to form a cycle. Still further, cycles may be repeated.
[0045] Returning to the basics of the method, as described
above, in a more specific aspect, the patient’s volitional effort
is substantially responsible for moving the joint from a start-
ing point (approximately central point in his or her range of
volitional motion) to the patient’s unassisted volitional
boundary. At that boundary point, the powered device then
becomes substantially responsible for providing force to
move the joint. The powered device may then move the joint
into an expanded range of motion, and toward an expanded
boundary. Saying that the patient’s effort is substantially
(may not be wholly) responsible for movement within the
volitional range is because in some embodiments, the device
may contribute some force in order to counteract the force of
gravity, this, in some instances, being therapeutically desir-
able. Saying that the powered device is substantially (not
wholly) responsible for the movement is because it is not
plausible (nor desirable) to preclude patient contribution to
movement beyond that which was determined to be an unas-
sisted boundary of volitional movement.

[0046] In another specific aspect of the basic method as
described above, again, the effort of the patient is substan-
tially responsible for moving the joint from a starting point,
but that starting point may occur anywhere within the unas-
sisted range of volitional motion, and it may also occur even
beyond that, in an expanded rehabilitative range.

[0047] Various embodiments of the rehabilitative method
of the invention are shown in the flow diagram of FIGS. 1-5.
FIG. 1 depicts an embodiment 100 of the method in its most
basic form. In Step 1, a powered device, or more specifically,
an orthotic portion of a powered device, is fastened or applied
to sites on either side of a patient’s joint. In some embodi-
ments, the method may be applied to more than one joint, in
which case, fastening refers to applying an orthotic portion of
apowered device at each of the respective joints. Described in
the system description section below, for example, are
orthotic devices that may be applied to the ankle alone, knee
alone, or the combination of the ankle and knee. At the outset
of'a Step 2, the patient’s joint is in a starting position, and the
powered device is in a free movement mode that provides
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substantially no assistance or resistance to movement of the
joint. During the Step 2, the patient volitionally moves the
joint to the boundary of his or her volitional range of move-
ment. At the outset of a Step 3, therefore, the joint is at the
boundary of the volitional range, and the powered device has
been switched from a free-movement mode to an assist mode.
During Step 3, the powered device moves the joint to the
boundary of an expanded rehabilitative range of motion and
then assists the joint back to the boundary of the volitional
range. In a Step 4, the joint returns to the starting position.
[0048] Embodiments of the method include variations in
the ways in which the device assists in movement. For
example, while movement during Step 2 is substantially
under the volitional control of the patient, in some embodi-
ments of the method the device may provide some assistance
for the purpose of counteracting, or partially counteracting,
gravitational force that can limit joint movement. Convenient
positions for exercising the method, without this variation,
could skew forces needed to move a joint such that either
extension or flexion could be favored.

[0049] In another embodiment, the assisting of movement
by the device that occurs in Step 3 may be one in which the
device provides all the force needed to move the joint, or, in
another embodiment, the device may be set in a ratchet mode,
where the assistance it provides is in the form of not allowing
retrograde movement away from the desired volitional
boundary, and permitting movement only toward the desired
volitional boundary. Retrograde movement, in this context,
refers to movement in the flexion direction when extension is
desired, or in the extension direction when flexion is desired.
This latter mode provides the patient an opportunity to exert
force against a backstop, thereby training neural pathways
and muscles in a context that would not be available under
unassisted conditions.

[0050] FIG. 2 shows details of an embodiment of the
method 200 that occur during Step 2 described above, in
which movement of the joint occurs substantially under the
control of the patient, and while the device (which includes an
actuator, a sensor, and an orthotic, controlled by the actuator)
is in a free movement mode. Step 2 may also be referred to as
an assessment phase of the method, as during this phase, the
device is detecting the range of motion through which the
patient is capable of moving the joint volitionally. Thus, Step
2a begins with the joint at a starting position, typically a
position within the patient’s volitional range of motion or
between current volitional boundaries of extension and flex-
ion.

[0051] During Step 2a, as described above, the patient
moves his or her limb to the boundary of volitional move-
ment. During this assessment phase of the method, sensors
that are operatively coupled to the device and to a controller
monitor joint movement and track the position of the joint.
Such sensors may include, by way of example, any one or
more of joint angle sensor (such as, e.g., a variable resistor or
anoptical encoder), a force sensor, a movement sensor, and/or
acurrent sensor. By monitoring the range of positions through
which the joint moves during this assessment phase, the cur-
rent volitional range of motion is determined. In addition to
such sensed information, the controller also has a clock so
that sensor data can be differentiated with respect to time,
thereby adding a time or rate dimension to otherwise static
information. Finally, in some embodiments the device uses
sensor information to track and control the assistance pro-
vided to the patient’s joint movement.
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[0052] In Step 24, the joint returns from the boundary of
volitional movement back to the starting position without
assistance of the device Steps 2a and 2b may occur in the
direction of either flexion or extension. Step 2¢ is analogous
to Step 2a, except that it occurs in the opposite direction,
either flexion or extension, as that which occurred in Step 2a.
Step 2e is analogous to Step 24, and the joint returns to the
starting position. Following Step 2¢ is a decision step 2d in
which a determination is made as to whether the method next
goes to Step 3 (as detailed in FIG. 1), or whether the method
is directed on to Step 2e, wherein the joint returns to the
starting position. By so returning to the starting position, and
thus an iteration of Step 2a, embodiments of the method may
include a repeating loop of Steps 2a-2e. The decision as to
which method path to pursue (Step 3 or Step 2¢) may be based
on any appropriate criteria. For example, this decision may be
made based on a predetermined number of repeat cycles, or
the controller may exercise a statistical test of consistency in
the boundary reached by the patient, or a predetermined num-
ber of repeat cycles may override a statistical test of consis-
tency, should the consistency criterion not be met. In this
context, the predetermined number of repeat cycles may be
set by, for example, a health care professional or a patient who
is informed and trained in the method. Statistical tests of
consistency may include any of those well known in the art
and appropriate for the data. An object of Steps 2a-2d is to
allow the device and controller to determine the boundaries of
volitional movement of which the patient is capable, thus a
benefit associated with repeating Steps 2a-2d is an increase in
the accuracy of determining that boundary.

[0053] FIG. 3 depicts Step 3 of an embodiment 300 of the
method as depicted in FIG. 1 in more detail. After completion
of Steps 1 and 2, in Step 34, the patient moves the joint to the
volitional boundary. In Step 35, the powered device assists in
the movement of the joint from the boundary of volitional
movement to the boundary ofthe extended range of motion or
rehabilitative movement. This extended range of motion
boundary is a controlled and predetermined boundary that
may be set by various formulas or algorithms, or, for example,
by the judgment of a medical professional, overseeing the
therapy, or by a patient that is sufficiently informed and
trained in the method. Step 3c is initiated after the limb has
attained the extended range boundary, and the joint is
returned with assistance back to the volitional boundary and
then volitionally back to the starting point. Some embodi-
ments may provide the return back to the starting position
from the volitional boundary as an assisted movement and
other embodiments may provide this as an unassisted move-
ment and under the patient’s volitional control. As with the
assessment phase (per Step 2) and movement within the range
of'volitional movement described above, Steps 3a, 3b, and 3¢
may occur in the direction of either extension or flexion. The
method continues with Steps 3d, 3e, and 3f wherein move-
ments analogous to those of Steps 34, 36, and 3¢ occur in the
opposite respective direction of either flexion or extension.

[0054] Following the conclusion of Step 3/, according to
various embodiments of the method, the method proceeds to
Step 3¢, marking a return of the joint to the starting position,
the method may then proceed with a repetition of Steps 3a-3/,
or the method may return to Step 2. The duration of a thera-
peutic session that includes Steps 3a-3g may be at the discre-
tion of a medical professional overseeing the therapy, or it
may be at the discretion of a sufficiently informed and trained
patient. In some embodiments of the invention, the number of

Dec. 10, 2009

repetition cycles may be predetermined or programmed.
Similarly, the rate of the cycles (i.e., cycles per unittime) may
be predetermined or programmed.

[0055] Another embodiment 400 of the method is shown in
FIG. 4, in which the assist phase of the method includes a
waiting step, i.e., waiting for a predetermined period of time,
prior to the method proceeding to the assisted movement to a
rehabilitative boundary. In the initial step of this embodiment
of'the method, Step 3a-1, the position or status of the joint is
sensed by one or more sensors. Inthe Step 3a-2, the controller
determines whether the joint has attained the predetermined
boundary (predetermined either by the assessment phase, or
by a value put into the system by a healthcare worker, or an
informed and capable patient, or other acceptable method). In
Step 3a-3, that follows a “no” answer to the Step 3a-2 query
(has the volitional boundary been reached), the system que-
ries whether the predetermined amount of time has elapsed. If
the Step 3a-2 answer is “no”, the method loops back in a
return to Step 3a-1. In the event of a “yes” answer to the query
of'Step 3a-2, (i.e., “yes, the predetermined amount of time has
elapsed”), the method proceeds to Step 35, wherein the device
supports the movement of the joint toward the rehabilitative
boundary. In summary, therefore with regard to a “yes”
answer to the query of Step 3a-3, the joint has failed to move
to the volitional boundary within the allotted (predetermined)
time, so the method proceeds with the device assisting move-
ment from whatever the current position of the joint may be
thru the (unattained) volitional boundary and on to the
extended or rehabilitative range of motion boundary.

[0056] Returning to Step 3a-2, and obtaining a “yes”
answer to the query (rather than a “no”, as detailed above), the
method proceeds to Step 35, wherein the device then engages
and assists movement of the joint beyond the attained voli-
tional boundary, and toward the rehabilitative boundary. The
overall effect of this embodiment of the method is that the
setting of a boundary of volitional movement provides a
reasoned or reasonable joint movement goal for the patient,
and it provides a reasonable time for the achievement of that
goal. In practice, for example, this amount of time could
provide sufficient time for a second exertion of the patient to
occur if an initial effort to move the joint has failed. On the
other hand, if the goal cannot be achieved in the allotted time,
the desirable therapeutic path may be for the method to pro-
ceed with moving the joint with the assistance of the device,
even if the joint is short of the volitional boundary, as pro-
vided by this embodiment. In this manner, the patient may
receive a full sensory motor experience through the volitional
and extended range of motion, which is the sum of the
patient’s own movement capability plus the movement
assisted by the device, and thereby may potentially exercise
or achieve retraining of neural pathways.

[0057] FIG. 5 shows another embodiment 500 of the
method that expands upon the “waiting” feature of the
method embodiment shown in FIG. 4, as described above. In
this embodiment of the method, the volitional range of
motion is continuously re-evaluated during iterations or
cycles of the assist phase (Step 3 of FIG. 1) of joint move-
ment, and the volitional range or boundary may be modified
during this assist phase, rather than requiring a return to the
assessment of volitional range per Step 2 of the method. This
embodiment of Step 3 includes an ongoing testing, heuristic,
or trial-and-error-based tuning aspect of the method that is
based on the performance of the subject with regard to voli-
tional joint movement. This testing may occur within the
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method in addition to the initial assessment phase that under-
lies the establishment of a baseline volitional boundary, i.e.,
the assessment phase (Step 2) as seen in FIG. 1.

[0058] As provided by this embodiment (FIG. 5), the assist
phase (Step 3) begins (3a-1) with sensing, at time intervals,
the angle or position of the joint and a query (3a-2) as to
whether the joint has attained the current volitional boundary
(as established, for example, during Step 2). This embodi-
ment then conducts a series of steps in various loops that
contribute to the heuristic aspect of the method before pro-
ceeding to Step 35, when the device assists or supports move-
ment toward a rehabilitative boundary. The affirmative
answer or negative answer to the query as to whether the
existing volitional boundary has been attained directs the
course of the method into divergent loops, but which later
converge ultimately into an opportunity to alter or reset the
volitional boundary (3a-4) and then for the powered device to
engage the joint (3b) and assist or support movement toward
a rehabilitative boundary.

[0059] The path that the method takes upon receiving a
negative response to a query (3a-2) as to whether the joint has
attained the volitional boundary is then to a query (3a-3) asto
whether a predetermined amount of time had elapsed at the
time of the attainment query (3a-2). A negative response to
the 3a-3 query returns the method to 3a-1, wherein the posi-
tion of the joint is sensed again. From the perspective of the
method, aloop-iteration has occurred; from the perspective of
the subject, he or she is simply continuing to move or attempt
to move the joint. Basically, as above, this particular series of
steps (3a-1, 3a-2, 3a-3, and 3a-1) provides a given period of
time for the subject to succeed in attaining the volitional
boundary before the method has the powered device engage
and assist in joint movement to an expanded or rehabilitative
boundary.

[0060] Returning now to the Step 3a-2, receiving a “no” to
the query as to whether the volitional boundary has been
attained, thence to the query of Step 3a-3, and in this instance
receiving a “yes” to that query as to whether a predetermined
amount of time has elapsed, the method ultimately proceeds
to have the powered device engage and (Step 3b) assist or
support movement of the joint. However, before going to Step
3b, Step 3a-4 intervenes, wherein the volitional boundary
may be adjusted. In general, the response of the volitional
boundary setting (3a-4) which follows a sequence from Step
3a-3, wherein the subject has been unable to move the joint to
the boundary within an allotted time, is to decrease the voli-
tional range that is invoked during the next iteration of the
method following Step 35, and further following the steps
shown in FIG. 3. The adjustment of the boundary, in this case,
decreasing the boundary, occurs by way of an application of
an algorithm. The volitional boundary may be adjusted based
on a function of the history of the patient’s recent success or
lack of success in reaching the volitional boundary. One algo-
rithm is a simple average of the limit reached by the patient
compared to the current volitional limit. If the average
exceeds the current volitional limit, the limit is expanded by
some delta amount. Other algorithms may use weighted aver-
ages, giving more weight to recent trials than to older trials.
Other algorithms may prevent unusually good or bad trials
from affecting the average by discarding data based on trials
where the patient’s performance was much better or worse
than recent averages.

[0061] This sequence of steps (3a-1, 3a-2, 3a-3, 3a-4, and
3b) results in a sequence in which the patient fails to reach the
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volitional boundary within a predetermined amount of time
the next joint movement cycle to follow is one in which the
volitional boundary has been decreased, and thus easier for
the subject to attain. These features provide the benefits of
encouraging, or at least not discouraging the subject by hav-
ing to face an unattainable or ever more difficult goal. From
the perspective of the subject, if the goal was unattainable,
even if only in that particular attempt, the next volitional joint
movement attempt will have a less ambitious goal. Further, an
effect of changing the volitional boundary (in this case,
decreasing the boundary) during this step is to keep the voli-
tional boundary appropriately tuned to the status of the
patient, moment by moment.

[0062] Returning now to the query posed during Step 3a-2
of FIG. 5 (has the joint reached the volitional boundary?), in
the event of “yes” in Step 3a-5, the angular velocity of the
joint may then be determined by one or more sensors, and in
cooperation with a clock or timing feature that participates in
the method. Following that velocity measurement (3a-5), in
Step 3a-6, it may be queried as to whether that angular veloc-
ity, at the moment when the volitional boundary was attained,
was less than a preset threshold limit. In the event of a “no” to
that query (i.e., the joint is still moving at a velocity higher
than the threshold), the method may return to Step 3a-1, for
another sensing of the position of the joint. From the perspec-
tive of the subject, the subject simply continues to move the
joint. The effect on the rehabilitative method of this particular
loop (3a-2, 3a-5, 3a-6, and 3a-1) is that the joint is allowed to
continue to move until it slows below a threshold velocity.
This aspect of the method allows the subject to exert whatever
force he or she can to a full extent before the method engages
the powered device to assist or support movement toward a
rehabilitative boundary. Stated in another way, this loop pre-
vents what could be considered a therapeutically premature
engagement of the assistance of the powered device.

[0063] Ultimately, a joint being moved volitionally by a
subject who has moved the joint beyond the set volitional
boundary will slow down as the subject comes to his or her
own actual volitional boundary of the moment, and the veloc-
ity of the joint will drop below a preset limit or established
threshold velocity. At this point, the method will ultimately
have the powered device engage the joint, and move it toward
an expanded or rehabilitative boundary as in Step 35. How-
ever, before that, Step 3a-4 intervenes, wherein the volitional
boundary may be adjusted. In general, the method increases
the volitional boundary in response to the subject being able
to move the joint beyond the volitional boundary that was
previously established. The adjustment of the boundary may
occur through the application of an algorithm. An example of
an algorithm appropriate for adjusting the volitional bound-
ary makes use of a weighted average approach, whereby the
previous volitional boundary is increased by an amount that
corresponds to the difference or delta between the previously
set boundary and the attained boundary, the delta being
reduced by a constant introduced into the algorithm.

[0064] From the perspective of the subject, the experience
is one in which the method engages the subject intelligently.
In this case, the subject has exceeded expectations as to what
the volitional boundary was, and therefore, upon the next
iteration of the method, the subject faces a volitional bound-
ary that is incrementally larger.
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[0065] FIG. 5 thus shows two loops in the method, one in
which the previously established volitional movement
boundary can be decreased (Steps 3a-1, 3a-2, 3a-3, and
3a-4), and one in which the previously established volitional
movement boundary can be increased (Steps 3a-1, 3a-2,
3a-5, 3a-6, and 3a-4). FIG. 1E shows both of these loops,
each of which may operate independently of the other. Thus
some embodiments include both loops, and others may con-
tain just one. These steps, which can be considered a form of
testing the subject, do not replace the initial or first-approxi-
mation assessment aspect of Step 2. The steps of this embodi-
ment (FIG. 5) enhance the method in several ways. For
example, subject progress is immediately taken into account
during the assisted phase, without having to return the method
to Step 2 for a “reassessment”. Further, there is less reliance
of'the accuracy of Step 2 in finding a “true” volitional bound-
ary, as by these described steps the boundary can be tuned to
become increasingly or currently accurate during the assist
phase of the method. And still further, these steps allow the
method to therapeutically engage the subject more intelli-
gently, as the subject is appropriately either relieved or chal-
lenged during the method. Subjects that are appropriate for
the inventive method described herein face enormous diffi-
culties in any rehabilitative path they pursue. These presently
described steps may also contribute benefit to the spirit and
compliance of the subject by alleviating such things as frus-
tration (if it’s too hard, the method goes forward anyway, and
it becomes easier), a sense that the therapy may not doing any
good (if it’s too easy, the challenge is ramped up), or that it’s
boring or mechanical (the method engages the subject by
appropriately responding to the subject).

[0066] FIG. 6 shows a schematic view of a leg 600 of a
subject, more specifically, a knee joint 603 and lower leg 604
in three positions that depict aspects of embodiments of the
method; the knee and lower leg may be understood to be
secured within an orthotic device secured to the thigh 602 and
the lower leg 604, the device being actuated by an actuator
(the orthotic and actuator not shown). The knee joint 603 can
be seen to have a potential range of motion that extends from
0° at full extension to about 110° at full flexion. The arc 611,
extending between boundary 610 at 90° and boundary 612 at
45° is an exemplary volitional range of motion for the knee
603. Lower leg 604 is seen situated approximately in the
center of arc 611, at an exemplary starting point for the
method. The lower leg is also shown in an extended position
604", within the bounds of arc 613a, a rehabilitative range of
motion in the direction of extension, extending between
boundary 612 at 45° degrees and extension boundary 614 at
0°. The lower leg is also shown in an extended position 604",
within the bounds of arc 6135, a rchabilitative range of
motion in the direction of flexion, extending between bound-
ary 610 at 90° and flexion boundary 615 at 110°. As provided
by the method, movement of the joint within arc 611, is
substantially under the volitional control of the patient, and
movement beyond arc 611, either by extending into arc 613a
or flexing into arc 6134 is substantially due to the active
engagement of the device, providing a sufficient and appro-
priate amount of force.

[0067] FIGS. 7A-7D depict a leg 700 demonstrating
aspects of an embodiment of the method wherein the inven-
tive system and method support movement of the joint by
permitting movement only in one direction, in a ratchet-like
manner. These figures show a thigh 701, a knee 702, and a
foreleg 704. FIGS. 7B-7D show a schematic representation of
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aportion of powered device which may be fastened about the
knee, including a support portion 710 for the thigh and a
support portion 714 for the foreleg. FIGS. 7A-7D illustrate
only the forces applied during leg extension to prevent move-
ment in the flexion direction. Straps or other attachments to
the leg, not shown in FIG. 7A-7D, apply forces to prevent leg
flexion when the goal is to extend the leg. By way of an
overview ofthis embodiment of the method, a patient initiates
an extending movement of a knee joint 702 from a starting
position that is well within his or her range of volitional
motion, and at some point comes to rest the joint at what is, at
least in that particular instance, a boundary of volitional
motion. Until that volitional stop, the device has permitted
extending movement, but not otherwise intervened. However,
upon volitional joint movement stopping, the device, in a
ratchet-like manner, disallows retrograde or back movement
toward the starting point. With the joint supported in a back-
stop-like manner, the patient is able to regroup, and volition-
ally move the joint still further forward in an extending direc-
tion. In this manner, the patient is able to move the joint
beyond what would be a boundary of unassisted movement,
and to volitionally explore a realm of otherwise inaccessible
rehabilitative movement.

[0068] Embodiments of the method generally outlined
above, will now be considered in more detail, with reference
to FIGS. 7A-7D. FIG. 7A shows a knee joint 702 in a neutral
position, without being accommodated into a powered
device, wherein uncontrollable, spastic, or misdirected move-
ment may occur coincidentally with movement in a desired
direction. FIG. 7B depicts the backstop-like feature of the
device, schematically depicted with a thigh support portion
710 and a lower leg support portion 714, the two portions
forming an angle A at the device joint or fulcrum 712. When
the powered device is operating an embodiment of the
method in a ratchet mode, it physically prevents movement in
the incorrect direction. In this case a movement of the knee
joint 702 in an extending direction is desired, and movement
in a flexing direction is incorrect or undesired, and is blocked
by an unyielding device portion 714 supporting the lower leg
704. FIG. 7C shows the joint being supported by the backstop
support of the device, the knee joint 702 in the most forward
or extending direction that the patient was volitionally able to
achieve. From this position, as seen in FIG. 7D, the patient is
able to mount another effort to move the knee joint 702 further
in the direction of extension.

Electronics and Control System Block Diagram and Opera-
tion (from DVT)

[0069] In another aspect of the invention, a system for
controlling movement of a joint of a patient is provided. The
system includes an actuator coupled to an orthotic or brace
that is attached or fastened to both sides of a joint; the actuator
is configured to activate the orthotic to move, or to assist in the
movement of the joint in directions both of flexion and exten-
sion. The system further includes at least one sensor adapted
to determine an angle of the joint, and the system further
includes a controller, such as a computer, that is operably
connected to the actuator and one or more sensors that send
data to the controller regarding the position or angle of the
joint and possibly the force applied to the joint by the orthotic.
In response to those data, the controller controls the operation
of the actuator. The actuator moves the orthotic, and the
orthotic, in turn, moves or assists in the movement of the joint.
Typically, the actuator is in a free movement mode when the
patient’s joint is at an angle within the range of voluntary
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control of the patient. Further, typically, the controller
switches the actuator to a joint movement assist mode when
the angle of the joint reaches the boundary of the patient’s
volitional range, and the actuator then assists in movement
that extends beyond that range. Details of the system and its
components are included in this and the following sections.
[0070] Some aspects of the system and the knee orthotic
have been disclosed in U.S. Pat. No. 6,966,882, which was
filed as U.S. application Ser. No 10/704,483 on Nov. 6, 2003,
and which is hereby incorporated by this reference in its
entirety. Aspects of an ankle orthotic have been disclosed in
U.S. Provisional patent application Ser. No. 11/932,799,
which is also hereby incorporated by this reference in its
entirety.

[0071] FIG. 8 is a block diagram of a rehabilitation system
800 according to an embodiment of the present invention.
Controller 802 is programmed to accept input from one or
more sensors such as joint angle sensor 804 (such as, for
example, a variable resistor or an optical encoder) or a force
sensor 806.

[0072] The force sensor determines the amount of force the
actuator is applying to the joint. Such a sensor is desirable to
allow the heath care professional to limit the chance of injury
by setting a patient-specific force limit to be enforced by the
controller. The force sensor can be implemented by detecting
the mechanical strain via a strain gage or load cell located on
a structural element where the actuator attaches to the brace.
Alternatively, the force can be determined by resistive, piezo-
electric or capacitive force elements between the actuator and
brace or between the brace and the place where the brace
applies force to the limb.

[0073] The applied force may also be estimated by detect-
ing the amount of current applied to one or more motors in the
actuator. The force applied to the joint is based on the motor
torque which may be derived from the motor current based on
the torque constant of the motor. The joint force is also based
on the drive ratio that relates the angular velocity of the motor
to the angular velocity of the joint. Hence the controller can
compute the applied force based on the instantaneous motor
current plus other known constants.

[0074] Controller 802 may also be coupled to a control
panel 808 that may be used by a patient, a doctor, or other
health care provider. The control panel 808 may be as simple
as an on/off switch, or may include switches and displays to
allow adjustments for the range of motion, minimum repeti-
tion frequency, movement statistics, battery charge, and the
like. Controller 802 is operable to produce outputs for power
drivers 812 to control the motion of one or more actuators
814, which, in turn, engage one or more orthotic devices 815,
such as a knee brace or ankle brace, as described further
below. With further reference to FIG. 8, power is supplied to
the rehabilitation system 800 through an actuator power sup-
ply 816. Power may come through a battery 818 or from an
AC adapter 820. In one embodiment, the battery 818 is wire-
lessly recharged by inductive coupling to a pad conveniently
placed, such as at the foot of a hospital bed. Providing sensed
input into the controller 802 may be one or more joint angle
sensors 804, and one or more force or current sensors 806.
[0075] In certain embodiments, such as cases where the
patient can supply significant force to exercise a joint, the
battery charging requirements may be reduced or eliminated
by recharging the battery from energy captured from running
the actuator 814 as a backdriven generator. One embodiment
of the system includes a USB or wireless connection 822 to
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allow the rehabilitation system 800, with a single device or
pairs of rehabilitative devices (e.g., paired for the left and
right side of the body), to act as a human interface device
(HID) that may be connected, for example, to a controller
such as a computer. Another embodiment is that the USB or
wireless connection 822 may be used to provide data indica-
tive of patient status or performance to a computer or report-
ing device.

An Ankle Device (from DVT application)

[0076] FIG. 9 shows an embodiment of an ankle orthotic
900 operably connected to an embodiment of a single motor
actuator 902. More specifically, the actuator 902 is attached to
an ankle support 912 and coupled to a foot support 906
through a linkage 916 of the orthotic 900. In this embodiment,
a ball screw 904 is used in the actuator 900 and shown in a
position about to extend the ankle by pushing to the right. In
other embodiments, the ball screw 904 may be replaced with
acable system or other components to transfer force. Near the
extension and flexion limits, some compliance may be builtin
to provide more comfort to the patient and to assure that there
is no possibility of injuring the patent. This may be accom-
plished by springs in the actuator 902 or springs in the linkage
916, or both (not shown), that expand or compress before
damaging forces are applied. The actuator is described in
some greater detail below, and depicted in greater detail in
FIG. 11.

[0077] To further elaborate, a free-movement mode of the
actuator 902 allows the patient to move the ankle with little or
negligible resistance. The free movement mode obviates the
need to remove the ankle orthotic device after it has been
secured, such as for when the patient is generally in a thera-
peutic context, and allows the patient to continue to wear the
device when the patient needs to be able to walk freely. This
free-movement mode improves patient compliance because
there is no need for the patient or hospital staff to remove and
reattach the ankle orthotic device in order to allow the patient
to ambulate.

[0078] With further reference to F1G. 9, a rigid foot support
structure 906 is placed under the foot and a rigid ankle support
structure 908 is placed behind the calf. The two support
structures 906 and 908 are connected to each other with a
hinge 910. The actuator 902 is mounted to the upper rigid
structure 908. Straps or padded supports 912 hold the ankle
support structure 908 and actuator 902 to the lower leg. An
output shaft of the actuator 902 is connected to a linkage 916
attached to the foot support structure 906. One or more straps
912 hold the foot support structure 906 to the foot.

[0079] FIG. 10 shows three further views of an embodi-
ment of an ankle orthotic device 1000, according to another
embodiment of the present invention, attached to an ankle
1002. An actuator 1004 is attached to upper and lower ankle
attachment points such that activation of the actuator 1004
may extend or flex the ankle 1002. FIG. 10A shows a front
view of the ankle orthotic device 1000, F1G. 10B shows a side
view of the ankle orthotic device 1000 near a standing posi-
tion, and FIG. 10C shows a side view of the ankle orthotic
device 1000 near an extension limit. The limits may be pro-
grammatically or physically limited within the patient’s range
of motion. As will be appreciated, a typical extension limit
(planar flexion) is about 45 degrees from the standing position
of the ankle, and a typical flexion limit (dorsal flexion) is
about —20 degrees from the standing position.

[0080] FIG. 11 shows a single-motor actuator 1100 suitable
for use as an actuator according to an embodiment in the
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present invention. In the single-motor actuator 1100, a motor
1102 drives a lead screw 1104 to move a ball nut 1106 lin-
early. The lead screw 1104 may be an acme screw, aball screw
with a ball nut for lower friction and higher motor efficiency,
or any other suitable screw. The ball nut 1106 is always
between a flexion stop 1108 and an extension stop 1110
connected to an output shaft 1112. When the ball nut 1106 is
in a center of travel, the output shaft 1112 is free to move
linearly in either direction without having movement
impeded by interaction with the ball nut 1106. This position
provides free movement of the output shaft 1112, and like-
wise free movement of the ankle or other relevant body part,
even with no power applied to the actuator 1100. When it is
time to extend or flex the ankle, the ball screw 1104 is turned
to move the ball nut 1106 to the left or the right where the ball
nut 1106 eventually pushes against the flexion or extension
stop. Further movement of the ball nut 1106 in the same
direction moves the flexion stop 1108 or the extension stop
1110, and hence moves the output shaft 1112, thus causing
the ankle to flex or extend, respectively. The output shaft 1112
is supported by one or more linear bearings 1114 allowing the
output shaft 1112 to move freely in one dimension while
preventing substantial movement or twisting in other dimen-
sions.

A Knee Device
General Overview of a Knee Brace

[0081] FIG. 12 shows an active muscle support brace 1200
according to an embodiment of the invention that is used to
offload some of the stress from the quadriceps when extend-
ing the leg. The knee device includes actuator 1212 that
imparts a rotary motion to extend or flex the knee. The actua-
tor may be a linear actuator connected to a linkage to convert
the linear force to a rotary torque, or may be a rotary actuator
such as a geared or high-torque motor. For different parts of
the body, other devices are constructed with a suitable shape,
but the principles presented here apply by analogy to such
devices. The device is particularly useful in helping a subject
with muscle weakness in the every day tasks of standing,
sitting, walking, climbing stairs and descending stairs. The
device can also be used in other modes to help build muscle
strength and to monitor movements for later analysis. The
support to the muscle is defined by the position of the actuator
1212 applying force to the moving parts of the brace. As the
actuator 1212 rotates, and with it the moving (rigid) parts of
the brace, the position of the actuator 12 defines the relative
position of the joint and thereby supporting the corresponding
muscle.

Structure and Body Attachment

[0082] Each device provides assistance and/or resistance to
the muscles that extend and flex a joint. The device does not
directly connect to the muscle, but is attached in such a way
that it can exert external forces to the limbs. Embodiments of
the device are built from an underlying structural frame,
padding, and straps (not shown) that can be tightened to the
desired pressure. The frame structure with hinged lower por-
tion 1214 and upper portion 1216 as shown is preferably
made of lightweight aluminum or carbon fiber. In this
embodiment, the frame is attached to the upper and lower leg
with straps held by Velcro or clip-type connectors 1217a and
12175. A soft padding material cushions the leg. The brace
may come in several standard sizes, or a custom brace can be
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constructed by making a mold of the leg and building a brace
to precisely fit a replica of the leg constructed from the mold.
[0083] The attachment of the device to the body is most
easily understood with respect to a specific joint, the knee in
this case. The structural frame of the device includes a rigid
portion above the knee connected to hinges 1218 at the medial
and lateral sides. The rigid structure goes around the knee,
typically around the posterior side, to connect both hinges
together. On the upper portion of the brace 1216, the rigid
portion extends up to the mid-thigh, and on the lower portion
1214, it continues down to the mid-calf. In the thigh and calf
regions, the frame extends around from medial to lateral sides
around approximately half the circumference of the leg. The
remaining portion of the circumference is spanned by straps
that can be tightened with clips, laces or Velcro® closures, or
any other mechanism of securing the device to the joint that
allows easy attachment and removal of the device. The num-
ber and width of straps can vary, but the straps must be
sufficient to hold the device in place with the axis of rotation
of'the hinge in approximately the same axis as that of rotation
of the knee. The hinge itself may be more complex than a
single pivot point to match the rotation of the knee. Cushion-
ing material may be added to improve comfort. A manufac-
turer may choose to produce several standard sizes, each with
enough adjustments to be comfortable for a range of patients,
or the manufacturer may use a mold or tracing of the leg to
produce individually customized devices.

[0084] Asexplained above in more detail and as depicted in
FIG. 8, a microcontroller-based control system drives control
information to the actuator, receives user input from a control
panel function, and receives sensor information including
joint position and external applied forces. Based on the sensor
input and desired operation mode, the control system applies
forces to resist the muscle, assist the muscle, or to allow the
muscle to move the joint freely.

[0085] The actuator 1212 is coupled to the brace to provide
the force needed to assist or resist the leg muscle(s). Although
it is intended to be relatively small in size, the actuator is
preferably located to avoid interference with the other leg.
The actuator is coupled to both the upper and lower portions
of the structural frame to provide assistance and resistance
with leg extension and flexion.

[0086] The battery compartment may either be integral
with actuator or be attached to another part of the structural
frame with wires connected to the actuator. Thus, unlike
conventional devices this configuration is lighter, more com-
pact, and allows better and easier mobility. The control panel
also may either be integral with actuator or be connected to
another part of the structural frame with wires connected to
the actuator. For devices that include actuators and orthotics
for multiple joints, such as for a combination device that
rehabilitates both the ankle and the knee, such devices may
have a commensurately multiple number of actuators. But-
tons of the control panel are preferably of the type that can be
operated through clothing to allow the device mode to be
changed when the device is hidden under the clothes.

Rotation of the Tibia and Femur

[0087] Inapreferred implementation, the actuator supplies
arotary torque around a point close to the center of rotation of
the knee joint. According to the knee anatomy, in flexion, the
tibia lies beneath, and in line with, the midpoint of the patella.
As extension occurs, the tibia externally rotates and the tibia
tubercle comes to lie lateral to the midpoint of the patella.
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When the knee is fully flexed, the tibial tubercle points to the
inner half of the patella; in the extended knee it is in line with
the outer half. The knee anatomy is constructed in such a way
that a point on the lower leg does not move exactly in a
circular arc. Thus, in order for the circular movement of the
actuator to match the movement of the leg, the coupling from
the rotor to the lower brace requires either an elastic coupling
or a mechanical structure to couple the circular movement of
the actuator with the near-circular movement of the portion of
the brace attached to the lower leg.

[0088] FIGS. 3a and 36 of U.S. Pat. No. 6,966,882, incor-
porated herein by this reference, show a coupling mechanism
that compensates for the movement of the center of rotation as
the knee is flexed. FIG. 3a of U.S. Pat. No. 6,966,882 shows
the knee flexed at 90 degrees, and FIG. 35 of U.S. Pat. No.
6,966,882 shows the knee fully extended. The center of rota-
tion of the actuator is centered at the upper end of the lower
leg (tibia) when extended, but shifts towards the posterior of
the tibia when the knee is flexed. The sliding mechanism
allows the actuator to apply assistance or resistance force at
any angle of flexure.

[0089] If the center of rotation of the actuator is located a
distance away from the joint, other coupling mechanisms can
be used to couple the actuator to a portion of the brace on the
other side of the joint. The coupling mechanism can be con-
structed using belts, gears, chains or linkages as is known in
the art. These couplings can optionally change the ratio of
actuator rotation to joint rotation.

[0090] In an alternate implementation using a linear actua-
tor. Any type of linear actuator could be used including the
type described in pending U.S. patent application Ser. No.
11/649,493 (published as US 2007/0155560) of Horst
entitled “Linear Actuator”, incorporated herein by reference.

Terms and Conventions

[0091] Unless defined otherwise, all technical terms used
herein have the same meanings as commonly understood by
one of ordinary skill in the art to which this invention belongs.
In particular, other joints such as shoulder, hip, and elbow
may also benefit from the rehabilitative methodologies
described herein. Specific methods, devices, and materials
are described in this application, but any methods and mate-
rials similar or equivalent to those described herein can be
used in the practice of the present invention. While embodi-
ments of the inventive method have been described in some
detail and by way of exemplary illustrations, such illustration
is for purposes of clarity of understanding only, and is not
intended to be limiting. Various terms have been used in the
description to convey an understanding of the invention; it
will be understood that the meaning of these various terms
extends to common linguistic or grammatical variations or
forms thereof. It will also be understood that when terminol-
ogy referring to devices or equipment has used trade names,
brand names, or common names, that these names are pro-
vided as contemporary examples, and the invention is not
limited by such literal scope. Terminology that is introduced
at a later date that may be reasonably understood as a deriva-
tive of a contemporary term or designating of a subset of
objects embraced by a contemporary term will be understood
as having been described by the now contemporary terminol-
ogy. Further, while some theoretical considerations have been
advanced in furtherance of providing an understanding of the
invention, for example, of the various ways that embodiments
of the invention may engage the physiology of rehabilitation
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of muscles and neural pathways, the claims to the invention
are not bound by such theory. Moreover, any one or more
features of any embodiment of the invention can be combined
with any one or more other features of any other embodiment
of the invention, without departing from the scope of the
invention. Still further, it should be understood that the inven-
tion is not limited to the embodiments that have been set forth
for purposes of exemplification, but is to be defined only by a
fair reading of claims that are appended to the patent appli-
cation, including the full range of equivalency to which each
element thereof is entitled.

1. A method for extending a subject-controllable range of
motion of a joint comprising:

fastening a powered device at sites above and below a joint

of a subject;
moving the joint volitionally from a starting position to a
volitional boundary of the subject’s range of motion
substantially through the effort of the subject, the range
of motion being any of extension or flexion; and

moving the joint beyond the volitional boundary with the
assistance of the powered device.

2. The method of claim 1 further comprising determining
joint angle while the joint is moving volitionally within the
subject’s range of motion to determine the volitional bound-
ary of the subject’s range of motion.

3. The method of claim 1 wherein moving a joint to the
volitional boundary is repeated one or more times prior to
moving the joint beyond the volitional boundary.

4. The method of claim 1 wherein moving a joint beyond
the volitional boundary further includes moving the joint
toward an expanded boundary of range of motion.

5. The method of claim 4 further comprising setting the
expanded range of motion by an operator entering a value for
the boundary of the expanded range of motion.

6. The method of claim 4 further comprising setting the
expanded range of motion by applying an algorithm.

7. The method of claim 1 wherein moving to the volitional
boundary occurs without assistance from the powered device.

8. The method of claim 1 wherein moving to the volitional
boundary occurs with an amount of assistance from the pow-
ered device that counteracts at least a portion of gravitational
force on the joint without exceeding the force of gravity on the
joint.

9. The method of claim 1 further comprising, if the joint has
not reached the volitional boundary before the lapse of a
predetermined amount of time, continuing the volitional
movement step.

10. The method of claim 1 further comprising, if the joint
has not reached the volitional boundary after the lapse of a
predetermined amount of time, proceeding with the step of
moving the joint with the assistance of the powered device.

11. The method of claim 10 further comprising adjusting
the volitional boundary to decrease the range.

12. The method of claim 1 further comprising, if the joint
has reached the volitional boundary, proceeding with the step
of moving the joint with the assistance of the powered device.

13. The method of claim 1 further comprising determining
ifthe joint has reached the volitional boundary, and if the joint
has reached the volitional boundary, then determining joint
velocity, and if the velocity is greater than a preset limit,
continuing with the step of moving the joint volitionally.

14. The method of claim 1 further comprising determining
ifthe joint has reached the volitional boundary, and if the joint
has reached the volitional boundary, then determining joint
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velocity, and if the velocity is less than a preset limit, then
proceeding to the step of moving the joint with the assistance
of the powered device.

15. The method of claim 14 further comprising adjusting
the volitional boundary to increase the range.

16. The method of claim 1 after the step of the joint moving
beyond the volitional boundary, one of flexion or extension,
the method further comprising: moving the joint to the bound-
ary of an expanded range of flexion or extension beyond the
volitional boundary; and

moving the joint to the boundary of an expanded range, the

other of flexion or extension.

17. The method of claim 16 wherein the moving steps
further include returning to the starting position, the return
marking a conclusion of a movement cycle, the method fur-
ther including repeating the cycle one or more times

18. The method of claim 17 wherein returning to the start-
ing position may be completed volitionally.

19. The method of claim 17 wherein returning to the start-
ing position may be completed with assistance from the pow-
ered device.

20. The method of claim 17 wherein returning to the start-
ing position may be partially completed volitionally and par-
tially completed with assistance from the powered device.

21. The method of claim 16 wherein the movement cycle is
repeated for a predetermined number of times.

22. The method of claim 16 wherein the movement cycle is
repeated at a predetermined rate of cycles per unit time.

23. The method of claim 1 wherein the joint includes any
one or more of an ankle, knee, shoulder, hip, elbow, wrist, or
finger.

24. The method of claim 1 further comprising sensing the
status of a joint with a myoelectric sensor, such status includ-
ing any of joint position, rate of joint movement, or indication
of electrical activity in a muscle that can move the joint.

25. A method for increasing a subject’s control of move-
ment of a joint within a range of motion comprising:

fastening a powered device at sites above and below the

joint;

moving the joint volitionally from a starting position

toward a volitional boundary of the subject’s range of
motion substantially through the effort of the subject, the
range of motion being toward a goal direction of any of
extension or flexion; and

permitting movement only in the direction with the pow-

ered device.

26. The method of claim 25 further comprising:

selecting the goal direction;

allowing volitional movements in the goal direction; and

disallowing volitional movements away from the goal

direction.

27. The method of claim 25 wherein movement toward a
volitional boundary is in a first of opposite directions of
flexion or extension, the method further comprising:

moving the joint volitionally to a volitional boundary in the

first direction, and moving the joint back to the start
position;

moving the joint volitionally to a volitional boundary in a

second direction opposite to the first direction; and
moving the joint to return to the starting position, the return
marking the conclusion of a movement cycle.

28. The method of claim 27 further comprising repeating
the cycle one or more times.
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29. The method of claim 28 further comprising setting the
number of repeat cycles by an operator entering a value for the
number of repeat cycles.

30. The method of claim 28 further comprising setting the
number of repeat cycles by applying an algorithm.

31. The method of claim 28 further comprising setting the
rate of cycles per unit time by an operator entering a value for
the rate of cycles per unit time.

32. The method of claim 28 further comprising setting the
rate of cycles per unit time by applying an algorithm.

33. The method of claim 25 wherein the joint includes any
one or more of an ankle, a knee, a shoulder, a hip, an elbow, a
wrist, or a finger.

34. A method for improving the ability to volitionally con-
trol movement of a joint comprising:

fastening a powered device at sites above and below a joint

of a subject;

moving the joint volitionally within a range of motion

substantially without assistance of the device; and
moving the joint beyond the range of motion substantially
with support of the powered device.

35. The method of claim 34 wherein moving the joint
volitionally within a range of motion substantially without
assistance of the device includes moving the joint from a
starting position to a volitional boundary of the subject’s
range of motion; and

wherein moving the joint with the support of the powered

device includes moving the joint beyond the volitional
boundary with the assistance of the device.

36. The method of claim 34 wherein moving the joint
volitionally includes volitionally within a range of motion
substantially without assistance of the device, includes mov-
ing the joint solely through the effort of the subject.

37. The method of claim 34 wherein moving the joint
volitionally within a range of motion substantially without
assistance of the device includes moving the joint with assis-
tance from the powered device providing an assistance
amount sufficient to partially counteract the effect of gravity.

38. The method of claim 34 wherein moving the joint
volitionally includes moving the joint from a starting position
in a direction toward a volitional boundary of a range of
motion;

and wherein moving the joint with the support of the pow-

ered device includes permitting only movement in that
direction.

39. A system to increase the functional capability of a joint
of a patient comprising:

an actuator coupled to an orthotic attached to both sides of

a joint, the actuator configured to activate the orthotic to
support movement of the joint;

at least one sensor adapted to determine an angle of the

joint; and

a controller operably connected to the actuator and the

sensor, the controller to operate the actuator and the
orthotic to support movement of the joint based on the
angle of the joint;

the controller configured to determine when the patient’s

joint has reached a volitional boundary of extension or
flexion based on sensor input, and to activate the actuator
to support movement of the joint beyond the volitional
boundary.

40. The system of claim 39 wherein the controller is con-
figured to differentiate the angle of the joint with respect time,
thereby being able to determine a rate of movement of a joint.
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41. The system of claim 40 wherein the system is able to
determine when a volitional movement of the joint has come
to a stop, the stop indicating a volitional boundary of move-
ment.

42. The system of claim 39 wherein the controller is con-
figured to operate the actuator and the orthotic to allow voli-
tional movement of the joint to occur substantially without
the assistance of the device, and wherein to support move-
ment of the joint includes to assist movement when the joint
has moved to a boundary of volitional movement.

43. The system of claim 39 wherein the controller is con-
figured to operate the actuator and the orthotic to allow voli-
tional movement of the joint to occur substantially without
the assistance of the device when the joint is moving in a
direction of flexion or extension, and wherein to support

Dec. 10, 2009

movement of the joint includes permitting movement only in
the respective direction of flexion or extension.

44. The system of claim 39 wherein the controller is con-
figured to activate the actuator to move the joint beyond the
volitional boundary and then to an expanded boundary of a
range of motion.

45. The system of claim 39 wherein the controller is con-
figured to have the actuator counteract at least in part the
effect of gravity on movement of the joint.

46. The system of claim 39 further comprising an actuator
force sensor operably connected to the controller and provid-
ing input thereto, the controller capable of limiting the maxi-
mal force applied to the actuator.
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