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Abstract: Lower limb rehabilitation machines are widely used to enhance the mobility function of elderly people and
patients suffering from spinal cord injury and stroke. In this paper, a four degrees of freedom (DOF) lower body
exoskeleton with a model-based compensation control framework is proposed to support hip-knee rehabilitation. The
exoskeleton control movement is realized by designing a trajectory for each leg movement. A function approximation
technique (FAT) based adaptive control is applied to each two DOF legs during a rehabilitation task. Using the FAT
based adaptive control, the natural system dynamic is adaptively compensated for without knowing the acceleration
feedback and system dynamics. Simulation results show the disturbance observer successfully estimated the user’s
applied leg force. The leg force is given as the input to compliance control applied in 2 DOF motors when performing a
walking sequence on a treadmill. Moreover, the FAT-based adaptive control outperformed the standard
proportional-differential (PD) control and could accommodate different subjects without any changes to control
parameters.

Keywords: FAT Based adaptive control; exoskeleton rehabilitation; locomotors training; rehabilitation robots;
disturbance observer

the rehabilitation of upper-limb motor function after
stroke. Similarly, Sanchez et al. [2] designed a T-WREX

Introduction - .
system to automate arm movement training following

Lower limb impairment can result from spinal cord
injury, stroke and other diseases. Body-weight supported
treadmill training (BWSTT) is generally used to treat
lower limb disabilities, but BWSTT alone produces
inconsistent results because rehabilitation performance
is heavily reliant on the skills and experience of individual
therapists.

Recent advancements in robotics and industrial
automation applications can be extended to various
medical applications, including the use of robots in
patient rehabilitation. Lum et al. [1] proposed an
approach for robot-assisted movement training and
compared the effects with conventional techniques for
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severe stroke. Khan et al. [3] proposed a robot-assisted
reaching exercise which produced arm movement
recovery in chronic hemiparetic stroke victims.

Numerous studies have discussed exoskeleton
design for upper and lower limb patient rehabilitation.
Perry et al. [4] created an upper limb exoskeleton for
rehabilitation actuated using a cable transmission.
Likewise, Nef et al. [5] engineered an active exoskeleton
known as ARMIn Ill, which was modeled on the structure
of the human shoulder. Krebs et al. [6] built an
impedance-controlled mechanism for robot-aided
rehabilitation. Tsagaralas and Caldwell [7] constructed a
2-D haptic-assisted system to minimize the pathological
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absence of motor control in patients with upper limb

impairment. Rosati et al. [8] developed a wire

length-controlled robot (Ne-Re-Bot) for post stroke
rehabilitation. Mao and Agrawal [9] introduced a cable
driven tendon system that can generate push-pull forces.

Ohnishi et al. [10] described a disturbance
observer using an inverse plant model to estimate the
resultant disturbance acting on the system. The
robustness and tracking accuracy of industrial
manipulators has been improved by applying disturbance
observer (DOB) modules which are used for power
assistance control. However, existing methods consider
acceleration feedback. Similarly, Ugurlu et al. [11]
proposed a linear DOB for an upper limb power
exoskeleton, and also compensated
proportional-integral-differential (PID) control for a
passive assisted exoskeleton. However, this liner DOB.
method uses acceleration feedback, and this exoskeleton
design still relies on linear PID control with a precision
manipulator model.

This paper proposes a force sensorless compliance
control of a lower-limb exoskeleton robot. The major
contributions of this paper are as follows:

e An adaptive control scheme for a lower limb
exoskeleton is proposed to support hip-knee
rehabilitation.

e The FAT-based adaptive control with
acceleration-free non-linear disturbance observer
position control is used to measure external torque.

e Precise manipulator system dynamic and
acceleration variables are not required for the
adaptive control and disturbance observer.

* The proposed exoskeleton system can achieve the
desired trajectory generated by the human walking
gait pattern, since the manipulator system dynamic
properties and its boundedness are satisfied.
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Lower Limb Exoskeleton Robot Control
System

Fig. 1 shows the proposed exoskeleton robot. In
this approach to exoskeleton therapy, 2 degrees of
freedom manipulator robot are used for each leg. The
exoskeleton leg is capable of actively moving according
to the modeled human-like gait trajectory and the
patient leg follows the exoskeleton leg’s movement.
Table 1 summarizes the specifications of the proposed
exoskeleton.

Table 1. EXOSKELETON 2-DOF LEG MECHANICAL SPESIFICATION.

metrics 1%oint 2"9oint
mi(kg) 45 2.0
li (m) 0.42 0.42
0.2646 0.1176

Ii kg
m

Fig. 1. 2 DOF Manipulator based Exoskeleton in the real view.

This section describes the use of position control in
our exoskeleton robot and the disturbance observer as
the force estimator. Later, position control, and
disturbance observer are used for compliance control.
Fig. 2 provides an overall diagram block.

Impedance Control

In this research, the compliance control is designed
for 2-DOF exoskeleton leg. To achieve this, impedance
control [12] is used as the control reference for adaptive
control. Impedance control can adapt to external torque
and is calculated by Eq. (1),

G = —M (K (G = )
+Bm(qm _Qd) - fd)
where G, 0m.am002and M, B, K, 00%?
are respectively the model joint acceleration, velocity,
position vector, mass constant, damping constant, and
spring constant. An integration method is used to obtain
joint velocity and position.

(1)

FAT Based Adaptive Control

In the FAT-based adaptive control, regressor-free
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adaptive control is used for the motor position control
[13]. Specifically, this control does not require
acceleration feedback or system dynamic.
Therefore, the manipulator system dynamic is changed
as shown in Eqg. (2), where the M(g) € W™ ™ is the
inertia matrix, Clg,q) € R™"™ is the Coriolis and
centrifugal term, g(g) € R™ is gravity, ¢ is the joint
rotational acceleration and Y (t) is the unknown time
varying function.

Yt)=M(m)4+C(q,9)q+9(@)-4g (2)
The torque input for the manipulator is shown in Eq. (3),
where @ € R" is the estimate of ), K, € R™ " is the
proportional gain, the Ky € R™" is the derivative gain,
and e=(9—4,),¢=(4—4,) € Rare respectively the
rotational position and rotational velocity errors.

r=¢+q,-K.e-Ke

overall

(3)

Active Assisted Exoskeleton
Im
+ T’ .
Motion Inverse jlg_‘ Impedance qu' dm f
— .. : —
Planner Kinematics Control
X,y =
2 |
m
Adaptive | 74 Exoskeleton
Control Actuators
* Tz, a.4
Disturbance
Observer

Fig. 2. Exoskeleton Control Scheme.

The desired rotational positions are obtained for
first and second joints based on inverse kinematic output
as described in the previous section. Then the closed
loop system dynamic is shown in Eq. (4).

e+K, e+ er=l/7—1// (4)

The update law is designed for ">y, and the
tracking e is converged asymptotically. To design the
update law, FAT is applied to represent ¢ and { as
shown in Egs. (5) and (6).

YUy =Wz(t)+e (5)
g =WTz+¢ (6)

Based on Egs. (5) and (6), W € RE™ " is the
weighting matrix, z(t) € R¥™*1 is the basis function
vector, and € is the approximation error. Hence, the state
space is formed by using Egs. (4), (5), and (6), as shown

in Eq. (7).
x=Ax-BW'z+¢) (7)

In Eq. (7),
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To ensure stability, the Lyapunov-like function
candidate is considered as shown in Eq. (8).

1

V=¥ Pxt Tr(W T W) (8)

In Eq. (8), T.=F, 00" s a positive definite
matrix and p = pT y#™nis a positive definite matrix
satisfying the Lyapunov equation A'P+PA=-Qfor a
given positive definite matrix QO O*™* | The time
derivative of V along trajectory of Eq. (8) is shown in Eq.

(9).
(9)

Therefore, based on Eq. (9), the update law with -
o modification is designed as shown in Eq. (10), where
O s a positive number.

p= %x’ Ox—Tr(W' =" PB+W'T W)

W = -T,(2X" PB + 0W) (10)

The approximation error € is ignored if a sufficient
number of basis functions are used. Otherwise, if there is

, 1
no o-modification, then we haveV = 3 X'Qx<0,

Disturbance Observer

External torque is considered as an external
disturbance for a manipulator based robot. In this
research, a non-linear disturbance observer is used to
determine the external torque as a disturbance without
using a torque sensor.

Manipulator system dynamics include joint
acceleration, velocity, and position as shown in Eq. (11).
It is very hard to design a disturbance observer since
acceleration sensor is noisy. Therefore, in this subsection,
the non-linear disturbance observer [14] is used with
free acceleration. Some parameter settings must be
determined to achieve the desired disturbance observer
response or obtain any external force around the robotic
environment.

Consider an n-DOF rigid serial manipulator system
dynamic with external torque and friction force as shown
in Eq. (11) below.

M(@)4+C(a,9)q+g(a) +F(q) =7 +7,,
where, M (q) , é(q) , and 9(0) are respectively the
estimated values of Inertia matrix, Coriolis, and gravity
terms. In addition, AM,AC,andA Gare additive

uncertainties present in robot model as respectively
shown in Egs. (12), (13), and (14).

M (q) = M (q) + AM
C(a,9)=C(q,)+AC

(11)

(12)
(13)
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g(q) = g(q) +Ag (14)

Then, the lumped disturbance vector 7,; with all
dynamic uncertainties, joint friction and external torque
are defined in Eq. (15).

Ty =Toe ~AMG-ACq-Ag-F(q) (15)

Hence, the estimated values of manipulator system
dynamic are changed to Eq. (16).

M(q)d+Ca,ag+§(@=7+7, (16)

Based on Eq. (16), the basic disturbance observer is
shown in Eq. (17) below.

f,=-LE, +{M(d+X(q 9 +4(d -3 (17)
Based on Eq. (17), L is the observer gain matrix. By

defining ATy =74 — 7 , the torque disturbance error
dynamic is presented in Eq. (18).
7, =LAr, At, =1, - LAT, (18)
The disturbance observer requires acceleration
feedback to obtain the disturbance torque as shown in
Eqg. (17). However, the disturbance observer proposed by
Mohammadi et al. [14] has the same error dynamic even
without acceleration feedback. We propose an

acceleration-free disturbance observer. First, we define
the auxiliary z as in Eq. (19),

z=7,-p(a,q) (19)

Vector p(g.q) is defined by using observer gain matrix
as mention previously, and is shown in Eq. (20).

< p(@.0) =L@M (o) (20)

Using Egs. (16), (17) and (19) and taking derivative
of Eq. (20), the modified disturbance observer is shown
in Eq. (21) [14].

z=-Lz+{X(q 94+ §(d -7~ p(q Q)
7y =2+p(q,9)
From Eq. (21), the modified disturbance observer

error dynamic is the same as the basic disturbance
observer, as proven in Eq. (22).

(21)

, o2 . . d .
Ard_rd_rd_rd_z_ap(QvQ)
=1, +L(9)z-L(9{dg 9q
+9(9) -7 -P(q,9)}
-L(@)M ()4
=7, +L(O){7, - pg 9} - q (22)
{-M(d G+7, - R g 9}

-L(q)M ()4
= Td - L(Q)(Td _fd)
=7, - L(g)Ar,

The gain matrix P, and L play an important role for

@ www.ausmt.org

designing the disturbance observer gain. The proposed
matrix is shown in Eq. (23).

L(a) = XM "(q) (23)
In Eq. (23), matrix L(qg) is invertible, and has the
property of the disturbance observer. The estimated
inertia matrix is a positive definite matrix and is thus
invertible. From Eq. (20) the matrix is defined in Eq. (24)
as:
P(a,¢) = X™q (24)
Finally, using the LMI method proposed in [14], the
invertible gain matrix X can be found in Eq. (25).

4 1
X 1:5(5"'2180-2)'%2 (25)

M (q)

the ,B is the desired convergence rate.

In Eq. (25), 7 is ,the O, isH|\7I (9)|[, and

Human Gait Pattern

In this study, the human gait pattern is defined as
the motion planner for our exoskeleton trajectory. Fig. 3
illustrates the human walking pattern.

WM

60% 5% 85% 100%

Fig. 3. Human walking pattern.

Fig. 4 shows the trajectory gait for hip and knee
joints for a 50 cycle/step walk.

40 T T T T

10 \‘\ / -

201 b

S0 c d -
y

60 I L I L L I I L I
0 5 10 15 20 25 30 35 40 45 50

cycle

Fig. 4. Generated hip and knee joint trajectory for 50 cycle/step walk.
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Since the inverse kinematic is used to obtained the
desired hip and knee joint position, the end effector
trajectory is plotted in a 2D Cartesian diagram as the
input for the inverse kinematic. Using the MATLAB curve
fitting tool, the end effector trajectory in the 2d
Cartesian diagram is shown in Eq. (26).

P, =a,,+a,cosw, }+b,, sintw, )
+a,, cos(2w, Hb,, sin(B, )
+a,,C08(3w, J+b,, sin(8, )

P, =2, +2, oS, )* b, sintw, )
+a,,008(aw, }+b,, sin(2w, )
+a,,c0S(3w, J+ by, sin(aw, )
+a,,cOS(4w, +b,, sin(4w, )
+a,,COS(AW, J+b,; Sin(Ew, )

(26)

For our case, the parameters in Eq. (26) are chosen as
a,=5422a,= 25.8%),= 12.64,,= 6.240,=— 6.304,
a,=0.8893,=—-0.888%y = 0.1256,=— 77.98,
a,=2.084ph, =-4.94p,,=—- 0.9585,= 242
a,=1993ph,= 0.7234,,= 0.5034,=- 0.6855,
a, =-0.005h, = 2.44,=1.993n,= 0.7234,,= 0.5084,
b, =-0.68553,. =— 0.008,,=— 0.143f,= 0.1257

The end effector based on Eqg. (26) in 2D Cartesian

space is shown in Fig. 5.

30

40

Xfem)

Fig. 5. End effector trajectory based on human gait.

Experiments and Results

Smulation Results

Simulations and real-world experiments were
performed to assess system performance. The simulation
modeled the exoskeleton gait movement using position
control to provide gait movement. The simulation results
present the modeled force and the estimated force using
the disturbance observer. The desired trajectory would
reach and collide with the treadmill belt on the base
frame. Moreover, a ground contact force exists between
the treadmill and patient’s foot. Hence, the disturbance
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observer is used to estimate all external forces affecting
all joints for compliance control. Simulations were
performed using ODE45 in MATLAB.

The simulations were run for 50 seconds using the
following adaptive control parameters: Kp, Ki, P gain M,
and g-modification is

(800 O
K = )
) 600}
200 0
Kd: ’
| 0 120
[ 10 0 %106 o0
be 0 2x10 0 &10|
2x16 0 16 0
| 0 4x16 0 x16

r,=1000L,, and g=1. The initial weighting value

W (0) 0 O 3%2is zero.
The disturbance observer parameters are set at
(:HM(q)H=0.4591a2 =|M ¢ }= 0.3528an8= 10

L _[37576 0 o o .
X== 0 37576 The approximation of inertia matrix

, SO

M(q)as the gain in L needs to be as small as possible to
increase the disturbance observer convergence rate. In
this simulation, since 1\7I(q) must be a positive, definite
and symmetric matrix, it is set at M (q) =0.0M @),
M(q) :{ 0.003528cosf, 4 0.0102 0.001764cpst ) 0.007058
0.001764cosf, 4 0.002058 0.002058

The estimated Coriolis and gravity terms to be used
in the disturbance observer are,

c“(q,q){

6(q) = 4.116cosq, ¥ 17.493cog(+q,
@= 4.116cosg, +q, )

-0.1764j, sing, ) — 0.1764sing §(+4d, |)
0.1764y, sing, ) 0

})

The position control performance tracking is
shown in Fig. 6. Based on Fig. 6, the controller can track
the desired  positionwell. This results in an error in the
motor position since the end effector leg touches the
ground, thus the exoskeleton leg can adapt to it. Fig. 7
compares the estimated force (blue) and modeled force
(red) in the y direction. The modeled force is tracked
sufficiently through performance tracking. Torque error
occurs occasionally but it converges again to the
modeled force. Since we are using adaptive control for

position control, the estimated parameter 1) is shown
in Fig. 8. Initially, each estimated parameter has a

auSMT Vol. 8 No. 1 (2018)
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significant overshoot so that the controlled motor
position is converged to the desired position as quickly
as possible.

0.8

oo |

desired q,

mator position (rad)

time (s)

(@)

desired q,
iy

motor position {rad)

2 4 6 8 10 12 14 16 18

motor position (rad)

5o desired q, | |
- -
2 4 6 8 10 12 14

>
>

A
2]

motor position {rad)

(=} =}
[ B
[

desired q,
Sy

‘2 ‘; é E; 1‘D ‘\‘2 1‘4 16 18 20
tig\e (s)
(d)
Fig. 6. Motor position performance tracking of (a) 1% joint, (b) 2" joint,
(c) 3¥joint, and (d) 4t joint.
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Exoskeleton Robot Experiment Results

Experiments were performed using a PC with an i5
2.53 GHz dual core processor, Microsoft Visual C# as the
software development environment and language
programming, and smart motors as the actuators. A
serial RS232 is used for communication between the PC
and all motor actuators. The communication data
package is designed according to the Smart Motor
communication protocol.

Force estimated in y
— — —Forceiny
10 g

Force (N)

o
{

Fig. 7. Estimated and modeled force in (a) y direction and (b) x

direction.

In this experiment, joint position control is
performed with compliance capability to exert the
compliant force interaction with the subject and
treadmill belt platform. The FAT-based parameters are
the same as those used in the simulation, but the
disturbance observer convergence rate is changed to
g=1 as the noisy torque disturbance should not be an
input of impedance control and FAT-based adaptive
control. The impedance parameters are chosen as,

600 O 40 O 05 0
Km = , Bm = 'Mm =
0 600 0 4 0 o
The output positions in Fig. 9 show the real motor
1 position can track the model position well, especially

auSMT Vol. 8 No. 1 (2018)
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Fig. 9. Experimental result performance tracking for (a) 1%t joint, (b) 2" Joint, (c) 3 joint, (d) 4" joint.
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for the upper joints for legs 1 and 2. There is a big error
on the trajectory tracking, especially in the impedance
control as the exoskeleton system still detects the gravity
as the external torque. The disturbance observer outputs
for all joints are shown in Fig. 10. The graphic
performance tracking shows the disturbance observer
outputs fluctuate, and determining the source of the
problem requires comparing the torque graphic outputs
in Fig. 11.

at

Joint 1 disturbance

joint 2 disturbance

3

joint 3 disturbance observer
3

-100

joint 4 disturbance observer

time (s)

(d)
Fig. 10 (a) 1** Joint, (b) 2™ Joint, (c) 3™ Joint and (d) 4*" Joint disturbance
observer output.
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joint 1 control output
o 8

E

9
g

&
2

joint 2 confrol output

] 1 2 3 4 5 6 7 8 9 10
fime (s)

500 . :

400 1
_ 300
g
5
S 200
5
g
= 100
£
L5

0
-100
-200
0 1 2 3 4 5 & 7 8 9 10
time (s)
()
150
100

g

Joint 4 control output
o

5
time (s)

(d)
Fig. 11. (a) 1% joint, (b) 2" Joint, (c) 3™ Joint, and (d) 4™ Joint torque
output.

Comparing the disturbance observer and torque
graphics, we find that the disturbance observer output is
actually in the opposite direction of the torque output.
As seen in the disturbance observer equation (21), this
problem is due to differences between the gravity and

AUSMT Vol. 8 No. 1 (2018)
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Coriolis manipulator matrices in the real system. Thus,
these matrix variables can’t compensate for the motor
torque in the absence of external torque.

r=M(a)d+C(q,9)q+9(q).

The exoskeleton trajectory changes when force is
exerted by the leg, as shown in the disturbance graph.
The amplitude initially fluctuates but then returns to
normal. The compliance effect can be seen by observing
the end effector position as shown in Fig. 12 and Fig. 13.
Note that, more than 1 step is performed in 10 seconds,
hence more than 1 blue line is shown in the graphic.
Application of external torque changes the trajectory.
The overall rehabilitation and training of continuous
action is shown in Fig. 14.

N &g trajectory
ro= - leg trajectory desired | |
- J

right leg position in y (m)

0.6 -0.5 -0.4 0.3 0.2
right leg position in x (m)

0.8 0.7

Fig. 12. Right leg trajectory.

&
&

=
w
&

N g trajeclory
- + leg trajectory desired | 7

left leg position in y (m)
& 1T Lt
& o & o &5 &

&
=

s
T
o

-0.8
0.8

-0.6 0.5 0.4 0.3
left leg position in x (m)

0.7 0.2

Fig. 13. Left leg trajectory

Conclusion and Future Work

This research describes the development of an
exoskeleton rehabilitation system based on position
control with compliance capacity. Simulation results
clearly show that the force sensorless disturbance
observer performs very well in estimating the modeled
external force affecting the exoskeleton system while
walking, thus the joint can adapt to environmental
changes. Simulation results also prove that the FAT-based
adaptive control can be used effectively as a position
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control without acceleration feedback or
dynamics in the control system.

In the real-world experiment, the disturbance
observer performs differently, showing the opposite
value for the control torque output since the system
dynamic used for the disturbance observer model cannot
compensate for real torque to reach the desired position.
But the function approximation technique (FAT) based
adaptive control performs well in tracking the model
reference control even without acceleration feedback
and the awareness of the system dynamics.

Future work will use a function approximation
technique (online or offline) to obtain the
uncompensated system dynamic which is considered as
the external torque for our disturbance system, thus
improving disturbance observer output, and moving the
proposed system architecture towards real-world
implementation.

system

Tl "

1, O s |
X | ‘e VN

Fig. 14. Rehabilitation and training of continuous action view.
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