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(57) Abstract: A powered orthosis, adapted to be secured to a corresponding body portion of the user for guiding motion of a

€ user, the orthosis comprising a plurality of structural members and one or more joints adjoining adjacent structural members, each
= joint having one or more degrees of freedom and a range of joint angles. One or more of the joints each comprise at least one
% back-drivable actuator governed by a controller for controlling the joint angle. The plurality of joint controllers are synchronized to
= cause the corresponding actuators to generate forces for assisting the user to move the orthosis at least in part under the user’s power
& along a desired trajectory within an allowed tolerance. One embodiment comprises force-field controllers that define a virtual tunnel
O for movement of the orthosis, in which the forces applied to the orthosis for assisting the user may be proportional to deviation from

O the desired trajectory.
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POWERED ORTHOSIS

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0001] The U.S. Government has a paid-up license in this invention and the right
in limited circumstances to require the patent owner to license others on reasonable
terms as provided for by the terms of NIH Grant # 1 RO1 HD38582-01A2, awarded by
the National Institutes of Health.
CROSS-REFERENCE TO RELATED APPLICATIONS
[0002] This application claims priority to U.S. Provisional Patent Application
Serial Number 60/922,216, filed April 6, 2007, incorporated herein by reference.
FIELD OF THE INVENTION
[0003] The present invention relates to an apparatus for assisting a user to
move an extremity in a desired trajectory, such as an apparatus for applying forces to a
user’s leg to assist in gait rehabilitation of a patient with walking disabilities.
BACKGROUND OF THE INVENTION
[0004] Neurological injury, such as hemiparesis from stroke, results in
significant muscle weakness or impairment in motor control. Patients experiencing
such injury often have substantial limitations in movement. Physical therapy, involving
rehabilitation, helps to improve the walking function. Such rehabilitation requires a
patient to practice repetitive motion, specifically using the muscles affected by
neurological injury. Robotic rehabilitation can deliver controlled repetitive training at a
reasonable cost and has advantages over conventional manual rehabilitation, including
a reduction in the burden on clinical staff and the ability to assess quantitatively the
level of motor recovery by using sensors to measure interaction forces and torques in
order.
[0005] Currently, available lower extremity orthotic devices can be classified as
either passive, where a human subject applies forces to move the leg, or active, where
actuators on the device apply forces on the human leg. One exemplary passive device
is a gravity balancing leg orthosis, described in U.S. Patent Application Ser. No.
11/113,729 (hereinafter “the ‘729 application”), filed April 25, 2005, and assigned to
the assignee of the present invention, incorporated herein by reference. This orthosis
can alter the level of gravity load acting at a joint by suitable choice of spring
parameters on the device. This device was tested on healthy and stroke subjects to
characterize its effect on gait.
[0006] Passive devices cannot supply energy to the leg, however, and are
therefore limited in their ability compared to active devices. Exemplary active devices
include T-WREX, an upper extremity passive gravity balancing device; the Lokomat®
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system, which is an actively powered exoskeleton designed for patients with spinal cord
injury for use while walking on a treadmill; the Mechanized Gait Trainer (MGT), a single
degree-of-freedom powered machine that drives the leg to move in a prescribed gait
pattern consisting of a foot plate connected to a crank and rocker system that simulates
the phases of gait, supports the subjects according to their ability, and controls the
center of mass in the vertical and horizontal directions; the AutoAmbulator, a
rehabilitation machine for the leg to assist individuals with stroke and spinal cord
injuries and designed to replicate the pattern of normal gait; HAL, a powered suit for
elderly and persons with gait deficiencies that takes EMG signals as input and produces
appropriate torque to perform the task; BLEEX (Berkeley Lower Extremity
Exoskeleton), intended to function as a human strength augmenter; and PAM ( Pelvic
Assist Manipulator), an active device for assisting the human pelvis motion. There are
also a variety of active devices that target a specific disability or weakness in a
particulér joint of the leg. |
[0007] A limiting feature of existing active devices, however, is that they move a
subject through a predestined movement pattern rather than allowing the subject to
move under his or her own control. The failure to allow patients to self-experience and
to practice appropriate movement patterns may prevent changes in the nervous system
that are favorable for relearning, thereby resulting in "learned helplessness," which is
sub-optimal. Fixed repetitive training may cause habituation of the sensory inputs and
may result in the patient not responding well to variations in these patterns. Hence,
the interaction force between the human subject and the device plays a very important
role in training. For effective training, the involvement and participation of a patient in
voluntarily movement of the affected limbs is highly desirable. Therefore, there is a
need in the art for devices that assist the patient as needed, instead of providing fixed
assistance.

SUMMARY OF THE INVENTION
[0008] One aspect of the invention comprises a powered orthosis adapted to be
secured to a corresponding body portion of a user for guiding motion of the user. The
orthosis comprises a plurality of structural members and one or more joints adjoining
adjacent structural members. Each joint has one or more degrees of freedom and a
range of joint angles. One or more of the joints comprises at least one back-drivable
actuator governed by at least one controller for controlling the joint angle. The one or
more joint actuator controllers are synchronized to cause the corresponding joint
actuators to generate forces for assisting the user to move the orthosis at least in part
under the user’s power along a desired trajectory within an allowed tolerance. The
joint controllers may comprise set-point controllers or force-field controllers. In an
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embodiment in which the joint controllers comprise force-field controllers that define a
virtual tunnel for movement of the orthosis, the forces applied to the orthosis for
assisting the user are proportional to deviation from the desired trajectory, and may
include tangential forces along the trajectory and normal forces perpendicular to the
trajectory. Tangential forces are inversely proportional to the deviation from the
desired trajectory, whereas the normal forces are directly proportional to the deviation
from the desired trajectory.
[0009] Another aspect of the invention comprises a method for training a user to
move a portion of the user’s body in a desired trajectory. The method comprises
securing the user to an orthosis as described above, and causing the synchronized joint
controllers to operate the corresponding actuators to generate forces for assisting the
user to move the orthosis at least in part under the user’s power along a desired
trajectory within an allowed tolerance. The method may further comprise providing
visual feedback to the user that shows a relationship between the desired trajectory
and an actual trajectory followed by the orthosis in response to movement by the user.
In one embodiment, the method may comprise a method for rehabilitation of a patient
with impaired motor control.
[0010] In one embodiment, the orthosis is a leg orthosis comprising a frame
adapted to support at least a portion of the weight of the orthosis and the user, a trunk
connected to the frame at one or more trunk joints, a thigh segment connected to the
trunk at at least a hip joint, a shank segment connected to the thigh segment at a knee
joint, and optionally, a foot segment attached to the shank segment at an ankle joint.
The hip joint may have at least one degree of freedom in the saggital plane governed
by a first actuator and the knee joint may have at least one degree of freedom
governed by a second actuator. A method of using such an embodiment may comprise
training the user to adopt a desired gait.
[0011] Still another aspect of the invention comprises a method for training a
healthy user to adopt a desired trajectory for a body motion, the method comprising
securing the user to an orthosis as described herein and causing the synchronized joint
controllers to operate the corresponding actuators to generate forces for assisting the
user to move the orthosis at least in part under the user’s power along the desired
trajectory within an allowed tolerance.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] The invention is best understood from the following detailed description
when read in connection with the accompanying drawings. It is emphasized that,
according to common practice, various features/elements of the drawings may not be
drawn to scale. On the contrary, the dimensions of the various features/elements may
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be arbitrarily expanded or reduced for clarity. Moreover, in the drawings, common
numerical references are used to represent like features/elements. Included in the
drawing are the following figures:

Fig. 1A is a side perspective schematic drawing of an exemplary powered
leg orthosis in accordance with the invention.

Fig. 1B is a detailed view of selected joints from the schematic of Fig. 1A.

Fig. 2 is an illustration of an overall gait training setup for use with the
orthosis of Fig. 1.

Fig. 3 is graph of exemplary frictional force data collected by experiment
from a motor as a function of its linear velocity, which is illustrative of the type of data
that can be incorporated into a friction model for calculation of friction compensation.

Fig. 4 is a schematic diagram of an exemplary PD controller.

Fig. 5 is a schematic illustration of the anatomical joint angle convention
used in the equations discussed herein.

Fig. 6 is a schematic diagram of an exemplary force field controller.

Fig. 7 is an exemplary Cartesian plot of foot trajectory and the
corresponding virtual tunnel associated with an exemplary force field controller.

Fig. 8 is a schematic diagram of forces normal and tangential to the foot
trajectory.

Fig. 9A is a plot of normal (U-shaped) and tangential (inverted V-shaped)
force profiles as a function of distance from the center of the tunnel for different force
field parameters (n).

Fig. 9B is a plot of normal and tangential force profiles as a function of
distance from the center of the tunnel for a relatively narrow tunnel.

Fig. 9C is a plot of normal and tangential force profiles as a function of
distance from the center of the tunnel for a relatively wide tunnel.

Fig. 9D is a plot of normal and tangential force profiles as a function of
distance from the center of the tunnel for exemplary narrow, medium, and wide
tunnels.

Fig. 10A is a plot of baseline actual normal gait trajectory for a human
subject wearing the orthosis of Fig. 1.

Fig. 10B is a plot of a desired trajectory of Fig. 10A rendered by
distorting the baseline trajectory of Fig. 10A, along with the actual trajectory of a
human subject wearing the orthosis of Fig. 1 and attempting to match the desired

trajectory using only visual feedback.
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Fig. 10C is a plot of training data for a user trying to match a desired foot
trajectory while wearing the orthosis of Fig. 1 using a force-field controller with a
relatively narrow virtual tunnel (D, =- 0.003, n =1, D; - 1, Ky=- 30, K; = 50).

Fig. 10D is a plot of training data for a user trying to match a desired foot
trajectory while wearing the orthosis of Fig. 1 using a force-field controller with the
same parameters as used while generating the plot in Fig. 10C, but with a medium
width virtual tunnel (D, = 0.006).

Fig. 10E is a plot of training data for a user trying to match a desired foot
trajectory while wearing the orthosis of Fig. 1 using a force-field controller with the
same parameters as used while generating the plots in Fig. 10C and 10D, but with a
relatively wide virtual tunnel (D, = 0.008).

Fig. 10F is a plot of training data for a user trying to match a desired foot
trajectory while wearing the orthosis of Fig. 1 using no robotic assistance and no visual
assistance, after completion of training with the force-field controller.

DETAILED DESCRIPTION OF THE INVENTION
[0013] Referring now to the drawings, an exemplary powered leg orthosis is
schematically illustrated in Figs. 1A-1B. The exemplary orthosis is based upon the
prototype passive Gravity Balancing Leg Orthosis described in the ‘729 application. The
overall setup comprises frame 10, trunk 20, thigh segment 30, shank segment 40, and
foot segment 50. Frame 10 takes the weight of the entire device. Trunk 20 is
connected to the frame through a plurality of trunk joints 21a-21d having four degrees-
of-freedom. These degrees-of-freedom are vertical translation provided by
parallelogram mechanism 21a having revolute joints 21d, lateral translation via slider-
block and slider-bar 21b, rotation about vertical axis V at revolute joint 21c, and
rotation about horizontal axis H perpendicular to sagittal plane S at revolute joints 21d.
User 22 is secured to trunk 20 of the orthosis with a hip brace 24.
[0014] Thigh segment 30 has two degrees-of-freedom with respect to trunk of
the orthosis: translation in the sagittal plane along hip joint 26 and abduction-
adduction about joint 27, shown in Fig. 1B. The thigh segment 30 may be
telescopically adjustable to match the thigh length of a human subject. Shank segment
40 has one degree-of-freedom with respect to the thigh segment 30 about knee joint
42, and may also be telescopically adjustable. Foot segment 50, comprising a shoe
insert, is attached to the shank of the leg with a one degree-of-freedom ankle joint 52.
Foot segment 50 comprises a structure that allows inversion-eversion motion of the
ankle. The ankle segment described above is used when a human subject is in the
device. At other times, such as during testing or setup, for example, a dummy leg may
be used that does not have a foot segment.



WO 2008/124025 PCT/US2008/004330
-6 -

[0015] Hip joint 26 in the sagittal plane and knee joint 42 are actuated using a
first and second linear actuator 43 and 44, respectively. These linear actuators 43, 44
have encoders built into them for determining the joint angles. The physical interface
between the orthosis and the subject leg is through two force-torque sensors: a first
sensor 32 mounted between thigh segment 30 of the orthosis and the thigh user
interface 34, and a second sensor 33 mounted between shank segment 40 of the
orthosis and the shank user interface 35.

[0016] As shown in Fig. 1A, frame 10 may comprise a base 12, a pair of arm
supports 14, and an overhead weight support 16 from which some or all of the user’s
weight may be supported for users who need such assistance. A treadmill 72 is
provided underneath the user between legs 11 of base 12. Although shown with a
treadmill 72 and static frame 10, it should be noted that other configurations (not
shown) may comprise a portable frame that allows the user to walk on solid ground
rather than on a treadmill. Such portable configurations may comprise arm supports,
such as in the form of a walker that rolls along with the user, or may not have such
supports. Furthermore, while the design noted in Fig. 1A shows two powered leg
orthosis, other embodiments may have only a single powered orthosis, as is shown in
Fig. 1B, depending upon the needs of the user and purpose of the configuration.
[0017] An exemplary overall gait training setup 70 is shown in Fig. 2. The user
22 walks on a treadmill 72 with orthosis 100 on the right leg only. The display 74 in
front of the subject provides visual feedback of the executed gait trajectory. The visual
display can be used to show the gait trajectory in real time during training. The
subject's performance can be recorded from each training session. The trajectory can
be recorded using either joint angles (in joint space) or the foot coordinates (in foot
space). This motorized orthosis is architecturally similar to the passive leg described in
the ‘729 application. A walker with a harness to the trunk may be used to keep the
subject stable on the treadmill during exercise.

[0018] Referring now to Fig. 1B, controllers connected to linear actuators 43 and
44 are used to create desired force fields on the moving leg as discussed in more detail
below. The goal of these controllers is to assist or resist the motion of the leg at least
in part under the user’s power along a desired trajectory within an allowable tolerance,
as needed, by applying force-fields around the leg. In this way, the user is not
restricted to a fixed repetitive trajectory. Various types of controller methodologies
may be used, including trajectory tracking controllers, set-point controllers, and force
field controllers. Trajectory tracking controllers move the leg in a fixed trajectory,
which is often not the most desirable way for gait training. Set-point control and force-



WO 2008/124025 PCT/US2008/004330

field control use the concept of assistive force as needed, which is a functionality
believed to be more desirable.
Trajectory Tracking Controller

[0019] In the trajectory tracking controller, desired trajectory @4(t) is a
prescribed function of time, whereas in set-point PD control, a finite number of desired
set-points are used. The current set-point moves to the next point only when the
current position is within a given tolerance region of the current set-point. Both the
trajectory tracking controller and set-point PD controller use feedback linearized PD
control in joint space. In a force-field controller, the forces are applied at the foot to
create a tunnel or virtual wall-like force field around the foot. The patient using the
orthosis for rehabilitation is then asked to move the leg along this tunnel. The set-
points for the controller are chosen such that the density of points is higher in the
regions of higher path curvature in the foot space.
[0020] To meet the challenging goal of using a light weight motor and at the
same time requiring the motor to provide sufficient torque, a linear actuator driven by
an electric motor may be used. Linear actuators typically cannot be back-driven,
meaning that it is very hard to make the linear actuator move merely be applying force
on it. This happens because the frictional and damping force in the lead screw of the
motor gets magnified by its high transmission ratio. By using a suitable friction
compensation technique, however, the motor can be made backdrivable.
[0021] Backdrivability of actuators is desirable for using force based control,
because it makes it easier for the subject to move his or her leg without sizable
resistance from the device. Exemplary friction compensation methods may comprise
model based compensation, in which frictional forces are fed forward to the controller
using a friction model obtained from experiments, or load-cell based compensation, in
which load-cells are aligned with the lead screw of the linear actuator along with a fast
PI controller.
[0022] For feed-forward friction compensation, a good friction model is required.
Frictional force data may be collected by experiment from a motor as a function of its
linear velocity, such as is shown in Fig. 3. This behavior can be approximated with the
equation:

F

friction = KﬁSign(x) +Kyx

where x is the linear velocity of the motor and K and Ky are constants.

[0023] The friction model is only an approximation and the actual friction has a
complicated dependency on the load applied to the motor and on the configuration of

the device. Some of the problems of model based friction compensation can be
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overcome by using a load cell in series and a fast PI controller with a suitable time
constant.

[0024] Trajectory tracking controller tracks the desired trajectory using a
feedback linearized PD controller. This controller is simple and is robust to friction with
higher feedback gains. When used with friction compensation, small feedback gains
can be used. Fig. 4 shows a schematic of an exemplary trajectory tracking PD control,
in which @ represents the joint angle, ©, the desired trajectory, and F the force
measured by a load-cell. Switch SW1 turns on the load-cell based friction
compensation and switch SW2 turns on the model-based friction compensation. Thus,
the user may choose to use load-cell based friction compensation, which compensates
whenever the load detects the user exerting a net force on the orthosis in the direction
of travel indicating, or model-based compensation, which provides friction
compensation along the trajectory based upon the direction and velocity of travel as
derived from modeling. The model-based compensation tends to be more anticipatory,
whereas the load-cell-based compensation is based more on feedback. A combination
of compensation techniques may also be used, meaning that the model generally
provides the compensation except when the load cell detects that additional
compensation is needed. This same schematic applies to the set point controller,
described herein later, except that for the set point controller Q,, and éd are zero.
[0025] In this trajectory tracking controller, the desired trajectory in terms of
joint angles is a function of time, @, = @4(t). The desired trajectory may be obtained
from healthy subject walking data, using experiments with a passive device. The
equations of motion for the device are given below. Note that the frictional terms are
not mentioned here, as they are assumed to be compensated using one of the two
friction compensation methods outlined above.

Equations of Motion:
M6 +C(0,0)0+G@B) =T, (1)
where 6 =[6,6,] shown in Fig. 5.
Control Law is given by:
T=M(@6,+K,0, +K,0,)+C(0,6)0 + G(6), where 6, =6, -6
This law linearizes the equations to an exponentially stable system:
6, +K,0,+K,6,=0 ()

h K = & and = 1 iti tri
where = K, = m )
P 0 sz d are positive matrices

d2
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Experimental Results

[0026] One way to use small feedback gains is to use friction compensation. If
desired trajectory is a function of time, the error in any joint may keep increasing if
that joint is prevented from moving. This may cause the force in the motor of that joint
to increase with the error. One set of experimental results found that applying external
forces caused forces in the hip motor to almost double. This increase in forces when
the subject wishes not to move the leg may not be safe or suitable for training.
Set-Point PD Controller

[0027] A set-point PD controller is similar to trajectory tracking controller except

that there are a finite number of desired trajectory points ((8,,,6,,,....6,,) and desired

trajectory velocities and accelerations are set to zero (éd = éd =0). The controller

takes the device to the current set-point. Once the current position of the device is
close to the current set-point, the current set-point is switched to the next set-point. If
the number of set-points is small, the device motion is jerky. By choosing a sufficient
number of points, however, the leg trajectory can be made smooth.

[0028] One of the advantages of set-point PD controller over a trajectory
tracking controller is that if the human subject wishes to stop the device, the forces on
the leg stays within limit, and the set-point will not change.

[0029] The control law is same as the one used in the trajectory tracking PD

controller with desired trajectory velocities and accelerations set to zero (9d = éd =0).

The current setpoint 6,,, =8, advances to the next set-point 8,,, if [0 ~6.,,| =&, where
€ is the allowed tolerance.

Simulated and Experimental Results with Set-point Controller

[0030] Simulations and experiments were performed for three sets of feedback

gains chosen such that the natural frequency of the system described in Eq. (2) was w,
=10.12 and § ={3.2, 0.5}. The simulation essentially comprised coupling a model of a
human leg and body dynamics to a model of the powered orthosis and controllers, and
running the models together to predict how the system would work on a human
subject. For greater values of damping, it was found that the joint trajectories lied
inside the desired trajectory due to slowing effects of damping. At lesser values of
damping, it was found that the trajectories fluctuated around{ the desired trajectory due

to faster speeds and overshoots.
Force-Field Controller

[0031] The goal of a force-field controller is to create a force field around the
foot in addition to providing damping to it. This force field is shaped like a "virtual
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tunnel" around the desired trajectory. Fig. 6 shows the basic structure of the
controller, wherein FL is the force measured by the load-cell. Switch SW1 turns on
sensor-based friction compensation and switch SW2 turns on model-based friction
compensation, as described above with respect to the PD controller. The force-field
controller also uses gravity compensation to help the human subject. This assistance
can be reduced or completely removed if required. Fig. 7 shows a typical shape of the
virtual tunnel walls (dashed lines) around the desired trajectory (solid line) for a
cartesian plot of the foot in the trunk reference frame, with the origin set at the hip
joint.
[0032] Because the virtual tunnel is used to guide the foot of the subject, the
forces are applied on the foot, as illustrated in part in Fig. 8. These forces are a
combination of tangential force (F;) along the trajectory, normal force (F,)
perpendicular to the trajectory, which are proportional to a deviation from the desired
trajectory, and damping force (F4) (not shown). The controller may be designed such
that this normal component keeps the foot within the virtual tunnel. The tangential
force provides the force required to move the foot along the tunnel in forward direction
and is inversely proportional to the deviation from the desired trajectory. The normal
force is directly proportional to the deviation from the desired trajectory. The damping
force minimizes oscillations, as discussed previously.
[0033] Where P is the current position of the foot in the Cartesian sp.ace in the
reference frame attached to trunk of the subject, N is the nearest point to P on the
desired trajectory, n is the normal vector from P to N, and f is the tangential vector at
N along the desired trajectory in forward direction, the force F on the foot is defined as:

F=F+F,+F, (3)

F =K, (-d/D), ifd/D, <1

(4)

F, =0, otherwise
where F; is the tangential force, F, is the normal force and F, is the damping force. The
tangential force F; is defined as:

d 2(n+1)
F =|— n (5
(D" )
The damping force F, on the foot to reduce oscillations is given by:
F,=-K,x (6)

where Kg. D;. D, and Ky are constants, d is the distance between the points P and N,

and x is the linear velocity of the foot.
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[0034] The shape of the tunnel is given by Eq. (5). The higher the value of n,
the steeper the walls, as shown in Fig. 9A. Also, at higher values of n, the width of the
tunnel gets closer to D,. Figs. 9B and 9C show exemplary plots of tangential and
normal forces for relatively narrow (9B) and relatively wide (9C) virtual tunnels, as a
function of distance d from the desired trajectory, where a positive force points towards
the trajectory. The tangential force ramps down as the distance d increases, bringing
the leg closer to the trajectory before applying tangential force.

[003>5] The required actuator inputs at the leg joints that apply the above force
field F is given by:

m2

_ z-m] T
r,,,_[ }:J F+G() 7)

where G(@) is for gravity compensation, 7,, = motor torque, and J' is a Jacobian

matrix relating the joint speed to the end point speed. Finally, the forces in the linear

actuators F,, = [Fmni1, Fm2] are computed using the principle of virtual work, given by:

where /; is the length if the " actuator.

Simulated and Experimental results with Force Field Controller

[0036] Simulations performed using the parameters shown in Figs. 9B and 9C
showed that the error between the desired trajectory and the actual trajectory achieved
was less for the relatively smaller virtual tunnel as compared to the relatively wider
virtual tunnel, demonstrating that the maximum deviation of the foot from the desired
trajectory can be controlied using the width of the tunnel D, as the parameter. When
Kg was increased and all other parameters were kept the same, the tangential forces
also increased, reducing the gait cycle period, demonstrating that K can be used as a
parameter to change the gait time period.

[0037] Experiments with the force field controller were conducted with healthy
subjects in the device at three tunnel widths shown in the Fig. 9D. These results
showed that as the tunnel is made narrower, the actual human gait trajectory gets
closer to the desired trajectory.

[0038] The experiments involved six healthy subjects, divided into two groups,
each consisting of three experimental and three control. The subjects donned the
device and the joints of the machine and the human were aligned. The subjects walked
on a treadmill with a speed of 2 mph and their baseline foot trajectory was recorded, as
shown in Fig. 10A. A template was matched to this recorded foot trajectory and then
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was distorted by roughly 20% along the two Cartesian directions to generate a
distorted template for the foot motion, as outlined by the dashed line in Fig. 10B.
[0039] Each subject tried to match this distorted template voluntarily for ten
minutes using visual feedback of the foot trajectory. As shown by the solid lines in Fig.
10B, the subjects were not able to easily change the foot trajectory using only visual
feedback. The experimental group was then given robotic training in three ten-minute
sessions using narrow, wider, and widest tunnel widths, as illustrated in Figs. 10C, 10D,
and 10E. At the end of these three sessions, the robotic assistance and the visual
feedback were taken away. The gait data of the subject was recorded by joint sensors
on the robot. The control group practiced matching the distorted gait template over
three 10 minute sessions using only visual feedback. At the end of these three
sessions, the visual feedback was taken away and the foot trajectory data was
recorded, as shown in Fig. 10F. This data shows that the experimental group was able
to learn the distorted gait pattern using the robotic force field. Data from the control
group did not show any marked learning between pre and post training data.

Various embodiments

[0040] While the exemplary leg orthosis described herein comprises linear
actuators at the hip joint and knee joint, with force-torque sensors and encoders, the
invention is not limited to any particular type of actuator. Although the controllers
were used with either model based or load-cell based friction compensation to make the
linear actuators back-drivable, with load-cell based friction compensation being
preferable, the invention is not limited to any particular type of friction compensation or
method for making the actuators back-drivable. Back-drivability of the actuators is
important for making the device responsive to human applied forces by not resisting
the motion.

[0041] Three types of controllers are described herein for controlling the
actuator: trajectory tracking PD controllers, set point PD controllers, or a force-field
controllers. The set-point controller and force-field controller were found to be more
desirable for training because the forces on the user do not increase if the user wishes
to stop the motion of his leg. In a set-point controller, because the set-point always
lies ahead of the human leg position along the trajectory by a specified amount,
irrespective of the direction of motion of the leg, the interaction forces move the leg
along the trajectory and do not increase in magnitude indefinitely. This feature is
further augmented by the guiding nature of the tunnel walls in force-field controller. In
both these controllers, the addition of damping forces in the controller makes sure that
the velocities of the leg lie within safe limits. As shown in previous sections, various
parameters can be chosen to apply suitable forces that can assist desirable motion and
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resist undesirable motion of the leg, and are suitable for rehabilitation of a lower
extremity. Although three types of controllers have been described, with relative
advantages of each, the invention is not limited to any particular type of controller,
control methodology, or control logic.

[0042] Furthermore, while a particular leg orthosis design is described herein,
the invention is not limited to any particular orthosis design, nor is it limited only to use
in connection with leg orthoses. Finally, although the invention has great utility in
physical therapy and rehabilitation applications, such as for assisting a patient with
recovery from a stroke or other impairment, the experimental data showing the ability
for healthy subjects to change their gait to mimic a programmed trajectory shows that
this invention has other utility as well.

[0043] For example, the invention may be applied to athletic training, in which,
for example, a runner wishes to change a small aspect of his or her stride to shave
seconds off of his or her time. Using encoders in the actuators, the subject can record
his or her preexisting foot trajectory while wearing the orthosis, modify stored foot
trajectory data to reflect the desired trajectory, and then begin walking or running
while wearing the orthosis with robotic feedback to guide the user’s foot into the
desired trajectory. Visual feedback can further help the user to hone his or her
trajectory. The training can be continued for a sufficient amount of time and/or
number of repetitions for the user to develop muscle memory for the new trajectory.
Similarly, orthoses designed for other parts of the body may be used to improve the
mechanics of a baseball pitch, a tennis serve, a golf swing, and the like, to name only a
few of limitless examples. Furthermore, if the trajectory of a particular person is
deemed to be ideal or desirable, the person with the ideal trajectory can record his or
her trajectory, and that trajectory can then be used as the guide for users wishing to
adopt the desired trajectory. The ideal or desirable trajectory may be proportionately
or otherwise manipulated as required to account for differences in body size or
structure between the user and the person with the desirable trajectory.

[0044] Although the invention is illustrated and described herein with reference
to specific embodiments, the invention is not intended to be limited to the details
shown. Rather, various modifications may be made in the details within the scope and
range of equivalents of the claims and without departing from the invention.
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What is Claimed:

1. A powered orthosis adapted to be secured to a corresponding
body portion of a user for guiding motion of the user, the orthosis comprising a plurality
of structural members and one or more joints adjoining adjacent structural members,
each joint having one or more degrees of freedom and a range of joint angles, one or
more of the joints comprising at least one back-drivable actuator governed by at least
one joint actuator controller for controlling the joint angle, the one or more joint
actuator controllers synchronized to cause the corresponding joint actuators to
generate forces for assisting the user to move the orthosis at least in part under the
user’'s power along a desired trajectory within an allowed tolerance.

2. The powered orthosis of claim 1, wherein the joint controllers
comprise set-point controllers or force-field controllers.

3. The powered orthosis of claim 2, wherein the joint controllers
comprise force-field controllers that define a virtual tunnel for movement of the
orthosis.

4, The powered orthosis of claim 3, wherein the forces applied to the
orthosis for assisting the user are proportional to deviation from the desired trajectory.

5. The powered orthosis of claim 3, wherein the applied forces
comprise tangential forces along the trajectory and normal forces perpendicular to the
trajectory, in which the tangential forces are inversely proportional and the normal
forces are directly proportional to the deviation from the desired trajectory.

6. The powered orthosis of claim 2, wherein the forces comprise
damping forces.

7. The powered orthosis of claim 1, wherein the orthosis is a leg
orthosis comprising a frame, a trunk connected to the frame at one or more trunk
joints, a thigh segment connected to the trunk at at least a hip joint, and a shank
segment connected to the thigh segment at a knee joint.

8. The powered orthosis of claim 7, wherein the frame is adapted to
support at least a portion of the weight of the orthosis and the user.

9. The powered orthosis of claim 7, further comprising a foot
segment attached to the shank segmeht at an ankle joint.

10. The powered orthosis of claim 7, wherein the hip joint has at least
one degree of freedom in the saggital plane governed by a first actuator and the knee
joint has at least one degree of freedom governed by a second actuator.

11. The powered orthosis of claim 10, wherein the first actuator and
the second actuator each comprise linear actuators having friction compensation

sufficient to make the actuators back-drivable.
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12, The powered orthosis of claim 7, further comprising a first
connector for connecting the orthosis thigh segment to a corresponding thigh of a user
and a shank connector for connecting the orthosis shank segment to a corresponding
shank of a user, the first connector having a first force-torque sensor to measure net
forces between the user and the orthosis, and the second connector having a second
force-torque sensor to measure net forces between the user and the orthosis.

13. A method for training a user to move a portion of the user’s body
in a desired trajectory, the method comprising:

(a) securing the user to an orthosis comprising a plurality of
exoskeletal members and a plurality of joints each having one or more degrees of
freedom and a spectrum of joint angles between adjacent members connected at the
joint, a plurality of the joints each comprising at least one backdrivable actuator
governed by a controller for controlling the joint angle, the plurality of joint controllers
synchronized with one another; and

(b) causing the synchronized joint controllers to operate the
corresponding actuators to generate forces for assisting the user to move the orthosis
at least in part under the user’s power along a desired trajectory within an allowed
tolerance.

14. The method of claim 13 further comprising providing visual
feedback to the user that shows a relationship between the desired trajectory and an
actual trajectory followed by the orthosis in response to movement by the user.

15. The method of claim 13, wherein the joint controllers comprise
force-field controllers that define a virtual tunnel for movement of the orthosis, the
method comprising in step (b) generating forces for assisting the user that are
proportional to deviation of the actual trajectory from the desired trajectory.

16. The method of claim 15, comprising generating tangential forces
along the trajectory inversely proportional to the deviation from the desired trajectory
and normal forces perpendicular to the desired trajectory directly proportional to the
deviation from the desired trajectory.

17. The method of claim 13, wherein the orthosis comprises a leg
orthosis comprising a frame adapted to support at least a portion of the weight of the
orthosis and the user, a trunk connected to the frame at one or more trunk joints, a
thigh segment connected to the trunk at at least a hip joint, and a shank segment
connected to the thigh segment at a knee joint, and a foot segment attached to the
shank segment at an ankle joint, the hip joint having at least one degree of freedom in
the saggital plane governed by a first actuator and the knee joint having at least one
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degree of freedom governed by a second actuator, the method comprising training the
user to move the user’s leg in a desired gait.

18. A method for rehabilitation of a patient with impaired motor
control, comprising training the user to move a portion of the user’s body in a desired
trajectory in accordance with the method of claim 13.

19. A method for training a healthy user to adopt a desired trajectory
for a body motion, the method comprising:

(a) securing the user to an orthosis comprising a plurality of
exoskeletal members and a plurality of joints each having one or more degrees of
freedom and a spectrum of joint angles between adjacent members connected at the
joint, a plurality of the joints each comprising at least one back-drivable actuator
governed by a controller for controlling the joint angle, the plurality of joint controllers
synchronized with one another;

(b) causing the synchronized joint controllers to operate the
corresponding actuators to generate forces for assisting the user to move the orthosis
at least in part under the user’s power along the desired trajectory within an allowed
tolerance.

20. The method of claim 19, comprising providing visual feedback to
the user that shows a relationship between the desired trajectory and an actual

trajectory followed by the orthosis in response to movement by the user.
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