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Abstract

Lower limb rehabilitation exoskeletons usually help patients walk based on fixed gait trajectories. However, it is not
suitable for unilateral lower limb disorders. In this article, a hybrid training mode is proposed to be applied in rehabilitation
for unilateral lower limb movement disorders. The hybrid training includes two modes, that is, the passive training mode
and the active assist mode. At an early stage of the rehabilitation therapy, the passive training mode is utilized, in which
microelectromechanical systems-based attitude and heading reference system is used to collect the gait trajectory of the
healthy limb. The exoskeleton on the unhealthy limb will be driven to track the joint trajectory of the healthy limb. If the
patient’s abilities recovered, the rehabilitation system can be switched to the active assist mode. Two force sensors are
imbedded into the interface on the thigh to measure the interaction information in order to detect the patient’s initiative
walking intention. In the active mode, the walking gait trajectory is modified and generated based on the gait trajectory of
the healthy side via the attitude and heading reference system. In this article, a position close control loop is designed to
drive the mechanical leg to help the unhealthy limb walk. Laboratory experiments are performed on a healthy human
subject to illustrate the proposed approach. Experimental results show that the proposed method can be applied and
extended in the passive and active rehabilitation mode for the unilateral lower limb disorders.
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Introduction rehabilitation are developed for patients suffering from
neurological disorders.* These robotic rehabilitation exos-
keletons are aimed at helping patients’ lower limbs
recover mobility. Compared with traditional manual assis-
tance and training, they are able to perform as well as the
physical therapists and free the physical therapists not to
suffer from the onerous task and release therapists from

Patients with various diseases and injuries, for example,
spinal cord injury, stroke, and unilateral lower limb disor-
ders have a dysfunction and impaired mobility in the lower
limbs. It is a good way to conduct rehabilitation training to
help these patients recover and regain mobility." Intensive
labor should be involved in the traditional rehabilitation
training, and physical therapists have to provide the
patients with highly repetitive training that is usually inef-
ficient.? Therefore, it is necessary and impactful to develop  Harbin Institute of Technology, Harbin, China
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the heavy work of rehabilitation training.> A robot-
assisted rehabilitation system is required to follow some
principles, for example, simple architecture and light-
weight. Many types of rehabilitation exoskeletons have
been studied and much progress has been made. Lower
extremity rehabilitation exoskeletons can be divided into
two categories according to their mechanisms and rehabi-
litation principles, that is, treadmill-based exoskeletons,
for example, lower-extremity powered exokeleton® and
active leg exoskeleton,’ leg orthoses and exoskeletons, for
example, knee—ankle—foot orthosis® and hybrid assistive
limb,” foot plates-based end effector devices, for example,
Haptic Walker,'® and platform-based end effector robots,
for example, ankle rehabilitation robot.'’

Leg orthoses and exoskeletons are anthropomorphic
devices that perform similar movement with the human
body and provide walk power assistance. Generally, the
patient is able to regain the strength of limbs and recover
from the injury gradually by different stages of rehabilita-
tion training. The rehabilitation process can be divided into
three stages, that is, the preliminary, intermediate, and
advanced stages.'*'® At the preliminary stage, passive
mode is conducted to help patients reduce muscle atrophy
and regain the movement ability to some extent by tracking
the fixed trajectory. At the intermediate stage, the patient
has gained certain degree of strength and is encouraged to
try the robotic assistance with active efforts. At the
advanced stages, the passive mode with predefined trajec-
tory is not effective and pure active mode is designed to
help the limbs walk according to the patient’s motion
intention. The combination of gravity compensation,
feed-forward movement assistance, and reinforcement of
isometric joint torques is used to ensure that the patient can
self-select walking speed.'® In fact, this kind of method is
based on fixed trajectory, which can adapt to different step
length. For the robotic exoskeleton of assistance and reha-
bilitation, the control strategy can be divided into three
kinds of methods according to the approach of the interac-
tion signal, that is, control strategies based on biomedical
signals, control strategies based on human robot interaction
signals, and control strategies based on signals of mechan-
ical system.'> The rehabilitation exoskeleton, generally, is
asked to follow the predefined gait trajectory and to
response to predefined action based on gait pattern.'®

For the rehabilitation of unilateral lower limb disorders,
traditional rehabilitation exoskeletons usually execute walk
training by tracking the fixed gait trajectory. Since the
healthy limb of unilateral lower limb disorders still has
athletic ability and initiative motion intention, the single
passive mode with fixed trajectory is difficult to adapt to
usage requirements.'” The fixed gait trajectory will cause
interference with the initiative walking intention during the
rehabilitation. The effectiveness of rehabilitation and ther-
apy, indeed, depends on the ability of exoskeleton to help
patients recover from the injury of disorders by the combi-
nation of rehabilitation stages.'® In reality, the appropriate

stage of rehabilitation and rehabilitation mode should be
determined by the physiotherapist according to the diagno-
sis for the patient’s disability levels. For the patients with
unilateral lower limb disorders, the healthy lower limb is
capable of moving at natural speed and having natural
gait trajectory. The functional compensation wearable
exoskeletons are capable of improving the ability of the
unhealthy legs or joints, for example, knee, ankle, and foot
orthoses.'® There are two kinds of exoskeleton structures
for the rehabilitation of the unilateral lower limb disorders,
that is, unilateral structure or bilateral structure. In this
article, we develop a bilateral structure for the rehabilita-
tion system. Those two freedoms, the hip and knee flexion
and extension of the unhealthy side, are actuated by a disk-
type direct current (DC) motor and an integrated actuation
system, respectively. The healthy side has the similar
mechanical structure, tightly connected around the lower
limb. The mechanical limb should be parallel with the
human limb and should be light and compact to avoid the
discomfort of the human user. The mechanical limb is
made of aluminum alloy and has the weight of 1.4 kg.
For the robotic rehabilitation system for the unilateral
lower limb disorders, the measurement of the healthy limb
movement is critical for the control of the unhealthy limb.
The unhealthy side duplicates the movement of the healthy
limb in the passive mode and adapts the gait trajectory
online based on the interaction signals collected at the con-
nection cuff using force sensors in the active mode. The
gait trajectory of the healthy side can be obtained by some
posture sensors, for example, inertial measurement unit
(IMU),*® and image-based devices, for example, Kinect.?!
The IMU, generally, has gyroscopes and accelerator or
magnetometer and can detect the linear acceleration, angu-
lar velocity, and rotation angle.** The image-based method
of detecting gait trajectory cannot be applied easily in the
external environment. In this work, the robotic rehabilitation
exoskeleton only moves in the sagittal plane and does not
work at high speed. The human limb gait trajectory can be
measured by microelectromechanical systems (MEMS)-
based IMU sensors, which is light and compact. However,
the time drifting problem cannot be avoided in the long term
for the gyroscope sensors. To deal with it, in general, there
are two kinds of methods, for example, extended Kalman
filtering and the complementary filter.>*** In this article, a
wearable lower limb exoskeleton is designed and developed
for the unilateral lower limb disorders to regain the walking
ability. A hybrid rehabilitation training mode is proposed to
drive the mechanical leg. Gyroscope sensors are utilized to
measure the angular position of joints, that is, the knee and
hip joint, on the healthy leg. In the passive mode, the dyski-
netic leg is acquired to follow the registered gait trajectory
by the healthy side. In the active side, the gait trajectory will
be generated again according to the force sensors informa-
tion. The force sensors are applied to detect the active walk-
ing intention and regulate the gait trajectory for the
dyskinetic leg based on the signals of gyroscopes. The
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primary goals of this article can be presented as the follow-
ing: to improve the muscle strength by the passive mode and
adapt to the initiative motion intention by the active mode.

The remainder of this article is organized as follows.
The robotic rehabilitation system under studying is given
in the second part. In the second section. The hybrid control
scheme is developed in the third section. Experiments
using the proposed approach and results analysis are pre-
sented in the fourth section. Conclusions are drawn in the
final section.

Rehabilitation exoskeleton under studying

A limbs motion analysis

Lower extremity exoskeletons are the anthropomorphic
devices that perform similar movement with the human
body. A robotic exoskeleton system has the similar
mechanical structure parallel with human limbs. The basic
principles of exoskeleton design are expressed as follows:
enough joint movement range, dexterous workspace, and
lightweight. Generally, the robotic exoskeleton design is
dependent on human motion analysis, that is, clinical gait
analysis (CGA), which can give human limb joint angles,
torques and powers for typical walking patterns, for exam-
ple, level-ground walking.?® Kinematic data of human
limbs, for example, angular position, can be obtained via
the three dimensional video capture system. Kinetic data of
human joint, for example, actuating torque, can be acquired
by applying dynamic models of human limbs. For a single
leg of lower extremity exoskeleton, there are seven degrees
of freedom (DOFs), that is, three at the hip joint, one at the
knee, and three at the ankle. The hip joint moves in three
different planes to form a spherical joint.”® The hip joint
has three DOFs, that is, flexion/extension in sagittal plane,
abduction/adduction in coronal plane, and medial/lateral
rotation in transverse plane.?’” The motion of flexion/exten-
sion is to advance the human body. The abduction DOF
moves the lower limb away from the midline of the body,
while the opposite occurs in adduction. The motion of
medial/lateral rotation is rotating around the long axis of
the femur. The knee has two major functions in sagittal
plane, of which the first one is to cause an extensor moment
to stand upright and the second one is to allow knee flexion
to bring the foot off the ground. The knee joint can be
flexed or extended. The ankle is a hinge-type synovial joint
which has three DOFs of plantarflexion/dorsiflexion in
sagittal plane, pronation/external rotation in coronal plane,
and inversion/eversion in transverse plane. The ankle con-
nects the leg segments of limbs to the foot to ensure the
stability of standing. The movement range of human lower
limb based on CGA is illustrated in Table 1.%°

The aim of the robotic rehabilitation exoskeleton system
is to help regain the motion ability of the unilateral limb
disorders. The flexion/extension DOFs of the hip and knee
need larger power and torque, which are set as the active

Table I. Movement range of lower limb based on CGA.?

Joints DOF Range of DOF
Hip Flexion/extension —30to 120
Adduction/abduction —20 to 45
Medial/lateral rotation —50 to 40
Knee Flexion/extension 0 to 150
Ankle Plantarflexion/dorsiflexion —40 to 20
Pronation/external rotation —35to 30
Inversion/eversion —35t0 20

CGA: clinical gait analysis; DOF: degree of freedom.
*The unit of the range of DOF is degree. The flexion/extension DOF of hip
joint and knee joint is actuated.
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Figure |. The prototype of the rehabilitation exoskeleton. We
assume that the left leg is healthy while the right leg is unhealthy.

DOFs. The hip abduction/adduction and medial/lateral
rotation are not important during a walking cycle.?® Those
two DOFs are passive and can move in a smaller range. In
this robotic exoskeleton system, those DOFs of the ankle
joint are passive with some elastic elements, since this
exoskeleton, primarily, is to assist the leg segment.

Mechanical design

To keep the natural movement and achieve a comforta-
ble walking, the DOF number of a lower extremity exos-
keleton in the actual design should be close to the DOF
number of human lower limbs. Based on CGA and real
application, the lower extremity is designed as shown in
Figure 1. Figure 1 shows that there are two active DOFs,
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Figure 2. Integrated electrical actuator. |: DC motor, 2: gear pair
transmission, 3: ball screw with a slide nut. DC: direct current.

that is, the flexion/extension in sagittal plane of hip joint
and knee joint, respectively. We define that the left leg
is the healthy leg and the right leg lacks athletic ability.
To walk conveniently, the healthy leg wears the exoske-
leton leg without any actuation system, that is, mechan-
ical links. The hip joint on the unhealthy side is actuated
by a DC motor system while the knee joint is driven by
an integrated electrical actuation system. The integrated
electrical actuator includes three main components, that
is, a DC motor, a gear pair, and a ball screw, which is
depicted in Figure 2. The usage of integrated electrical
actuator can transfer rotation movement into linear one,
which is beneficial for the placement of actuator without
enlarging the size of mechanical legs. On the healthy
side, there are two gyroscope sensors for the measure-
ment of angular position of hip and knee joint, respec-
tively. Since the actuation system is removed from the
mechanism, the healthy leg can walk with the lightweight
mechanical links easily. For the ease of wearing for users
with different height, the exoskeleton system is designed
to adapt to different users. The leg segment consists of
a thigh and a shank with length adjustment mechanism,
respectively. The exoskeleton system can be adjusted for
the user in the range of 165-180 mm. The weight of a leg
segment with the actuation system is 4.4 kg, while the other
leg without actuation system is 1.4 kg. The whole robotic
exoskeleton system, including legs, actuation system, control
enclosure and the backpack, has the weight of 18.5 kg.

Hybrid training mode development

Control platform

A hybrid control mode is proposed for the rehabilitation
training of the unilateral lower limb disorders. Since

the patient has the walking ability on the healthy side, the
passive mode should be used at the early stage of the
rehabilitation and the active mode should be applied
according to the recovery levels. The whole control hard-
ware architecture is depicted in Figure 3. Basically, the
control platform includes three levels, that is, (1) the high
level, that is, a central PC, which executes algorithms
developed by Visual Studio (VS9.0, Microsoft) and
MATLAB (version 7.12, MathWorks) and send the com-
putation results to the next level; (2) the middle level, that
is, programmable multi-axis controller (PMAC; Delta Tau
Corp, Chatsworth, California, USA) and the acquisition
card, which are responsible for executing commands in real
time and collecting signals from sensors and actuators; and
(3) the low level, that is, real hardware, which is composed
of sensors and actuation systems.

The PC has the interface to collect state signals and
runs the corresponding algorithms, producing control
signals for the mechanical prototype. The PMAC has
four axes to receive commands from the PC and transfer
them to drive the actuation system. In PMAC, those
parameters used for motion programming are tuned and
defined. The actuation system for the knee joint is an
integrated electrical actuator, which is composed of a
DC motor, a gear pair, and a ball screw. The DC motor
is brushless and chosen from Maxon. The ball screw has
a pitch of thread of 6 mm. The electrical actuator of the
hip joint is placed on the rotation axis, which is com-
posed of a DC motor and a gear transmission. The motor
for the hip actuation has the power of 90 W, while that
for the knee actuation has the power of 150 W. The
specific parameters of the actuation system for those two
joints are shown in the Table 2. The power of the system
is provided by a lithium battery of 24 V. There are some
DC converters to produce the power supplies of 5 V and
12 V. There are some safety precautions implemented
on the exoskeleton system. In the mechanical design,
physical status indicator switches are arranged to pre-
vent leg segments from excessive excursions. The elec-
trical system is equipped with two emergency shutoff
switches, that is, an enable button that terminates the
motor command signal, and a large e-stop button that
shuts off the whole power.

There are four kinds of sensors utilized in the robotic
exoskeleton system, that is, gyroscopes, foot pressure sen-
sors, force sensors, and optical encoders. Foot pressure
sensors are placed in the insole of the wearable shoes and
can be utilized to identify walking phases. Gyroscopes,
placed on the healthy limb, are applied to measure the
angular position of the hip joint and the knee joint. One
gyroscope is placed on the thigh for the hip joint and the
other on the shank for the knee joint. Force sensors are
utilized in the assistive motion mode to detect the initia-
tive walking intention of the unhealthy limb. Two force
sensors are placed in the interaction cuff on the mechan-
ical leg, where one is fixed on the front and the other on
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Figure 3. Control system architecture of the rehabilitation exoskeleton system. The whole control system have three levels, that is,

high level, middle level and low level.

Table 2. Specific parameters of the actuation system of the hip
joint and the knee joint.

Parameters
Power Torque Velocity Reduction Supply
W) (nm) (r/min) ratio V)
Hip joint 90 0.444 2600 1:80 24
Knee joint 150 0.177 6900 1:100 24

the back, called human-robot interaction (HRI) signals.
Actual joint angular position of the mechanical leg on the
unhealthy side is measured by the optical encoders.

Kalman smoother for gyroscope signals

A MEMS-based attitude and heading reference system
(AHRS) is utilized to measure the gait trajectory of the
healthy limb. The AHRS includes gyroscopes, accelerators,
and magnetometer and is capable of outputting three-axis
rotation speed, acceleration, and posture (Roll, Pitch, and
Yaw). The rotation angle can be obtained based on the
integration of angle speed. The accuracy of measurement
can be improved by the compensation of the information
fusion algorithm, for example, extended Kalman filter. The
AHRS in this article has a time drift of 4° h™' for the
rotation angle. To eliminate the time drift of the AHRS,
the robotic rehabilitation system will recalibrate to set new
reference point per half an hour. The utilized AHRS is
shown in Figure 4 and its specific parameters are depicted
in Table 3. The AHRS is small and can be fixed on the
mechanical limb. The output of the AHRS can be trans-
ferred to the control computer through standard RS-232.
The sampling frequency is 50 Hz and the baud rate is set
as 115200. The angle of Roll is used for the measurement
of the human limb gait trajectory.

The AHRS is placed on the mechanical leg on the
healthy side to measure the human gait trajectory. The
angular position of the healthy side is defined as 64(k) at
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Figure 4. Kalman filter and smoother for the gyroscope signal.
The original signal is from the sensors directly. The Kalman
smoother can smooth the signal’s trajectory and is capable of
eliminating noises much.

Table 3. Specific parameters of the AHRS.?

Range Accuracy  Resolution Sampling
Name (degree) (degree) (degree) rate (Hz)
Roll —180 to 180 2 0.1 200
Pitch —90 to 90 2 0.1 200
Yaw —180 to 180 2 0.1 200

AHRS: attitude and heading reference system.
*The accuracy is the dynamic accuracy.

the kth sampling interval. The registered angular position
data is defined as the following

Og.a(k) = Og(k) — 05(0) (D

where 6, 4(k) is the angular position relative to the initial
position and 6,(0) is the initial value of the gyroscope
sensor. The initial value will be collected when the human
limb stands straightly. The collected 6, 4(k) should be
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Figure 5. Hybrid control strategy for the rehabilitation exoskeleton system. The exoskeleton and the healthy limb are in the same
integrated system. The gyroscope sensor is used to measure the angular position of the healthy limb and the optical encoder is utilized

to feedback the actual position of joint.

filtered and smoothed to eliminate noises and construct
the reference input of the unhealthy side. Kalman filter is
applied to deal with signals measured by gyroscope
Sensors.

The Kalman filter has been one of the most often-used
state estimation technique, for example, signal processing®
and image processing.’® The general state-space represen-
tation of a linear time-variant system is written in the fol-
lowing formula

{xk = Axj_y + Bup_1 + Or_y @)

Yi = Hxp + Ry

where x;, yx, and Ry are the kth system state, the mea-
sured output value, and the measurement noise vector,
respectively, u;_; and QO represent the (k — 1)th
input to the system and system state noise vector, and
A, B, and H denote the state matrix, the input matrix,
and the output matrix. The updated equations for system
and measurement are shown as follows’'

Xy = A%y + Buy_y

Py = AP AT + Oy

Ki = PrHT(HP H™ + Ry)
X =%, + Kie(ve — HX5—1)
P, = ([ — KkH)P]:

(€)

where K} is the Kalman gain matrix, / is the unit matrix,
and Pj, is the variance matrix. We define u;_; = 0 and

= [1 0],14:[01}&1:[1 0]

00 10 “)

The x; represents the kth physical HRI signal at
the kth interval and the time series of x; will be dealt
using Kalman filter. All available measurement data
together with the current data are used to deal with the

measured data better. The Kalman smoother is able to
smoothen the signal while eliminate noises. The
smoothed distributions over the measurement can be
calculated from the Kalman filter results by recursions
as following™?

Pr = AP 1 A" + Oy

Ceo1 =Pl (Pr)™!

Xj_y =Xk—1 + Cr—1(x) — Ax—1)
Py = Pi+ Ce(Py = P)CY,

)

where xj_, is the (k— 1)th state value via Kalman
smoother, and Cj_; is a gain matrix. Figure 4 gives com-
parison of results dealt with by Kalman filter and Kalman
smoother. The application of the Kalman smoother can
smooth the gyroscope signals.

Strategy design

The hybrid rehabilitation strategy includes two modes,
that is, the passive mode and the active mode, as shown
in Figure 5. At the preliminary stage of rehabilitation, the
exoskeleton system will be driven based on the angular
position collected by the AHRS sensors. The angular posi-
tion via AHRS sensors is regarded as the desired trajec-
tory for the unhealthy limb. Optical encoders are used to
obtain the actual angular position of the hip joint and the
knee joint to construct a close position loop. The propor-
tional—integral—derivative (PID)control law can be
expressed as following
ts
u=Kye+ K,-/ edt + K ;Ae (6)
0

where e = 0,(k) — 0(k), 0,4(k) is the desired gait trajectory,
which equals to 6, 4(k), (k) is the actual angular position
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Figure 6. Experiments wearing the exoskeleton system.

measured by optical encoders, K,,, K;, and K; are para-
meters of the control strategy, which can be tuned in
PMAC. In the passive mode, the primary goal of the mode
is to drive the unhealthy side to follow the gait trajectory of
the healthy side, measured by the AHRS.

When the unhealthy limb’ muscle has been strength-
ened, the active mode can be triggered. In the active
mode, the gait trajectory is generated again on the basis
of the measured gait of the healthy side. The mechanical
legs connect with the human body via the interaction
cuff and the wearable shoes. There are two force sensors
placed on the front and back side of the interaction
cuffs. The force sensor on the front can state that the
leg should move forward continuously, that is, the legs
move away from the body. Similarly, the force sensor
on the back can declare that the leg should stop moving
forward and reverse, that is, from the state of flexion or
extension to the initial state. In this article, the force
signals on the front and the back are defined as Fr and
Fy. In this article, the assumption that the increment of
angular position of the hip joint is same as that of the
knee joint is stated. The modification of the gait trajec-
tories can be obtained as the follows

0 |1F7 (k) — Fa(k)|| < o
A8.a(K) = { T Er ) = Falh)), < IF () = Fy(R)]] < A
|1F7 (k) — Fy (R) || > A

()

where Af, is the increment angular position, o and A are
constants, and & N is the maximum increment relative to
the maximum force k. The gait trajectory will be modified
and generated as follows

Oaq(k) = AOg(k) + 0 (k) ®)

The modified gait 6,,(k) is the desired trajectory and
the PID controller will drive the mechanical leg to shadow
04.4(k) to achieve active rehabilitation. The transition of
those two modes can be performed by the user via pressing
the trigger switch.

Experiments

Laboratory experiments are performed on a healthy
wearer and ethical approval was granted by the Labora-
tory Management Council. The healthy wearer has the
weight of 62 kg and height of 178 mm. The user is
acquired to wear the robotic exoskeleton to walk on the
level ground and stairs, as shown in Figure 6. Before the
human subject walks by himself, he is asked to adapt the
exoskeleton system with the safeguard. The user is able
to choose the control mode, that is, passive mode or
active mode. To evaluate the validity and effectiveness
of the proposed control approach, our experiments will
be classified into two cases, that is, the passive rehabi-
litation mode (case 1) and the active rehabilitation mode
(case 2). In case 1, the user’s unhealthy side should
follow the healthy side absolutely. In case 2, the user’s
unhealthy side can regenerate the gait trajectory based
on the physical HRI.

Case |: Passive rehabilitation mode

In the passive mode, the two AHRSs, placed on the thigh
and shank, collect and preserve the gait trajectory of the
healthy limb. The position control strategy is designed to
drive the exoskeleton leg of the unhealthy limb to follow
the preserved gait trajectory. To illustrate the experimen-
tal results, the x-axis is placed according to the walking
gait cycle (%). The unhealthy limb should duplicate the
movement of the healthy limb’s gait trajectory. Actually,
the gait trajectories of those two legs have a phase differ-
ence. The experimental results are depicted in Figure 7.
Figure 7(a) and (b) gives illustrations of the comparison of
the healthy side and the unhealthy side for the hip joint
and the knee joint, respectively. In Figure 7(a), the curve
from the point “A” to the point “B”* marked in solid line
shows a walking gait cycle of the healthy limb. The curve
from the point “B” to the point “C” is also a walking gait
cycle of the unhealthy side. Those two curves are nearly
the same while the gait trajectory of the unhealthy limb
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Figure 7. The gait trajectory of the healthy limb and gait
tracking in the passive mode. The gait trajectory of the healthy
side is collected by AHRS and that of the unhealthy limb is
measured by encoders. This plot gives the corresponding gait
trajectory of three gait cycles. AHRS: attitude and heading
reference system.

lags behind the healthy side for a walking cycle. As
Figure 7(b), the curve from the point “B” to the point
“C” of the unhealthy side responds to the curve from the
point “A” to the point “B”. The curve of “BC” can
match the curve of “AB” from the view of gait trajec-
tory’s amplitude. Through the closed loop position control
with tuned parameters, the unhealthy leg can follow the
predefined gait of the healthy leg.

Case 2: Active rehabilitation mode

In the active mode, the measured force sensors are used
to modify the gait trajectory by equations (7) and (8)
according to the walking intention of the unhealthy
limb. As presented previously, these two sensors on the
front and back side will determine that the leg should
move forward or backward based on the predefined tra-
jectory of the healthy side. Those two force sensors are
placed in the connection cuff around the thigh. This kind
of sensor has sampling frequency up to 500 Hz and
output the voltage value of the interval [0, 10]. The
modified gait trajectory can be calculated based on the
output of the force sensor by equations (7) and (8), as
shown in Figure 8. Figure 8(a) and (b) shows the gait
trajectory of the knee joint and the hip joint on the

Figure 8. Limb gait trajectory regeneration based on that of the
healthy side in the active mode. The HRI force can be obtained by
two force sensors. The trajectory of the “unhealthy active” is
modified based on that of the “unhealthy passive” using the HRI
force. HRI: human-robot interaction.

unhealthy limb, respectively. Those legends ‘“force,”
“Unhealthy-passive,” and ‘“Unhealthy-active” denote
the physical HRI information, the gait trajectory without
modification, and the gait trajectory with modification
using the HRI signals, respectively. As shown in Figure
8(a) and (b), the HRI force on the curve from the point
“A” to the point “B” is positive. As a result, the gait
trajectory of the unhealthy limb in the active mode will
increase based on that in the passive mode. Similarly,
the negative HRI force on the curve from the point “B” to
the point “C” causes the decrease in the gait trajectory.
The gait trajectory of the healthy limb and that of the
unhealthy side is compared in Figure 9. As shown in Fig-
ure 9(a), the trajectory from the point “A” to the point
“B” denotes a walking cycle of the healthy limb. The
curve from the point “B” to “C” represents the regener-
ated gait trajectory of the unhealthy side based the curve
“AB.” The curve “BC” has a delay of a walking cycle
compared with “AB”. Figure 9(b) illustrates the compar-
ison of gait trajectory of the knee joint and the hip joint for
those two limbs. The curve from the point “A” to the
point “B”’ denotes the trajectory measured by the AHRS,
while the curve from the point “C” to the point “D”
represents the gait trajectory, which modified using the
HRI force based on the gait trajectory of the healthy limb.
The active mode is capable of improving the walking
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Figure 9. The gait trajectory comparison of the healthy limb and
the unhealthy side in the active mode. The gait trajectory of the
unhealthy limb does not duplicate the gait of the healthy limb but
regenerate the gait trajectory of the unhealthy side based on the

HRI force. HRI: human—robot interaction.

ability of the unhealthy limb based on the patient’s

intention.

Conclusions

In this article, we contributed a hybrid rehabilitation strat-
egy, that is, the passive mode and the active mode, for the
lower extremity robotic exoskeleton. The walking gait of
the healthy limb can be obtained by AHRS and the robotic
exoskeleton will duplicate the gait trajectory in the passive
mode or modify the gait trajectory in active mode to help
strengthen the unhealthy limb. Laboratory experiments
show and demonstrate that the proposed hybrid control

strategy for rehabilitation is valid and effective.

In the future, some adaptive control strategy will be
studied to compensate the uncertainties in the robotic
system. In the active mode, the relationship between the
increment of modified gait and the interaction force will be
optimized to achieve that the active mode can adjust to

different individuals.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this

article.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

References
1. Chen B, Ma H, Qin LY, et al. Recent developments

and challenges of lower extremity exoskeletons. J Orthop
Translat 2016; 5: 26-37.

2. Riener R, Liinenburger L, Jezernik S, et al. Patient-

cooperative strategies for robot-aided treadmill training:
first experimental results. /EEE Trans Neural Syst Rehabil
Eng 2005; 13(3): 380-394.

3. Diaz I, Gil JJ and Sanchez E. Lower-limb robotic rehabili-

tation: literature review and challenges. J Robot 2011; 2011:
1-11.

4. Marchalcrespo L and Reinkensmeyer DJ. Review of control

strategies for robotic movement training after neurologic
injury. J Neuroeng Rehabil 2009; 6(4): 20.

5. Guo Z, Yu H and Yin YH. Developing a mobile lower limb

robotic exoskeleton for gait rehabilitation. J Med Device
2014; 8(4): 44-50.

6. Jan F, Veneman Kruidhof R, et al. Design and evaluation of

the lopes exoskeleton robot for interactive gait rehabilitation.
IEEE Trans Neural Syst Rehabil Eng 2007; 15(3): 379-386.
A Publication of the IEEE Engineering in Medicine & Biol-
ogy Society.

7. Banala SK, Kim SH and Agrawal SK. Robot assisted

gait training with active leg exoskeleton (ALEX). [EEE
Trans Neural Syst Rehabil Eng 2009; 17(1): 2-8. A Pub-
lication of the IEEE Engineering in Medicine & Biology
Society.

8. Sawicki GS and Ferris DP. A pneumatically powered

knee-ankle-foot orthosis (KAFO) with myoelectric acti-
vation and inhibition. J Neuroeng Rehabil 2009; 6(3):
23-23.

9. Sankai Y. HAL: Hybrid assistive limb based on cybernics.

Robotics Research, Springer Tracts in Advanced Robotics.
Berlin Heidelberg: Springer, 2007; 66: 25-34.

10. Stefan H, Henning S and Cordula W. Upper and lower extre-

mity robotic devices for rehabilitation and for studying motor
control. Curr Opin Neurol 2003; 16(6): 705-710.

11. Saglia J, Tsagarakis NG and Dai JS. Control strategies for

patient-assisted training using the ankle rehabilitation robot
(ARBOT). I[EEE/ASME Trans Mechatron 2013; 18(6):
1799-1808.

12. Saglia JA, Tsagarakis NG and Dai JS. A high-performance

redundantly actuated parallel mechanism for ankle rehabili-
tation. Int J Robot Res 2009; 28(28): 1216—1227.

13. Meng W, Liu Q and Zhou Z. Recent development of mechan-

isms and control strategies for robot-assisted lower limb reha-
bilitation. Mechatronics 2015; 31: 132—145.

14. Murray SA, Ha KH and Goldfarb M. An assistive controller

for a lower-limb exoskeleton for rehabilitation after stroke,
and preliminary assessment thereof. Conf Proc Eng Med Biol
Soc 2014; 2014: 4083-4086.



International Journal of Advanced Robotic Systems

15.

16.

17.

18.

19.

20.

21.

22.

23.

Huo W, Mohammed S, Moreno JC, et al. Lower limb wear-
able robots for assistance and rehabilitation: a state of the art.
IEEE Syst J 2014; PP(99): 1-14.

Yan T, Cempini M, Oddo CM, et al. Review of assistive
strategies in powered lower-limb orthoses and exoskeletons.
Robot Auton Syst 2015; 64: 120—136.

Zhang C, Liu G and Li C. Development of a lower limb
rehabilitation exoskeleton based on real-time gait detection
and gait tracking. Adv Mech Eng 2016; 8(1): 1.

Erhan A and Mehmet AA. The design and control of a ther-
apeutic exercise robot for lower limb rehabilitation: phy-
siotherabot. Mechatronics 2011; 21(3): 509-522.

Pons JL, Moreno JC, Brunetti FJ, et al. Lower-limb wearable
exoskeleton. Vienna, Austria: INTECH Open Access Pub-
lisher, 2007.

Wang WW and Fu LC. Mirror therapy with an exoskeleton
upper-limb robot based on IMU measurement system.
In: IEEE International Workshop on Medical Measurements
and Applications,(MeMeA), Bari, Italy, 30-31 May 2011,
pp-370-375. New York: IEEE.

Gal N, Andrei D, Nemes DI, et al. A Kinect based intelligent
e-rehabilitation system in physical therapy. Stud health Tech-
nol Inform 2014; 210: 489—493.

Ahmad N, Ghazilla R AR, Khairi NM, et al. Reviews on
various inertial measurement unit (IMU) sensor applications.
Int J Signal Process Syst 2013; 1(2): 256-262.

Yuan K, Wang Q and Wang L. Fuzzy-logic-based terrain
identification with multisensor fusion for transtibial ampu-
tees. [IEEE/ASME Trans Mechatronics 2015; 20(2): 618-630.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Euston M, Coote P, Mahony R, et al. A complementary filter
for attitude estimation of a fixed-wing UAV. [EEE/RSJ Inter-
national Conference on Intelligent Robots and Systems Nice,
France, 22-26 Septemper 2008, pp.340-345. New York:
IEEE.

Monkhouse WS. Clinically oriented anatomy. J Anat 2006,
208(3): 77.

Pons JL. Wearable robots: biomechatronic exoskeletons.
West Sussex: John Wiley & Sons, Ltd, 2008.

Zoss A and Kazerooni H. Design of an electrically actuated
lower extremity exoskeleton. 4dv Robot 2006; 20(9):
967-988.

Hian Kai K, Missel M, Craig T, et al. Development of the
IHMC mobility assist exoskeleton. /n: IEEE International
Conference in Robotics and Automation (ICRA 2009), Kobe,
Japan, 12-17 May 2009, pp.2556-2562. New York: IEEE.
Rik V, Bert DV and Bergmans JWM. An adaptive Kalman
filter for ECG signal enhancement. /EEE Trans BioMed Eng
2010; 58(4): 1094-1103.

Pan J, Yang X and Cai H. Image noise smoothing using a
modified kalman filter. Neurocomputing 2015; 173:
1625-1629.

Long Y, Du ZJ and Wang WD. Control and experiment for
exoskeleton robot based on kalman prediction of human
motion intent. Robot 2015; 37(3): 304-309.

Sarkka S, Vehtari A and Lampinen J. Time series prediction
by Kalman smoother with cross-validated noise density. In:
IEEE International Joint Conference on Neural Networks,
25-29 July 2004, Vol. 2, pp.1615-1619. New York: IEEE.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


