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Abstract. This paper presents a hydraulic actuator and tendon drive system that was specifically
designed for a lower-limb exoskeleton to provide high power and low inertia. The dynamics of
the actuator-tendon system were analyzed based on the exoskeleton system and an adaptive
sliding-mode trajectory tracking controller was designed for the drive system. The stability proof
indicates that the controller is globally stable. The experimental results demonstrated that the
controller provides high tracking accuracy and is robust to external disturbances and unmodeled
nonlinearities. Moreover, the controller has less errors than the conventional PID controller.
Further tests that included the joints of the exoskeleton were conducted to verify the performance
of the controller.
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1. Introduction

An exoskeleton is a wearable mechatronic device that provides improved functionality to the
human body for various tasks, such as rehabilitation therapy, enabling individuals to carry heavy
loads, and assisting the disabled and the elderly. These devices allow the wearer to perform certain
tasks in daily life with less fatigue [1]. Currently, many researchers throughout the world are
investigating exoskeletons. Exoskeleton research involves many aspects, including biomechanics,
sensors, drive technology, and control [2]. The drive system of an exoskeleton, which includes
motors and hydraulic or pneumatic actuators, is very important. Together, the drive system and
the control system determine the performance of the exoskeleton and must be able to provide
sufficient power. The hydraulic systems have higher ratios of force or torque to weight or size
than electric systems. Thus, a hydraulic drive system is preferable for exoskeletons, which require
high power. Such systems were used in the BLEEX [3] (Berkeley Lower Extremity Exoskeleton)
and the XOS exoskeleton [4, 5]. Use of a hydraulic rather than electric drive system provides more
power and decreases the joint inertia; both of these properties are desirable for providing assistance
with walking. To obtain these desired properties, hydraulic actuators are installed on the back of
exoskeleton, and tendons are installed on the front to connect the hydraulic actuators and the joints,
thereby providing a lightweight and flexible transmission path.

One disadvantage of hydraulic systems is that they may leak hydraulic fluid, which is
detrimental to the environment [6]. Additional challenges to precision control include
nonlinearities that can arise from a loss of hydraulic fluid, changes in the effective bulk modulus
of the hydraulic fluid with temperature, friction and other uncertainties. When designing a
controller, we must consider the influence of uncertainties, external disturbances and other
nonlinearities to achieve the desired tracking performance.

Conventional PID control techniques can provide good performance for hydraulic servo
systems under nominal conditions, but the performance degrades when the operating conditions
change because of external loads or disturbances. Some various advanced methods, including
intelligent control methods, have been developed to solve this problem. An adaptive robust motion
control algorithm was employed by Yao to improve the performance of hydraulic systems with
double-rod hydraulic actuators in the presence of parameter uncertainties and nonlinearities [7, §].
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Yao also developed an adaptive robust controller for single-rod hydraulic actuators [9]. Similarly,
variable-structure control, which is also known as sliding mode control, has been used for
hydraulic systems [10, 11]. An improvement of the variable-structure control method is adaptive
sliding mode control, which has been applied to an electro-hydraulic servo system with a
double-rod actuator [12]. These control algorithms are robust to uncertainties and nonlinearities
and exhibit better performance than standard control systems.

The use of tendons for position transmission complicates the control of the system. We
therefore studied the tendon characteristics to eliminate the adverse effects and obtain the desired
control performance. In addition, the nonlinearities in the hydraulic system were accounted for to
ensure precise tracking of the exoskeleton joints.

In this paper, a power-assisting exoskeleton for carrying loads was developed, the dynamics
of the hydraulic actuator and tendon position transmission system were analyzed based on the
exoskeleton and an adaptive sliding mode trajectory tracking controller for a hydraulic actuator
and tendon servo system of an exoskeleton is proposed. The stability of the controller is proved
analytically. The controller can guarantee joint tracking performance and is robust with respect to
uncertain external disturbances. Furthermore, the controller can achieve the desired results using
a one-DOF (degree of freedom) hydraulic cylinder and joints control in the exoskeleton. The
tracking performance is demonstrated through experiments.

This paper is organized as follows. Section 2 introduces the exoskeleton that we developed.
The dynamics of the hydraulic control system are described in Section 3, and the tendon model is
presented in Section 4. The adaptive sliding mode control algorithm and the stability analysis are
presented in Section 5, and the tracking performance of the system with the proposed controller
is demonstrated in Section 6. Our conclusions are presented in Section 7.

2. Background

We developed a power-assisting exoskeleton for carrying loads; a diagram and a photograph
of the system are shown in Fig. 1. Any healthy person between 165 and 185 c¢cm in height can carry
loads and walk easily wearing this exoskeleton. Fig. 1(a) shows a diagram of the exoskeleton
system, and Fig. 1(b) shows a working prototype, which includes hip, knee and ankle joints. This
exoskeleton has six degrees of freedom, which are shown in Fig. 2. Separate hydraulic actuators
and tendons drive each joint. An integrated set of hydraulic cylinders was specifically designed
for the exoskeleton and is shown in Fig. 3. The proximal end of tendon connects each rod of the
cylinder and the distal end of tendon is fixed on the joint. The tendon can move freely in the sheath.
The tendon is pulled by the hydraulic cylinder to produce the flexion and the extension in sagittal
plane.

a) Ilustration of the exoskeleton b) Protypeof the exoskeleton
Fig. 1. Exoskeleton: 1 — tendon, 2 — tension sensor, 3— attitude sensor, 4 — hydraulic actuator mounting
panel, 5 — back panel, 6 — waist panel, 7 — hip joint, 8 — spring, 9 — knee joint, 10 — ankle joint
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Fig. 2. Exoskeleton degrees of freedom  Fig. 3. Integrated hydraulic cylinder set: 1 — electro-hydraulic
servo valve, 2 — cylinder, 3 — piston rod

The architecture of the exoskeleton control system is shown in Fig. 4. The main components
include the controller, sensors, data acquisition and processing system. The function of the sensor
data acquisition system is to measure the state of the exoskeleton in real time using foot force
sensors, joint angle sensors, and force sensors that are installed between the user and the
exoskeleton and detect the intended motion of the user. Based on the sensor data, the controller
generates commands to move the joints through the actuator-tendon drive system. The primary
purpose of the controller is to coordinate each joint of the exoskeleton and enable the exoskeleton
to follow the motion of the operator in real time. To ensure that the operator can walk comfortably
while wearing the exoskeleton, it is very important that the control system moves the joints to
follow the desired trajectory precisely.

ureal
Decision control
Y T,

Hydraulic-
tendon system

S -—— = — — = = = Exoskeleton
ensor data oint angle
processing eNso

| Sensor feedback I
| Force sensor I
}
|

Ground
conditions

between human
and exoskeleton

Fig. 4. Control system architecture of the exoskeleton
3. Dynamics of the hydraulic system

In this section, we present the dynamics of the hydraulic actuator which is the first step of the
controller design process. The dynamics of the hydraulic actuator were presented previously [13];
thus, we present the state equation without details.

The displacement, velocity and acceleration of the actuator piston were chosen as the state
variables, which are represented as x = [xy,%,,x3]7 2 [x,%,%]7. x;, x,, x3 were the
displacement, velocity and acceleration of the actuator piston, respectively. The state equation can
be expressed as follows:

498 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2016, VOL. 18, ISSUE 1. ISSN 1392-8716



1907. TRAJECTORY TRACKING CONTROL OF A HYDRAULIC-TENDON ACTUATOR WITH AN APPLICATION TO THE EXOSKELETON.
XINLIANG LU, SHAN JiA, LIN CHEN, XINGSONG WANG, YALI HAN

J'Cl = xz, ).CZ = x3,
A1B:Ci(p1 — p2) AZ.BeCt(pl —-p2) B X f

X3 = — — X3~ —

m(V1 +A;x;) m(V, — Ayxq) m m (D
_ [ ﬁe Z:Be + K] + AlﬁeTl AZ.BeTZ u
mV; +A1x)) mV, — A,x) %2 m(Vy + Ayx;)  m(V, — Axxg)]

where:

T, = C,Wa|s(x,) ’2 —P) jz
(2)
T, =C;Wa s(xv)\/7+ s(—x, , pz) ,

where:

*>
s =5 2o ®

C, is the discharge coefficient, x,, is the servo spool valve displacement, W is the servo spool
valve area gradient, f3, is the effective bulk modulus, K is the spring stiffness coefficient, f is an
external disturbance force, Q; and Q, are cylinder chamber flows, p; is the supply pressure of the
hydraulic fluid, p, and p, are the pressures of the working chambers, p is the fluid density, m is
the load mass, B is the viscous damping coefficient, A; and A, are the piston areas, C; is the total
leakage coefficient, u is the control input, x is the displacement of the piston, V/; and V, are the
cylinder chamber volumes.

The state Eq. (1) is nonlinear. It is difficult to obtain accurate values for several of the
parameters in this equation, such as m, Cy4, V;, and V,. Moreover, certain parameters, such as [,
and p are nonlinear and change with the hydraulic oil temperature. These uncertain or
time-varying parameters may cause system nonlinearities that make it difficult to design a
controller to track a desired trajectory.

4. Tendon model

The third author Chen presented the tendon model in a previous paper [14, 15]; thus, the
position transmission model is presented here without a discussion of its development. The
displacement of the distal end of a tendon at a joint is expressed as:

_ (Mx(0,t), A#0,
(L0 = {x(O,t‘), 1=0, )
where:

M, = —1 A>0

- 1+ 5+ kb, o

M2 fAQp %)

MT = T A < 0

14+ 74 FAQ,
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A =0 imply the tendon stationary and A # 0 imply that the tendon is moving. x is the
displacement of the tendon.
Where:

L s
@, =f exp [—,uf K(o, t)da] ds, 1>0,
OL 50 (6)
D, = J- exp [,uf k(o, t)da] ds, 1<0.
0 0

K(o, t) is the curvature at position s, u is the friction coefficient, ¢ is the time, L is the length
of the sheath, E and A are the elastic modulus and cross-sectional area of the tendon, respectively.

The transmission inverse model of the tendon can be easily obtained from Eq. (4) and is
expressed as:

(*a(t) () >0
| M, ) xq(t) )
Xiny(t) = x}iw(t)’ 24(t) <0, 7N

Xy (t7), X4(t) =0,

where, x4 is the desired input and x;,,,, is the inverse output.
We can obtain the output trajectory for the actuator using the preceding equation and the
desired tendon output trajectory.

5. Adaptive controller design

The control objective is to design a control law to enable x = [x;,x,, x3]7 to track the desired
trajectory x; = [x4, X4, ¥4]7 as closely as possible.

In the following, to simplify the notation, *; denotes the ith component of the vector *.

We make the following assumptions:

Assumption 1. The derivative of f, which represents external disturbances, is bounded, and
the following inequality is always satisfied:

If| < ow (8)

where o0 is a known positive constant.

Assumption 2. The desired trajectory x4 = [xg, %4, %4]7 is continuous and known.
Furthermore, [x4, X4, %417 € Q4 € R3, where ) is a compact set [16].

With these assumptions, and the uncertain variables in the state-space equation are linearly
parameterized [9], Eq. (1) can be simplified as follows:

Xl = Xy, 5(2 = X3,

X3 = E [Cax1x; — P1X; — Pox1x, + ¢3x12x2 = PuXz — PsX1X3

(€))

f
+ ¢6x12x3 = ¢pL — ﬁ_ala’z + (A ThV, + ATV, — A1 AR Tixg + A1 AR Tox)u|,
e

where:

500 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2016, VOL. 18, ISSUE 1. ISSN 1392-8716



1907. TRAJECTORY TRACKING CONTROL OF A HYDRAULIC-TENDON ACTUATOR WITH AN APPLICATION TO THE EXOSKELETON.
XINLIANG LU, SHAN JiA, LIN CHEN, XINGSONG WANG, YALI HAN

KWV, K(AV, — A,V
Com A2l =13, ¢y = 43, + M3+ 02, ST A
KA, A, BV,V, B(AV, — A,V BA,A,
3 = v Pa = , Ps = » P =——
pe pe A% pe AV, — A V)Be (10)
m m m
¢y = C (A V, + A1), ¢g = 2 , o = #: 10 =5
Be Be Be
PL=P1— P2 @1 =Vi+A1x, a, =V, —Axy,
,  aa;m
B =g+ Pox1 — P10A145x57 = ——
Be
Because V;, V,, B., C; are uncertain parameters, aq, a,, 3, and ¢; (i = 1,..., 4) are also

uncertain.
Fact 1. a4, a,, and B, are bounded and always satisfy the following inequalities:

a, <0y, a1 <03 04<pf,<0s, (11)

where o,, g3, g4, and o5 are known positive constants.
Fact 2. a;, 0,, ay, m, and B, are positive; thus, f = a;a,m/B, is positive. Because
Ps > D1, Ps > D2, the inequalities T; > 0 and T, > 0 are easily obtained. Thus:

The sliding hyperplane is defined as follows [17]:
S=ce+cé+é, (13)

where e = x; — x4, ¢; > 0, ¢, > 0, and ¢; and c, satisfy the Hurwitz stability criterion [18].
Differentiating Eq. (13), the following equation is obtained:

S = Clé + Czé + .)'Cll - ..x.d = Clé + Czé - Xd + [Caxlxz - ¢1x2 - ¢2x1x2

B
f

+¢3x12x2 = Puxz — Psx1x3 + ¢6x12x3 = ¢spL — ﬁ_alaz
e

(14)

where V; represents the estimate of V; (i = 1, 2), and ¢; is the estimate of ¢; (i = 1,..., 10). The
errors in the estimates are as follows:

Vizﬁi_vii (i:l’Z), ‘{Ei:(i’i_(pb (l=1,,10) (15)

In general, sliding mode control consists of an equivalent control and a switching control
[19-21]. The equivalent and switching control terms are combined, and the actual values of the
parameters are substituted with the estimated values. The control law is expressed as follows:

1 R R ~
u= C,x1 %y + Pyxy + Poxi X, — Pax?x
A Ty0y + Ay T, 0, — AAT1x1+AAT2x1{ a¥1Xp + $1X F h2X1Xz = P3Xi X

+q,’)4x3 + Psx1xs — Pexixs + Gyps + (Ps + Poxy — ProA1Ax7)(—cré — 26 + %) (16)
- §¢9x25 + ¢10A1A2x1x25 - ngn(s)},

where N is a positive constant that satisfies:
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010,0:
N>1223 (17)
Oy

A Lyapunov function is selected as follows:

10
1 1 > 1 - 1 -

V==ps?+ E — g+ — T2+ —T, (18)
Zﬁ izlzyiqbl Yiu © Va2

11

where, y; (i = 1,..., 12) are positive constants.
The time derivative of the Lyapunov function is:

% 1BZ+B‘ 1201¢7$ 11717 Lo (19)
=—=fs SsS — —¢;p; — -
2 i:1yi e Y11 Y12 2

Substituting Eq. (16) into Eq. (19), the following equation is obtained:

1 1
= _¢9x25 — 1044 Alexzs - Z (b ¢L V1V1 - )/_Vzvz

Y11 12
+5[(¢s + Pox1 — P104, Ale)(cle + C2€ — Xq) + CoX1Xp — P1Xp

—ox1%; + P3xfx, — PuXs — PsXiX3 + PeXixs — Popy — ﬁ_%az

e
+(A TV, + A ToVy — A1 A Thxy + A1 A Tox)u] = s{—¢1x; — Prx1x; (20)
+P3x7xy — PaXz — Psx1X3 + PeXiX3 — Popy + Pg(c1é + 28 — Xy)

1 -
+dq xzs + x,(cié + cé — xd)] ¢>10A Ayxq[x1(cré + € — X)) + x,5]

1 1
+A,T,V,u + A,T,Viu — Nsgn(s)} — ¢ ¢L — —V1V1 — —V2V2
Y11 V12
The following adaption laws are chosen:
¢1 = —Y15X2, §52 = ~Y2S5X1X2, @3 = Y35X7 Xy, ¢A)4 = —VaSX3, $5 = —Vs55X1X3,
P = Vesxix3, 7= —V75p1, Pg = ves(cié + 26 — Xy),
¢9 = VoS |5 %28 +x1(c1€ + 26 — Xa) |, (21
¢31o = —Y105A142%1[x1(€1€ + 26 — X)) + xp5],
V1 Y1254, T, Vz y1154:Thu,
where the constants y; (i = 1,..., 12) determine the adaptation rates of each uncertain parameter.
Eq. (20) is transformed into:
. fa1a2 0103203
V =s|—Nsgn(s) — <|s| [—N + —] (22)
Be 04

From Eq. (17), we can obtain the following inequality:

V < —nlsl, (23)
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where, 7 is a positive constant.
By integrating both sides of the inequality in Eq. (23), the following inequality is obtained:

t
tlimf nls| < lim[V(0) = V()] S V(0) < o0, Vt > 0. (24)
—00 0 —00

Eq. (24) implies tlim fotnlsl is bounded and the function n|s| is uniformly continuous.

According to Barbalat’s lemma, s — 0 as t — oo, which guarantees that the system state moves
forward and remains on the sliding surface s.

The conditions V >0 and V < 0, i.e., V is positive definite and V is negative definite,
guarantee that the system is globally, uniformly and asymptotically stable.

6. Experimental validation
6.1. Experiment preparation

The acceleration of the piston rod must be known for the feedback signal of the control system.
The displacement of the piston can be obtained directly via a linear displacement sensor. We can
obtain the velocity by differentiating the displacement signal and filtering the data. However, it is
very difficult to obtain accurate values for the acceleration. In order to obtain relatively accurate
values for the acceleration, we can evaluate them through the integral chain differentiators. The
three-order integral chain differentiator is expressed as follows [22]:

X1e = X2e»
Xpe = X
2e 3e (25)
. a; ( ) by C1
X3e = — X1 = X1) — X9 ——X
3e &3 le 1 g2 2e c 3er

where € >0, a; >0, b; >0, ¢c; > 0 and ay, by, and c; satisfy the Hurwitz stability criterion.
The variables x; ., X,., and x5, are the estimates of x;, x,, and x5, respectively.

A first-order low-pass filter 1/0.02s + 1 is included at the output of the second differentiator
to suppress noise.

6.2. Experiment setup

To test the proposed trajectory tracking controller, a hydraulic-actuator and tendon servo
system was constructed. The system is composed of an integrated hydraulic station which is used
to supply pressure oil, an electro-hydraulic servo valve, a hydraulic cylinder with a single piston
rod, a sheath-tendon transmission system, a laser displacement sensor, two pressure sensors
manufactured by GE (General Electric corporation), two control computers, and a
digital-to-analog (D/A) and analog-to-digital (A/D) module (PCL-812PG) manufactured by
Advantech Technology. The PCL-812PG module acquires the piston rod displacement and sends
the control signal.

The controller was implemented in the MATLAB® Real-Time Workshop® (RTW) software
package using the host/target computer mode. Fig. 5 shows the layout of the actuator-tendon
system. The block diagram of the actuator-tendon system in the MATLAB/Simulink®
environment is shown in Fig. 6. The host and target computers were connected via an Ethernet
network. At the start of an experiment, the control program is compiled on the host computer and
then transmitted to the target computer. When program execution is completed, the experimental
data are transmitted to the host computer. The servo amplifier transforms the voltage signals to
current signals to control the servo valve. The hydraulic valve receives the current signal from the
servo amplifier to control the hydraulic oil flow. The displacement of the cylinder is measured by
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a laser sensor in real time and acquired by the PCL-812PG module.

The experiment platform is shown in Fig. 7. A hydraulic cylinder is used to test the proposed
controller. The electro-hydraulic servo valve and hydraulic cylinder are installed together.
Commands are sent to the alternating-current motor to generate the variable load. One end of the
tendon is connected to the hydraulic actuator, and the other end is connected to the motor.

Host PC { ':
MATLAB Sensor data Disol t
Simulink isplacement sensor
RTW I
XPC
y Cylinder
Program transmission

Parameter adjustment

Monitor y
Y C
Target PC s‘;g:\rzfll Current
signal i
ISA Servo ¢ b5
<— PCL-812PG  |[#—» . Y ¥
Real-time Amplifier i
kernel Electro-hydraulic servo valve

Fig. 5. Real-time control schematic

\J P In1 Out1 —|_>
Int PCL-812PG
Sine Wave1
postion inverse model Outt —P» p| 1 Advantech
PCL-812PG In2 _ Analog Output
Advantech1 » Saturation SCIETIPG
Analog Input 5 ¢ pdaptive controller -

PCL812PG congant SUbtract2  Gain
Fig. 6. MATLAB/Simulink block diagram of the control system

L,
isplacement N
Sensor

LI

s s s s
sqs o .

B s a s 2 »

6.3. Uncertain parameters

The supply pressure of the hydraulic oil is 5 MPa. The working areas of the cylinders are
A; =4.9x10%m? and A, = 2.9x10"* m?. The stroke of the cylinders is 100 mm. Because the terms
V1, V, include the control input u, the initial values of several of the uncertain parameters must be
known. The initial values of these parameters were as follows: V; = V, = 4.5x10° m3, m =2 kg,
B. = 800 MPa, p = 850 kg/m?, C, = 5x10""* m3/Pa, W = 1.2x10?2, C; = 0.8, and « = 1x107. In
the experiments, there was only an inertial load; thus, K = 0 and B = 0. The initial values of the
coefficients ¢; (i = 1,..., 10) were obtained from these parameters.
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6.4. Experiment results

The desired trajectory was chosen to be a sine function. Because of the presence of the tendon,
the output trajectory of the actuator must be modified according to the desired trajectory. For
comparison, a PID (proportional-integral-derivative) controller was also designed. The values of
the PID controller gains were P = 2.58, I = 0.02, and D = 0.5, where P, I, and D are the
proportional, integral and derivative gains, respectively. Figs. 8 and 10 show the trajectories for a
single actuator with the proposed adaptive sliding mode controller and the PID controller under
constant and variable loads, respectively. Fig. 9 and 11 show the tracking errors. The initial
displacement of the actuator was -50 mm. The desired trajectory started at 0 mm; thus, the initial
error was relatively large. A phase lag was present in the PID-controlled tracking, which made it
difficult to achieve accurate tracking. The trajectory yielded by the sliding mode controller
coincided with the desired trajectory and had less error after the initial transient than did the PID
controller.

60
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: — PID control
|

] e Tt el e — proposed algorithm
|
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B e it e
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|
|
|
|
|
|
|
L

|
|
‘5 10 15 20 25 30
Time(s)
Fig. 9. Tracking error without a load

As shown in Fig. 10 and 11, the trajectory produced by the PID controller oscillates and does
not closely track the desired trajectory when the load varies with time, but the sliding mode
controller is largely unaffected by the variable load and is robust to the external disturbances.

Generally, the step response can examine the performance of one system in harsh conditions.
Fig. 12 shows the response of hydraulic actuator with the proposed algorithm. There is a little
shoot in step response but the tracking curve is stable at very short time and coincides with the
desired trajectory.

The results verify the performance of the proposed control algorithm for a single hydraulic
cylinder. However, these results are not sufficient to demonstrate the effectiveness of the
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in the exoskeleton in operation. To further test the effectiveness of proposed control
tests that included the joints of the exoskeleton were conducted. Angle sensors were
n the exoskeleton joints to measure the rotation angles of the joints in real time. The
desired trajectories were chosen to be sine functions for this test. The first reference trajectory,
which is shown in Fig. 13, was y = 0.698sin(mx/4). The second reference trajectory, which
Fig. 14, was also sinusoidal, but the frequency and the amplitude were not fixed. The
was y = 0.698sin(mx/4) from 0 to 24s and y = 0.436sin(mx/3) subsequently.
s of whether the amplitude and frequency of the reference trajectory were fixed or

variable, excellent tracking was obtained with the proposed controller.
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Fig. 12. Step response
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To fully demonstrate the effectiveness of the proposed controller for the exoskeleton, a test of
human gait trajectory tracking with the exoskeleton was conducted. The gait trajectory was
obtained from a normal individual walking in a gait measurement system. The data were consistent
with the CGA (Clinical Gait Analysis) data obtained by other academic institutions. The human
gait, including the hip and knee trajectories, was used as the reference trajectory. As shown in
Fig. 15 and 16, the tracking in both the hip and knee joints was good. There were slight lags only
when the direction of the joint motion changed. However, these lags did not affect the tracking
performance of the exoskeleton while walking. These experimental results verify that the proposed
controller is effective and significant.
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Fig. 14. Variable frequency and variable amplitude sinusoidal track of the exoskeleton joint
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Fig. 15. Hip gait trajectory track of the exoskeleton joint
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——desired trajectory
= tracking trajectory
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Fig. 16. Knee gait trajectory track of the exoskeleton joint

The first author Lu Xinliang analyzed the dynamics of the actuator-tendon system, designed
the adaptive sliding control algorithms and proved the stability. The test of this paper was written
by the first author. The control experiments were implemented by the second author Jia Shan. The
tendon model and the transmission characteristics were analyzed by the third author Chen Lin.
The idea of adaptive sliding control algorithms was presented and the test was revised by the
fourth author Wang Xingsong. The mechanical structure and the control architecture of the
exoskeleton system were designed by the fifth author Han Yali.

7. Conclusions

In this paper, the details of the exoskeleton, including the mechanical design, degrees of
freedom, drive system, transmission system, and control architecture, were presented. An adaptive
trajectory tracking controller for the actuator-tendon servo system was developed to compensate
for tracking errors in the presence of uncertainties, thereby providing accurate trajectory tracking.
It was proved that the system is globally, uniformly, and asymptotically stable. The experimental
results verified that the controller is effective and robust with respect to external disturbances. The
proposed controller was successfully tested on the exoskeleton system. This research is only
preliminary, but it forms the basis for stable exoskeleton walking. The ultimate goal of trajectory
tracking is to ensure that the exoskeleton can function with the operator.
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