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A Powered Leg Orthosis for Gait Rehabilitation of
Motor-Impaired Patients

Sai K. Banala, Alexander Kulpe and Sunil K. Agrawal

Abstract— This paper describes a powered leg orthosis for
gait rehabilitation of patients with walking disabilities. The
paper proposes controllers which can apply suitable forces on
the leg so that it moves on a desired trajectory. The description
of the controllers, simulations and experimental results with
the powered orthosis are presented in the paper. Currently,
experiments have been performed with a dummy leg in the
orthosis. In the coming months, this powered orthosis will be
used on healthy subjects and stroke patients.

I. INTRODUCTION

Profound muscle weakness or impairment in motor control
affects a vast number of people, especially resulting from
neurological injury, such as hemiparesis from stroke. The
patients often have substantial limitations on movement.
Rehabilitation after stroke helps to improve the walking
function. Robotic rehabilitation has many advantages over
conventional manual rehabilitation. Some of these are: (i)
robotic rehabilitation may reduce burden on clinical staff,
(i1) interaction forces and torques, measured with various
sensors, can assess quantitatively the level of motor recovery
and (iii) robotics can help in delivering well controlled
repetitive training sessions at reasonable cost.

Currently, available lower extremity orthotic devices can
be classified as either passive, where the human subject
applies forces to move the leg, or active, where actuators
on the device apply forces on the human leg. One of the
passive devices is gravity balancing leg orthosis, developed
at University of Delaware [1]. T-WREX [2] is an upper
extremity passive gravity balancing device. Passive devices
cannot supply energy to the leg, hence are limited in their
ability compared to active devices. Lokomat is an actively
powered exoskeleton, designed for patients with spinal cord
injury. A patient uses this machine while walking on a
treadmill [3]. Mechanized Gait Trainer (MGT) is a single
degree-of-freedom powered machine that drives the leg to
move in a prescribed gait pattern. The machine consists of
a foot plate connected to a crank and rocker system. The
device simulates the phases of gait, supports the subjects
according to their ability, and controls the center of mass in
the vertical and horizontal directions [4]. AutoAmbulator is
a rehabilitation machine for the leg to assist individuals with
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Fig. 1. Powered leg orthosis with a human subject. A: boom to support
hip motor, B: hip linear actuator, C: spring-loaded winch to support device
weight, D: walker to support the device, E: treadmill F: hip joint, G: load-
cell on hip linear-actuator, H: knee linear actuator, I: knee joint J: load-cell
on knee linear actuator.

stroke and spinal cord injuries. This machine is designed
to replicate the pattern of normal gait [5]. HAL [6] is
a powered suit for elderly people and persons with gait
deficiencies which takes EMG signals as input and pro-
duces appropriate torque to perform the task. Another power
assisted exoskeleton is BLEEX, Berkeley lower extremity
exoskeleton [7]. It is not intended to be a rehabilitation
device, but a human strength multiplier. PAM (Pelvic Assist
Manipulator) is an active device for assisting the human
pelvis to allow more natural motion [8]. There are a variety
of active devices that target a specific disability or weakness
in a particular joint of the leg ([9], [10], [11], [12], [13]).
A limiting feature of the machines like AutoAmbulator is
that they move patients through predetermined movements
rather than allowing them to move under their own control.
The failure to allow patients to experience and practice
appropriate movement patterns prevents necessary changes
in the nervous system for relearning. Forced motion along a
fixed trajectory might result in “learned helplessness” which
could be sub-optimal [14]. However, at this time, devices
which can apply appropriate forces to to the leg to help in
gait rehabilitation, are still under development.

In this paper, we propose a powered lower extremity
orthosis (Fig. 1) and controllers based on application of force
fields. The goal of these controllers is to assist or resist the
motion of the leg, as needed, by applying force-fields around
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Fig. 2. Powered leg orthosis with a dummy leg. A: device thigh, B: dummy
leg thigh, C: device shank, D: dummy leg shank.

the leg. The user is not restricted to a desired trajectory.
The controllers implemented to achieve these goals are (1)
trajectory tracking control, (2) set-point control and (3) force-
field control. Trajectory tracking control moves the leg in
a fixed trajectory, which is not desirable for gait training.
Set-point control and force-field control use the concept of
assistive force as needed, which is desirable.

II. ORTHOSIS DESIGN

A. Device Description

The design of the active orthosis is based on our prototype
of passive Gravity Balancing Leg Orthosis [1]. The orthosis
is connected to a walker and its trunk has four degrees-
of-freedom (dof) with respect to the walker. These dof are
vertical and lateral translation, rotation about vertical axis
and horizontal axis perpendicular to sagittal plane. Hip joint
of the orthosis has two dof with respect to the trunk, one in
sagittal plane and the other for abduction-adduction motion.
Knee has one dof with respect to the thigh segment. The de-
vice also has a foot segment attached to the shank of the leg,
with one dof ankle joint. The foot support allows inversion-
eversion motion to the ankle due to its structural design. The
hip joint in the sagittal plane and knee joint are actuated
using linear motors. These motors have encoders built into
them, which are used to find the joint angles. The physical
interface between the orthosis and the dummy/human leg
is through two force-torque sensors, one mounted between
thigh segments of the orthosis and the leg, the other mounted
between shank segments of the orthosis and the leg.

The ankle segment described above is used when a human
subject is in the device. During initial testing, we use a
dummy leg (Fig. 2), which does not have a foot segment.
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B. Control Architecture

The controllers developed for the orthosis are (1) Trajec-
tory Tracking Controller, (2) Set-point PD controller and
(3) Force-Field controller. In trajectory tracking controller,
desired trajectory 6,(t) is a prescribed function of time,
whereas in set-point PD control, a finite number of desired
set-points is used. Current set-point moves to the next point
only when the current position is within a given tolerance re-
gion around 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.

Since the orthosis uses linear electrical motors, they have
substantial friction in the gearing. To overcome this friction
we use the following methods [15]; (1) Model based com-
pensation, in which we feed-forward frictional forces to the
controller using a friction model obtained from experiments;
(2) Load-cell based compensation, in which we use load-
cells in-line with the lead screw of the linear motor along
with a fast PI controller. We have also studied the use
of an adaptive friction controller, we observed that the
adaptive identification does not work well during external
contact [16]. Using direct-drive motors we could completely
eliminate the problem of friction, but considering the torque
and motor weight requirements we had to choose a linear
actuator.

C. Friction Compensation

For feed-forward friction compensation, we need a good
friction model. Fig. 3 shows the frictional force data collected
by experiment from a motor as a function of its linear
velocity. The plot has ripples in the first and third quad-
rants. This behavior can be approximated with the equation
Firiction = Kygsign(x) + Kyqd, where & is the linear
velocity of the motor, Ky, and Ky, are constants.

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 [17], [18].
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Fig. 4. Schematic showing anatomical joint angle convention.
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Fig. 5. PD Controller. 8 is the current joint angles, @4 is the desired
trajectory and Fr, is the force measured by the load-cell. For set-point
control, @gand 8, are zero. Switch SW1 turns on load-cell based friction
compensation and switch SW2 turns on model based friction compensation.

Some of the problems of model based friction compensa-
tion can be overcome by using a load-cell in series and a
fast PI controller with a suitable time constant [16].

III. TRAJECTORY TRACKING CONTROLLER

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. 5 shows the schematic of the trajectory
tracking PD control. In the figure, switch SW1 turns on the
load-cell based friction compensation and switch SW2 turns
on the model based friction compensation.

In this trajectory tracking controller, the desired trajectory
in terms of joint angles is a function of time, 8, = 64(t). The
desired trajectory was obtained from healthy subject walking
data, using experiments with our passive device [1]. 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 in Sec. II-C.

M6 + C(0,0)6 + G(0) =7, (1)

where M is the inertia matrix, C is the matrix with centrifu-
gal and Coriolis terms and G has gravity terms. 8 = [0}, 0;]7
shown in Fig. 4. Control law is given by:

=M, + K. +K,0.)+C(0,0)0 + G(9),

FrC8.4

[o2]
o

I
=)

n
o

o

Joint angles (deg)

-20

5 10 15
Time (sec)

Fig. 6. Experimental results showing joint angles of dummy leg obtained
with trajectory tracking controller.
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Fig. 7. Plots showing joint angles in (a) and corresponding forces in linear
motors in (b). Note that at around 10 seconds, the hip joint is prevented

from crossing 0 degree by applying external forces, as a result the force
applied by the hip motor almost doubled.

where 8, = 0, — 6. This law linearizes the equations to an
exponentially stable system:

6. +Ki0. +K,0.=0 )

K 0 . Kg 0
0 Ky > ande< 0 Ky )

and are positive matrices.

where K, =

A. Simulations and Experiments

Figure 6 shows the joint angles obtained with the tra-
jectory tracking controller. When friction compensation was
not used, the feed back gains were: K, = 300,K,, =
525.5, Kgq1 = 33, K42 = 5.8. When load-cell based compen-
sation was used the feedback gains were: K1 = 45, Kpp =
66, K41 = 10.8, K40 = 5.0. This shows that one way to use
small feedback gains is to use friction compensation.

Since the desired trajectory is a function of time, the error
in any joint keeps on increasing if that joint is prevented from
moving. This causes the force in the motor of that joint to
increase with the error. Fig. 7(a) shows joint angles of the
dummy leg with trajectory tracking controller, at around 10
seconds, the hip joint is prevented from crossing 0 degrees
by applying external forces, as a result, the force in the
hip motor almost doubled. This increase in forces when the
subject wishes not to move their leg might not be safe or
suitable for training.

IV. SET-POINT PD CONTROLLER

Set-point PD controller is similar to trajectory tracking
controller except that there are a finite number of desired
trajectory points (841,042, ...,04,) and desired trajectory
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Fig. 8. Simulation and experimental results showing joint angles, for set-
point controller. For (a) and (b) wy, =10.12, £ =3.2, For (c) and (d):
wy, =10.12, £ =0.5

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. However by choosing enough number of points, the
leg trajectory can be made to be smooth.

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

The control law is same as the one used in trajectory
tracking PD controller with desired trajectory velocities and
accelerations set to zero Gd = éd = 0. The current set-
point 8., = 6; advances to the next set-point 6, if
|60 — Ocur|| < €, where € is the allowed tolerance.

A. Simulation and Experiments

Simulations and experiments were performed for thee sets
of feedback gains. These gains were chosen such that the
natural frequency of the system described in Eq. (2) is
wp, =10.12 and £ ={3.2, 0.5}.

Figures 8 show the simulation and experimental results
of the joint angle trajectory with hip-joint angle along x-
axis and knee joint angle on the y-axis. We can note that
for larger values of damping, the joint trajectories lie inside
the desired trajectory due to slowing effects of damping. At
lower values of damping, the trajectories fluctuate around the
desired trajectory due to faster speeds and overshoots. The
difference between the plots can be attributed to the inexact
mathematical model used in the simulation and experiments
in the parameter estimation.

V. FORCE-FIELD CONTROLLER

The goal of the force-field controller is to create a force
field around the foot in addition to providing damping to
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Fig. 10. Cartesian plot of the foot in the trunk reference frame, origin set
at the hip joint. The solid line (in blue) is the desired trajectory of the foot
and the dashed lines (in red) are the virtual walls.

it. This force field is shaped like a “virtual tunnel” along
the desired trajectory. Fig. 9 shows the basic structure of
the controller. This controller uses gravity compensation to
help the human subject. This assistance can be reduced or
completely removed if required. Fig. 10 shows typical shape
of tunnel walls around the desired trajectory.

Since the virtual tunnel is used to guide the foot of the
subject, the forces are applied on the foot. These forces are
a combination of tangential force F';, normal force F,, to the
desired trajectory and damping force F;. We designed the
controller 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 the damping force is to minimize oscillations.

Let P be the current position of the foot in the Cartesian
space in the reference frame attached to trunk of the subject,
N be the nearest point to P on the desired trajectory, 1 is the
normal vector from P to N, t 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)

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

Kpi(1—d/D)t ifd/D; <1

F, = .
0 otherwise

“4)

The normal force F',, is given by:
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Fig. 12. Simulation results of force-field controller showing foot trajectory
in Cartesian frame attached to the trunk, origin set at hip joint.

2(n+1)
F, — (d> f (5)

The damping force F; on the foot to reduce oscillations is
given by:

Fo=-Kix (6)

where Ky, Dy, D,, and K  are constants, d is the distance
between the points P and N. x is the linear velocity of the
foot.

The shape of the tunnel is given by Eq. (5). Higher the
value of n, steeper are the walls. Also, at higher values of n,
the width of the tunnel gets closer to D,,. Fig. 11 shows plots
of tangential and normal forces as a function of distance d
from the desired trajectory, positive force points towards the
trajectory. Note that the tangential force ramps down as the
distance d increases. This is to bring the leg closer to the
trajectory before applying tangential force.

The required actuator inputs at the leg joints that apply
the above force field F is given by:

Ton = [ Tml } =JTF + G(9), (7)
Tm?2

where G(0) is for gravity compensation. Finally, the forces

in the linear motors F,,, = [F,1, Fi,2] are computed using

the principle of virtual work, given by F,,; = %Tmi, 1=

1,2, where I; is the length of i* linear motor. The proof of

stability for this controller is given in the appendix.
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Fig. 13. Results of force-field controller showing foot position in cartesian
frame attached to the trunk of the subject with origin at the hip joint.

A. Simulations

Simulations were performed using the parameters shown
in Fig. 11. We can see in Fig. 12 that with a narrow virtual
tunnel, the error in the desired trajectory and the trajectory
achieved is small when compared to the wider virtual tunnel.
This shows that the maximum deviation of the foot from
the desired trajectory can be controlled using the width of
the tunnel D,, as the parameter. For least error in tracking,
ideally D,, should be zero, but below certain value, the error
won’t decrease due to physical limitations of the device like
motor torque saturation. When K, is increased from 40 to
60, and all other parameters kept the same (D,, = 0.02, D; =
0.025,n = 10), the tangential force also increases. As a
result, the gait cycle period reduced from 5.0 seconds to 3.8
seconds. Thus Ky can be used as a parameter to change
the gait time period.

B. Experimental results

The experiments with force field controller were con-
ducted with dummy leg in the device. Experiments with a
human subject are currently in progress. The parameters used
were: Kpy = 50,D,, =0.012, D, = 0.025,n = 3.

Figure. 13 shows plot of foot trajectory obtained from
experiment and through simulation with the same set of
parameters. Again, the difference between them could be
attributed to the inexact mathematical model used in the
simulation. In the figures, one can see the foot bouncing
off the virtual tunnel walls.

VI. CONCLUSIONS AND FUTURE WORK

Powered leg orthosis has been built, following the design
of our passive leg device. It has linear actuators at hip joint
and knee joints, it is also instrumented with force-torque
sensors and encoders. Three types of controllers were imple-
mented for the orthosis (1) trajectory tracking PD controller
(2) set-point PD controller (3) force-field controller. All these
controllers can be used with either (1) model based or (2)
load-cell based friction compensation. We found that load-
cell based friction compensation works better than model
based compensation. Simulation and experimental results
using all three controllers were presented. Simulation and
experimental results show us that the set-point controller and
force-field controller can apply forces that are more suitable
for training, as the forces do not increase when the subject
wishes to stop the motion of his leg. The applied forces can
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assist desirable motion and resist undesirable motion of the
leg, and are suitable for rehabilitation of lower extremity
stroke patients.

Currently, healthy subject testing of force-fields controller
is in progress. In future, we will use set-point and force-field
controllers in rehabilitation of stroke patients.
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APPENDIX - STABILITY OF FORCE-FIELD CONTROLLER

The force field controller applies tangential and normal
forces on the foot based on the current position of the foot
with respect to the desired trajectory. From the structure (Eq.
7) we can see that the foot can never come to rest, as at rest
damping force (Eq. 6) is zero and the sum of tangential and
normal forces never become zero. This is the result of the
design of the controller to move the leg in a limit-cycle like
pattern. However we can show that in the absence of the
tangential force, the normal force can take the system to the
nearest point X,..y on the desired trajectory.

On application of the force-field control law (7), the
equations of motion (1) simplify to:

M6+ C(0,0)6 = J'F (8)
= M6 =-C(0,0)0+I'F 9)

Choosing the lyapunov function as:

1. .1
V= §0TM0 + 5% Px, (10)
where P is a constant positive definite matrix. x. is given by
Xe = (Xe, ye)T = Xpef—X. It can be seen from Eq. (10) that
V = 0 only when @ = 0 and x. = 0. Now differentiating
V?

V=6 Mé+ 59T1v19 — xTPx, (11)
Substituting (9) in (11) and using x = J@ and X, = —x
gives:

V= %GT (M — 20) N (F _ KdJé) —xTPx,

Since M — 2C is skew symmetric, first term in above
equation vanishes and is left with:

V=-0 (ATK,3)6+6 I (F-Px,)

First term in above equation is negative definite. To make
V < 0, we like to enforce F = Px.. P and F are chosen as:

o P1 0 o CF1
-0 n) P (i)

c and d are additional parameter chosen in the following
manner: ¢ = P}J—‘fe and d = Pg—g" To enforce F = Px..
The choice of above parameters will take the foot towards
the nearest point N on the desired trajectory. As shown
in simulations and experiments, addition of tangential force
takes the foot along the desired trajectory.
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