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ABSTRACT The exoskeleton robots to assist load-carrying have received much attention in recent years.
However, their load capacity and comfort are still insufficient. In this paper, we have developed a novel
parallel actuated lower limb exoskeleton(PALExo), that addresses these problems. The novelty is that each
limb of the exoskeleton is a 2-SPU underactuated parallel mechanism. Owing to the innovative series
elastic module (SEM) with multi-segment stiffness, PALExo is compliant and comfortable for the wearer.
The high load characteristic of the parallel structure increases the exoskeleton load capacity, and it can
accommodate wearers of different heights without manual adjustment. A dynamic model of the exoskeleton
was established, and in order to increase the robustness of the system, we designed a force control method
based on sliding mode control and disturbance observer. Finally, the rationality and load-bearing effect of the
exoskeleton were verified through a series of experiments including swing following, squatting and walking
with loads.

INDEX TERMS Lower limb exoskeleton, parallel structure, sliding mode control, disturbance observer.

I. INTRODUCTION
Exoskeletons are powered robotic devices that can beworn by
humans to enhance their strength or increase the efficiency of
the rehabilitation therapy. The development of exoskeletons
can be driven by many applications, including to improve the
patient’s recovery efficacy, to help paraplegic or quadriplegic
people to regain locomotion ability, to provide additional
power for walking or stair-climbing of people suffering from
muscular weakness, and to empower healthy people to per-
form heavy loads carrying [1]. In this paper, we focus only
on the lower limb exoskeletons for heavy load carrying.

There are some common criteria used to classify the
exoskeletons. According to the proportion of active degrees
of freedom(DOFs) in all DOFs, the exoskeleton can be
divided into three types: passive, fully actuated and underac-
tuated. According to the connection form of the mechanical
structure, the exoskeleton also can be divided into three types:
serial, parallel and series-parallel hybrid.

The associate editor coordinating the review of this manuscript and

approving it for publication was Zheng Chen .

Hugh Herr classified exoskeletons and orthoses into
devices that act in series and in parallel to a human limb
[2], [3]. The exoskeletons in series with the human lower
limb are mainly used to enhance the bounce and speed of the
human, typical products of which include Springwalker [4],
Power skip [5], Bionic Boots [6], and Kangoo-jumps [7].
Bionic Boots can propel the wearer forward at 24 mph,
which is close to the top speed of 27 mph of world fastest
runner Usain Bolt. An impact peak is observed in 15% of
the experiments during running with Kangoo-jumps, com-
pared to 96% of the experiments during running with running
shoes. Wearing these exoskeletons in series with the human
lower limb, the weight of the load is still entirely borne
by the human leg. In contrast, exoskeletons in parallel with
the human lower limb can transfer the weight of the load
to the ground. Therefore, exoskeletons in parallel with the
human limb are more conducive to load-bearing, and the
exoskeletons discussed below in this paper also refer to this
category. The most representative of this type of exoskeleton
include BLEEX [8]–[10], HULC [11], HAL [12], [13], and
XOS [14]. BLEEX’s hip joints have three DOFs, knee joints
have one DOF, and ankle joints have three DOFs, and four of
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these DOFs are active. BLEEX can walk an average speed
of 4.68 km/h with 34-kg load. HULC attains a maximum
speed of 11 km/h and enables soldiers to carry load up to
91kg. These exoskeletons are all designed in series mechan-
ical structure, which is similar to the layout of human limbs
DOFs. This form of structure brings convenience to the DOFs
arrangement and the joint actuator position control, but also
brings some problems. Because this type of exoskeletons
have similar DOFs arrangement with human’s leg, many
researchers choose to completely fix the lower limb of the
exoskeleton to that of thewearer to ensure that the joints of the
exoskeleton and the wearer’s joints are always in the similar
position or their rotation axes are collinear during the exer-
cise. However, misalignment between the wearer’s leg joints
and device joints is an inevitable problem in exoskeletons
with series structure. For example, the motion of the human
knee is not a simple fixed-axis rotation, but a two-dimensional
composite motion. It is difficult to simulate the motion with
a simple combination of kinematic pairs. This misalignment
may make the wearers feel uncomfortable, and even cause
pain and great damage to wearers when joint drive torque is
high [15].

Therefore, artificial polycentric knee joints utilizing vari-
ous mechanisms are presented [16], such as an active artifi-
cial knee structured by a four bar-based polycentric linkage
presented by Hyun [17]. However, this method also has a lim-
itation that it is difficult to adapt to different wearers. On the
other hand, to solve the problems caused by misalignment
between the wearer’s leg joints and device joints, there are
some exoskeletons which have different DOFs arrangement
from human limbs. Their legs are usually not fixed to the
wearer’s lower limbs, and their movements are different from
those of the wearer’s lower limbs when acting. The French
HERCULE V3 [18] is developed by RB3D for weight car-
rying. It bundles with the wearer by backpack harness and
flexible foot attachment system. HERCULE V3 weight 30kg
and its payload is 40kg. The Japanese Honda Walker [19] is
developed for walking assist, which is only 6.5kg weight. It is
attached to the wearer by shoes and a seat which can support
the weight of the wearer. Honda Walker innovatively placed
the leg links of the device between the wearer’s legs rather
than the outside of legs. The different DOFs arrangement
with the human lower limbs ensures the wearer’s comfort.
It is worth reminding that all of these exoskeletons mentioned
above are designed in series mechanical structure, while the
joint actuators in exoskeletons with series mechanical struc-
ture are required to be high-powered when the load is heavy.
As a result, the limitation of joint actuators’ power restricts
the load ability of these exoskeletons. The exoskeletons with
parallel mechanical structure provide an effective solution to
the above this problem.

Parallel structures have been applied in a wide variety of
fields in situations where higher accuracy, speed, stiffness and
lower effective inertia are needed [20]–[23]. The advantage
inherent to Parallel structures makes this type of mechanical
structure suitable for exoskeleton limb applications [24].

At present, researchers have applied parallel structures to
exoskeletons, prior works include wearable wrist, ankle, and
shoulder devices, for example the RiceWrist [25], Ankle-
bot [26], and BONES [27]. BONES uses a parallel mech-
anism inspired by the human forearm to allow naturalistic
shoulder movements. It uses four linear actuators to control
the 3DoF of the shoulder. The prior works almost focus on
fully-driven parallel structures to achieve purely rotational or
spherical motion of a single joint, and they aremostly used for
medical rehabilitation. However, fully actuated exoskeletons
must be bulky and complex.

In summary, most of the existing exoskeletons for load
bearing are based on series mechanical structure. However,
there are some problems with this type of exoskeletons: 1. the
load-bearing capacity is limited by the power and weight of
the actuator; 2. it is difficult to perfectly adapt to wearers of
different heights, which brings comfort issues. To solve the
above problems, we present a novel design of an underac-
tuated lower limb exoskeleton based on parallel structures
in this paper, which is more suitable for load-bearing. And
because of its different DOFs arrangement with the lower
limbs of human body, the movement of the wearer’s feet
relative to the torso can be formed by the parallel structure,
so only the torso and feet of the wearer are bundled with the
exoskeleton. And because the exoskeleton is not completely
fixed to the human leg, there will not be discomfort and joint
damage due to misalignment between the wearer’s leg joints
and device joints even if with wearers of different heights.

We developed an exoskeleton prototype, proposed a con-
trol method suitable for the exoskeleton based on sliding
mode control and disturbance observer, and the rationality
and load-bearing effect of the exoskeleton were verified
through a series of experiments. This paper provides a new
idea for exoskeleton research.

The remainder of this paper is organized as follows:
after the design of parallel actuated lower limb exoskele-
ton (PALExo) is described in Section II, a force following
control method for PALExo based on sliding mode control
and disturbance observer is presented in Section III. The
developed device is verified in experiments in Section IV.
Finally, Section V concludes the paper and propose directions
for possible future work.

II. DESIGN OF PALEXO
A. MECHANICAL DESIGN
While rare in exoskeleton designing, we proposed a non-
anthropomorphic architecture with four active degrees of
freedom. The DOFs arrangement is shown in Fig.1(b).
PALExo has two chains per leg, and there are three pairs per
chain, each chain has one passive universal pair, one active
prismatic pair and one passive spherical pair. In addition,
a passive revolute pair was added on the back of PALExo
to fulfill the swing of hip during human walking. The main
function of this exoskeleton we developed is load-bearing.
With this DOFs arrangement, we take advantage of the low
effective inertia and high load capacity of parallel structure,
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FIGURE 1. DOFs arrangement of an exoskeleton with series structure and
PALExo.

which improves the load capacity of the exoskeleton. And
because the exoskeleton resists the gravity of itself and the
load when it works, it mainly plays a role in supporting in the
vertical direction, so we choose the prismatic pair as active
DOFs. In order to balance a part of the torque formed by
the weight in the sagittal plane and reduce the burden on the
wearer’s waist when carrying a load, we chose two active
electric cylinders in one leg to form a parallel structure instead
of one.

For comparison, we also propose a DOFs arrangement
scheme for the exoskeleton with series structure. Taking an
exoskeleton developed by our group as an example [28], its
DOFs arrangement is shown in Fig.1(a). There are 6 DOFs
in one leg of this exoskeleton, including 2 DOFs for the hip
joint, 1 DOF for the knee joint, and 3DOFs for the ankle joint.
There are 2 actuators in one leg of the exoskeleton: flexion
and extension movement of hip joint and knee joint.

The movement of the human body is mainly concen-
trated in the sagittal plane, so in the study of exoskeletons,
the movement in the sagittal plane is often more concerned.
In the sagittal plane, the parallel structure of each leg of
PALExo can be considered as a four-bar linkage, where two
rods are telescoping as active joints. When the actuators are
locked, there exists one passive DOF in this structure, which
is driven by the wearer’s hip joint, knee joint and ankle
joint together. However, the passive DOF of the exoskeleton
with series structure has to be drived by wearer’s ankle joint
independently. And human ankle joints are not so strong
compared to hip and knee joints. Therefore, compared with
the exoskeleton with series structure, the parallel structure
enables PALExo to bring more comfort to the wearer.

According to the arrangement of DOFs mentioned above,
we developed the exoskeleton with parallel structure, named
PALExo, as shown in Fig.2. Its weight, including the battery,
is approximately 27.8kg. It allows the wearer to walk at

FIGURE 2. The composition of the exoskeleton mechanical system and
the prototype with a wearer. PALExo can be mainly divided into three
parts: the upper body, legs, and shoes. Each leg of the exoskeleton
contains two active telescopic rods, which connect the upper body and
the shoes through the hook and hinge at the end. The wearer in the
picture is 188mm tall and weighs 79kg.

a maximum speed of 7km/h, and can accommodate wearers
with a height of 160cm to 190cmwithout manual adjustment.

Although the architecture of PALExo is different from
human leg, PALExo can still follow the motion trail of the
wearer’s leg by couplingmovements of passive revolute joints
and linear actuators together. Because each chain of the paral-
lel structure has 6 DOFs, the shoes fixed with the ends of two
chains also has 6 DOFs, that makes the legs of PALExo be
able to meet the requirements of the wearer’s legs for DOFs.
The process of PALExo’s single leg following the wearer’s
leg movement is shown in Fig.3.

FIGURE 3. The process of PALExo’s single leg following the wearer’s leg
movement.

In order to adapt to wearers of different heights, the leg
length of the exoskeleton will be adjusted according to the
wearer’s leg length, thanks to the two telescopic cylinders
on each leg of PALExo, as shown in Fig.4. And the control
target of the active joint control method we use is force rather
than position, which makes it unnecessary for us to adjust the
control parameters according to the wearer’s height.
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FIGURE 4. How does PALExo adapts to wearers of different heights.

FIGURE 5. Chain of serial-parallel architecture.

As shown in Fig.2, PALExo can be mainly divided into
three parts: waist and back part, legs, and shoes. As men-
tioned above, per leg of PALExo has a parallel structure
containing two chains. And there are three pairs per chain:
one passive universal pair, one active prismatic pair and one
passive spherical pair, as shown in Fig.5. The active prismatic
pair consists of three parts: an electric cylinder, a gas spring
installed in parallel with the electric cylinder, and a series
elastic module installed in series with the electric cylinder.

Electric cylinder and gas spring form a parallel elastic
actuator(SPA). The gas spring can provide a constant sup-
porting force, which can reduce the burden on the motor of
the electric cylinder. The idea is that the parallel gas spring
generates part of the force required to support the load and
the motor only provides the others. Parallel gas springs can
increase the maximum output force that the actuator can pro-
vide. Depending on the load, the gas spring can be replaced
with a different model or removed.

We designed a series elastic module (SEM) installed in
series with the electric cylinder, as shown in Fig.6. During
the exoskeleton walking, the legs frequently switch between

FIGURE 6. Series elastic module(SEM). (a) The mechanical structure of
SEM. (b) Stiffness identification result of four SEM.

the swing phase and the stance phase, and the required force
of actuators in the two phases are very different. So it is
difficult for a SEM with constant stiffness to adapt to both
situations. To overcome this problem, the SEM we designed
consists of two springs with smaller stiffness and one spring
with biger stiffness, and will show three different stiffness
levels depending on the amount of compression. When the
leg of the exoskeleton is in the swing phase, it is mainly the
two smaller springs of the SEM that work. On the contrary,
when the leg of the exoskeleton is in the stance phase, it is
mainly the larger spring of the SEM that works. In addition,
the amount of compression of each SEM can be measured by
a slide rheostat. There are threemain purposes for introducing
this SEM.

(1) Increase the limit speed of exoskeleton. Only the
two smaller springs work when PALExo’s leg is in the
swing phase. Under certain circumstances, when wearer’s leg
instantaneously moving faster than PALExo’s limit speed,
the wearer still has a certain range of safe movement due to
compression of the springs, instead of suffering an intense
impact from the exoskeleton.

(2) The SEM can act as a buffer. The larger spring mainly
works when the leg of the exoskeleton is in the stance phase,
which can reduce the impact of landing. In addition, when
exoskeleton’s leg is in the process of landing, the spring can
compress and store the potential energy and release the stored
energy when the leg lifting, which can increase the utilization
ratio of energy.

(3) The interaction force between the human foot and
PALExo can be indirectly obtained by measuring the com-
pression of the SEM, using a sliding rheostat.
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FIGURE 7. The structure of the shoe.

We developed a shoe with contact switches, as shown
in Fig.7. The shoe is divided into five layers: the middle
supporting rubber structure, the top and the lowest two layers
of protective rubber pad, and the two silica gel layers with
contact switches inside. The contact condition between the
wearer and the shoe can be measured with upper contact
switches, and the contact condition between the exoskeleton
and the ground is measured by the lower one. This shoe can
detect in real time whether the legs of the exoskeleton are in
the stance phase or the swing phase.

FIGURE 8. The networked control system of PALExo.

B. DESIGN OF ELECTRICAL SYSTEM
For supporting the control algorithm and achieve high-speed
real-time control, we set up the electrical system as shown
in Fig. 8. We developed a master control board with a DSP
TMS320F28335 as the CPU. Since there are a group of sen-
sors and four motors, it is almost impossible to route all signal
wires directly to the master control board. Thus, we chose
CANBUS for communication. The system consists of two
communication line, which are distributed in the two legs of
PALExo. Besides the master control board, there are 15 nodes
in the system, including 4 motor drivers that drive motors
and collect motor signals, 9 angle sensors that measure hinge

angles, and 2 information collection boards that collect the
foot contacting information and position signal of the slide
rheostat. With the system, we can easily add or remove slave
nodes and reduce the complexity and difficulty of wiring. The
baud rate of the CAN bus is 1M/s, and the controller updates
at 250Hz.

III. CONTROL OF PALEXO
In the process of walking, the legs of the exoskeleton fre-
quently switch between the swing phase and the stance phase.
In the swing phase, the actuator only needs to provide the
force required for changing the kinestate of a single leg,
meanwhile the stance leg needs to support weight of the
exoskeleton. So, we controlled the actuators on swing leg or
stance leg with two different control strategies.

We control the four actuators independently, the control
block diagram of each actuator is shown in Fig.9.

FIGURE 9. Control block diagram of each chain.

The control strategy on the actuator of the exoskeleton is
divided into two parts: obtaining the value of target force and
controlling the motor to follow the target force. 1. In order
to obtain the value of target force, we judge whether the leg
is in the stance phase or the swing phase according to the
current state of sensors. When the leg is in the swing phase,
our control goal is to make the exoskeleton’s leg follow the
wearer’s swing leg, and the exoskeleton doesnot affect the
motion of the wearer’s swing leg, that is the human-machine
interaction force of the swing leg is 0. So the target force
of the swing leg is 0. If it is in the swing phase, the target
force is considered to be zero. Otherwise, the target output
force is calculated according to dynamic model proposed in
Section III-A. 2. We adjust the motor output torque to follow
the target force. The value of the motor output torque is com-
posed of three parts: the sliding mode control amount based
on the nominal model, the friction compensation identified by
genetic algorithm (GA), and the disturbance compensation
obtained by the observer. In this section, we will introduce
dynamic model of stance legs, sliding mode control based on
nominal model, disturbance observer, and friction identifica-
tion base on GA respectively.
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FIGURE 10. The simplified dynamic model of the exoskeleton legs. The
exoskeleton can be considered as a structure consisting of four chains,
and each chain has one actuator.

A. DYNAMIC ANALYSIS FOR PALExo
In the stance phase, the dynamic model of the exoskeleton
can be considered as a structure consisting of four chains,
as shown in Fig.10.

Analyzing the force acting on PALExo, it can be found
that regardless of the phase of the legs (stance phase or swing
phase), the external force is derived from three parts. First part
is gravity acting on the center of mass. The second part is the
six-dimensional force and torque acting on the upper body
of exoskeleton from the human body, shown as fhx , fhy, fhz,
Nhx , Nhy, Nhz in Fig. 10. The third part is a three-dimensional
force acting on the end of each chain from human foot or the
ground, shown as fx1, fy1, fz1 in Fig. 10. (Each end of the chain
is a ball hinge, so there is no torque). Among them, fy1 is the
force acting on the end of the chain and in the direction of the
telescopic rod, that is the target force of our control algorithm.
Therefore, in order to obtain the target force, we establish
a dynamic model suitable for the legs in the stance phase
and in the swing phase. Therefore, we can establish a unified
dynamic model of PALExo, which is suitable for both the
stance phase and the swing phase.

In order to simplify the dynamic model, we assume that
point O12 coincides with point O11.

The process of establishing the dynamic model is divided
into two parts: 1. The force analysis of each chain of the
parallel structure is performed to obtain the force between the
chain and the upper body foxn2, foyn2, foxn2,Noyn2, n = 1, 2,
3, 4 represented by fyn, n = 1, 2, 3, 4. 2. The force analysis
of the upper body of the exoskeleton is performed to obtain
the target supporting force at the end of the chain fyn, n = 1,
2, 3, 4. 3. Finally, the human-machine interaction force and
acceleration of the back are taken as 0. Since there are six
equations, but only four unknown variables, the equations
need to be selected based on the degree of importance.

(1) The force analysis of each chain of the parallel structure
is performed.We analyze the force acting on each chain in the
chain coordinate system, taking the No.1 chain in Fig. 10 as
an example. fx1, fz1 and Ny12 can be calculated from the

Euler equation.

fx1 = (Jzo12· ∝zo12 −Nm1z) /Roe (1)

fz1 = (Jxo12 · ∝xo12 − Nm1x)/Roe (2)

Ny12 = Jyo12 · ∝yo12 − Nm1y (3)

where, Ny12 is the constraint torque from the upper body of
PALExo around the chain, Jxo12, Jyo12, Jzo12 is the moment
of inertia of the rod rotating around the three coordinate axes,
∝xo12, ∝yo12 , ∝zo12 is the angular acceleration of the rod
rotating around the three coordinate axes, Nm1x ,Nm1y,Nm1z
is the torque of gravity on the three coordinate axes, Roe is
the length of the chain.

From Newton equation, we get:

fx12 = m1 · axo12 − m1 · gxo12 − fx1 (4)

fy12 = m1 · ayo12 − m1 · gyo12 − fy1 (5)

fz12 = m1 · azo12 − m1 · gzo12 − fz1 (6)

where, fx12, fy12, fz12 is the constraint force from the upper
body of PALExo along three coordinate axes, m1 is the mass
of the rod, axo12, ayo12, azo12 is the acceleration of the rod
along three coordinate axes, gxo12, gyo12, gzo12 is the com-
ponent of the acceleration of gravity in the three coordinate
axes.

Then, we can obtain the restraint force and torque
from the chain rod acting on the upper body of PALExo
fox12,foy12, foz12,Noy1(expression with fy1), and other chains
are the same.

(2) The force analysis of the upper body of the exoskeleton
is performed. We analyze the force acting on the upper body
of PALExo in the inertial coordinate system.

fhx + fox12 + fox22 + fox32 + fox42 = m0axo (7)

fhy + foy12 + foy22 + foy32 + foy42 = m0ayo (8)

fhz + foz12 + foz22 + foz32 + foz42 − m0g = m0azo (9)

Nhx +
4∑

n=1

Nnx +
4∑

n=1

N x
oyn + Nm0gx = Jx0∝x0 (10)

Nhy +
4∑

n=1

Nny +
4∑

n=1

N y
oyn + Nm0gy = Jy0∝y0 (11)

Nhz +
4∑

n=1

Nnz +
4∑

n=1

N z
ozn = Jz0 ∝z0 (12)

where, Nnx = foyn2 · zn + fozn2 · yn, Nny = fozn2 · xn + foxn2 ·
zn,CNnz = foyn2 · xn + foxn2 · yn, n = 1, 2, 3, 4.
(xn, yn, zn) is the coordinates of the origin of the No.n

chain coordinate system in the inertial coordinate system,
m0 is the mass of the upper body of PALExo, axo, ayo, azo
is the acceleration of the upper body along three coordinate
axes, N x

oyn, N
y
oyn, N z

oyn is the component of Noyn in the three
coordinate axes, Nm0gx , Nm0gy is the torque of gravity on the
coordinate axes, Jxo, Jyo, Jzo is the moment of inertia of the
upper body rotating around the three coordinate axes, ∝xo,
∝yo,∝zo is the angular acceleration of the upper body rotating
around the three coordinate axes.
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(3) Considering the wearing comfort, we might as well set
the human-machine interaction force on the upper body to
zero (i.e., fhx = fhy = fhz = Nhx = Nhy = Nhz = 0).
In order for the exoskeleton to compensate for the load and
its own gravity, we hope 6 accelerations of the center of mass
to be zero. Since the exoskeleton has only four active DOFs
and cannot satisfy six equations at the same time, the system
is an underactuated system. The exoskeleton cannot make the
6 accelerations of the center of mass zero simultaneously just
relying on itself. Considering the importance of acceleration
in different directions or angles and the comfort of the wearer,
azo = ∝x0 = ∝y0 = ∝z0 = 0 is taken when the two legs of
exoskeleton are in stance phase, and the other two directions
are balanced by the wearer only. When only one leg of the
exoskeleton is in stance phase, azo = ∝x0 = 0 is taken.

B. SLIDING MODE CONTROL
According to the above dynamic analysis of PALExo, we can
obtain the target force of each actuator. Hereafter, in order to
control the motor to follow the target force, we present a force
control method based on sliding mode control.

The model of each electric cylinder system can be formu-
lated as follows:

u= M (x) · ẍ + B (x, ẋ) · ẋ + f (x, ẋ)+ G (q)+ d(t) (13)

where M (x) indicates the mass of electric cylinder, B (x, ẋ)
indicates the Coriolis and Centrifugal force coefficient,
f (x, ẋ) indicates the frictional force,G (q) indicates the grav-
itational force, d(t) indicates disturbances, u indicates the
input torque.

Let e = xd−x be the position error, where xd is the position
command signal. We design the sliding mode surface as:

s = ė+ ce (14)

then introducing (13) into (14), we get ṡ:

ṡ = ë+ cė = cė+ ẍd − ẍ (15)

ṡ = cė+ ẍd −
1
M

(u− B · ẋ − f − G− d(t)) (16)

Approach law can be used to improve the dynamic quality of
approaching motion.

We design the exponential approach law as:

ṡ = −η · sgn (s)− ks (17)

According to (16), the control law can be designed as
follows:

u = M (cė+ ẍd + η · sgn (s)+ ks)

+B · ẋ + f + G+ d (t) (18)

We considermodeling errors, parameter changes, and other
uncertainties as external disturbance d (t). Taking dc instead
of d (t), the control law is expressed as follows

u = M (cė+ ẍd + η · sgn (s)+ ks)

+B · ẋ + f + G+ dc (19)

Then the actual sliding mode approach law is

ṡ = −η · sgn (s)− ks−
1
M

(d (t)− dc) (20)

We define Lyapunov function as follows:

V =
1
2
s2 (21)

and we get the derivative of Lyapunov function as:

sṡ = −η · |s| − ks2 − s
1
M

(d (t)− dc) (22)

By selecting dc we can ensure the stability of the control
system, that is, to meet the sliding mode arrival conditions.
We assume

dL ≤ d (t) ≤ dU (23)

where dL and dU , respectively, are the lower and upper bound
of the disturbance.

Letting d1 = (dU − dL)/2 and d2 = (dU + dL) /2, we can
design dc that meets the above conditions as:

dc = d2 − d1sgn (s) (24)

then the control law can be expressed as follows:

u = M (cė+ ẍd + η · sgn (s)+ ks)+ B · ẋ

+f + G+ d2 − d1sgn (s) (25)

We simulate the system with the above-mentioned control
law by MATLAB/SIMULINK. We take the target position
xd = sint and the disturbance d (t) = 0.1 cos (5t + π/2) +
0.02. The actual values of system parameters are taken
respectively as M = 1.5, B = 0.1, f = 5, G = 15, and
their nominal values are taken respectively as M0 = 1.4,
B0 = 0.15, f0 = 3,G0 = 14, d0 = 0.15. Taking dL = −0.12,
dU = 0.12, η = 2.2, k = 10, the simulation results are shown
in Fig.11.

It can be seen from the simulation results that the input sig-
nal of the control system has no obvious jitter, and the target
position can be tracked quickly and accurately. Themaximum
value of the position tracking error is about 3.8 mm. However,
the position error always exists and is larger than 3 mm, with
an average value of about 3.5 mm.

C. DISTURBANCE OBSERVER
It can be seen from the above equations that the switching
gain of the control amount is related to d1, that is, the dif-
ference between the upper and lower bound of disturbance
dU − dL directly affects the switching range of the control
amount. However, the upper and lower bounds of disturbance
are not easy to give in practical applications. In order to
ensure the stability of the system, a large value is often
selected, which leads to large-scale jitter of the control sys-
tem. To reduce this jitter, a reasonable estimate of the distur-
bance is needed, and then a sliding observer control based on
the disturbance observer is proposed below.
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FIGURE 11. Simulation results of sliding mode robust control based on
approach law. (a) Position tracking curve. (b) Input signal. (c) Position
errors.

We design an observer for disturbance d (t) as:

ḋe = k1
1
M
ϕ̃ (26)

ϕ̇ =
1
M

(de + k2ϕ̃ − u+ B · ẋ + f + G+Mẍd ) (27)

where the de and ϕ indicate the estimated value of d (t) and ė,
respectively. ϕ̃ = ė−ϕ, the gain k1,Ck2 > 0.
Lyapunov function is defined as

V = V1 + V2 =
1
2
s2 +

1
2k1

d̃2 +
1
2
ϕ̃2 (28)

where V1 = s2/2, V2 = d̃2/2k1 + ϕ̃2/2, d̃ = d − de.
Then the derivative of V2 is

V̇2 =
1
k1
d̃ ˙̃d +

1
2
ϕ̃ ˙̃ϕ =

1
k1
d̃(ḋ − ḋe)+ ϕ̃(ë− ϕ̇) (29)

Assuming the disturbance is a slow time-varying signal,
we can consider ḋ= 0. Introducing (26) and (27) into (29),
we get

V̇2 = −
1
k1
d̃k1

1
M
ϕ̃ + ϕ̃[ẍd − ẍ −

1
M

(de + k2ϕ̃

−u+ B · ẋ + f + G+Mẍd )] (30)

According to (13), V̇2 can be written as

V̇2 = −
1
M
d̃ ϕ̃ + ϕ̃[ẍd −

1
M

(u− B · ẋ − f − G− d)

−
1
M

(de + k2ϕ̃ − u+ B · ẋ + f + G+Mẍd )] (31)

Rearranging (31), we get

V̇2 = −
1
M
d̃ ϕ̃ + ϕ̃

[
1
M

(
d̃ − k2ϕ̃

)]
= −

1
M
k2ϕ̃2 ≤ 0 (32)

FIGURE 12. Simulation results of sliding mode robust control based on
disturbance observer. (a) Position tracking curve. (b) Input signal.
(c) Position errors with or without disturbance observer. (d) Disturbance
observation curve.

Because V1 ≤ 0, V̇ = V̇1 + V̇2≤ 0. Then the control law
can be rewritten in the format of

u = M (cė+ ẍd + η · sgn (s)+ ks)+ B · ẋ

+f + G+ de + dc (33)

Adding the observed de to compensate for the disturbance,
de can be given a smaller value, which reduce the jitter of
the system. To make the jitter smaller, the symbolic function
sgn (s) in the control law can be replaced with s/( |s|+δ), and
then the control law is rewritten as

u = M
(
cė+ ẍd + η ·

s
|s| + δ

+ ks
)
+ B · ẋ + f

+G+ de + d2 − d1
s

|s| + δ
(34)

We simulate the system with the above-mentioned control
law by MATLAB/SIMULINK. We take the target position
xd = sint and the disturbance d (t) = 0.1 cos (5t + π/2) +
0.02. The actual values of system parameters are taken
respectively as M = 1.5, B = 0.1, f = 5, G = 15, and
their nominal values are taken respectively as M0 = 1.4,
B0 = 0.15, f0 = 3,G0 = 14, d0 = 0.15. Taking dL = −0.05,
dU = 0.05, k1 = 1000, k2 = 200, η = 2.2, k = 10,
the simulation results are shown in Fig.12.

It can be seen from the simulation results that the input sig-
nal of the control system has no obvious jitter, and the target
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position can be tracked quickly and accurately. Themaximum
value of the position tracking error is about 2.4 mm.

After the system is stabilized, the position error always
swings around 0, and the swing amplitude is about 0.12 mm.
The disturbance observation curve shows that the observed
disturbance includes not only the external input interference
d (t), but also themodeling error of the systemmodel parame-
ters M, B, f, G. The average value of the observed disturbance
is about 3 larger than the external input disturbance, which is
exactly the sum of the modeling error 1 f and 1G, which
are the two constant values in the control law. It shows that
the addition of the disturbance observer in the control law
can compensate for both external disturbance and system
modeling error.

D. FRICTION IDENTIFICATION BASED ON
GENETIC ALGORITHM
All parameters in the control law can be theoretically cal-
culated to obtain a nominal value, except for the friction
force f . In order to improve motion accuracy, the friction
of the electric cylinder in the exoskeleton chain is usually
relatively large, which has a great influence on the control
system. To obtain a more accurate estimate of the friction
force, we use the genetic algorithm (GA) to identify it.

The static friction phenomenon exists in the electric cylin-
der at low speed. Hence, the friction force is identified by the
LuGre friction model.

F =

[
Fc + (Fs − Fc) e

−

(
θ̇
Vs

)2]
sgn

(
θ̇
)
+ αθ̇ (35)

where Fc, Fs, α, Vs are static friction parameters, Fc is
coulomb friction, Fs is static friction, α is the coefficient of
viscous friction, Vs is switching speed. When the servo sys-
tem is running in the forward and reverse rotational speeds,
the static parameters of the friction torque are usually dif-
ferent values. When θ̇> 0, they are F+c , F

+
s , α

+, V+s ; When
θ̇< 0, they are F−c , F

−
s , α

−, V−s , then the friction torque can
be expressed as

F =



F+c + (F+s − F+c ) e−
(

θ̇

V+s

)2 sgn (θ̇)
+α+θ̇ , θ̇ > 0F−c + (F−s − F−c ) e−

(
θ̇

V−s

)2 sgn (θ̇)
+α−θ̇ , θ̇ < 0

(36)

According to the physical model of the electric cylinder,
when the electric cylinder is moving at a constant speed,
the input torque of the motor is equal to the frictional
force. Taking 50 sets of motor speed from −3000r/min to
3000r/min, the motor torque is recorded during the whole
stroke, whose average value can be considered as the friction
value F i.
The identification of the friction parameter vector x is

taken as an individual, and the identification value of the

static friction parameters obtained by each iteration of the
GA are

x̂m = [F̂+c F̂+s α̂+ V̂+s F̂−c F̂−s α̂− V̂−s ],

m = 1, 2, . . . ,M (37)

where M is the population size. According LuGre friction
model, corresponding friction torque identification value F̂ i

can be calculated. Identification error is defined as

ei = F i − F̂
i
, i = 1, 2, . . . , 64 (38)

The objective function of the GA is taken as

Jm =
1
2

N∑
i=1

e2i , m = 1, 2, . . . ,M (39)

The individual fitness function is selected as follows{
Cmax = max {Jm}

fm = Cmax − Jm
, m = 1, 2, . . . ,M (40)

The selective operation takes a random sampling selec-
tion method that preserves the optimal individual. Crossover
operation uses uniform crossover with a crossover probability
of 0.9. The mutation operation uses a Gaussian mutation
operator, and the mutation probability is adaptively adjusted
with evolutionary algebra, as follows:

Pm (g) = 0.1− (0.1− 0.001)
g
G

(41)

where g is the current genetic algebra, andG is the maximum
number of generations.

Taking the population size M = 1000, G = 50000 and
the parameter search range Fc ∈ [0, 300],Fs∈ [0, 300],α ∈
[0, 1],Vs ∈ [0, 1000], we get the objective function value as
298.666 with number of generations. The objective function
curve during evolution is shown in Fig.13.

FIGURE 13. The objective function curve during evolution.

The identification value of the friction parameter obtained
are F+c = 146.551, F+s = 87.302, α+ = 0.0253, V+s =
451.965, F−c = 153.038, F−s = 88.462, α− = 0.0210,
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FIGURE 14. The identified friction torque curve.

V−s = 455.247, and then the identified friction torque is

F =



[
146.551+ (87.302− 146.551) e

−

(
θ̇

451.965

)2]
·sgn

(
θ̇
)
+0.0253θ̇ , θ̇ > 0[

153.038+ (88.462− 153.038) e
−

(
θ̇

455.247

)2]
·sgn

(
θ̇
)
+0.021θ̇ , θ̇ < 0

(42)

The identified friction torque curve is shown in Fig.14.

IV. EXPERIMENT
In this section, we implemented a series of experiments to
verify the rationality of the device and the effect of the control
algorithm. The wearer is a 187-cm tall male weighing 79kg
and aged 27.

FIGURE 15. Test process diagram. The test shows that the structure and
control strategy can meet the requirements of normal activities.

A. BASIC ACTIVITIES TEST
With the control strategy mentioned above, we controlled
PALExo to achieve basic functionality. In order to verify the
rationality of structure and the range of motion, PALExo was
operated to perform a series of activities, as shown in Fig.15.
The test shows that the structure and control strategy canmeet
the requirements of normal activities.

B. FRICTION FORCE COMPENSATION EXPERIMENT
In order to verify the accuracy of the electric cylinder fric-
tion identification, we carried out the friction compensation
experiment of the electric cylinder, which implemented recip-
rocating motion at a speed of approximately 0.2m/s. The
motor is controlled to work in the torque loop. The torque
command is the friction compensation value identified above
in Section III. The SEM is grasped by human hand to drive the
electric cylinder to reciprocate. Then compression amount of
the SEM can reflect the force required for the human to drive
the electric cylinder, that is, the error of the friction identifi-
cation. For comparison, we repeated the above experiments,
but use three different friction force compensation strategies:
no compensation, with constant force compensation, andwith
function friction compensation obtained from the above fric-
tion identification in Section III. The compression force of
the SEM during the experiment are shown in Fig.16.

FIGURE 16. The compression force of SEM during friction compensation
experiment. The maximum compression force is 124.2N without friction
compensation. And it is 66N and 16N with friction compensation of
constant value and identified function respectively.

From the results of the above-mentioned friction compen-
sation experiments, it can be seen that the friction force of
the electric cylinder is large when no friction compensation
is performed, and the situation is significantly improved after
the functional friction compensation is added. Meanwhile,
the effect of functional friction compensation is much better
than constant friction compensation.

The compression amount of the SEM reaches the maxi-
mum value when the speed is zero, that is when themovement
of electric cylinder is reversed. According to the analysis,
the compression amount of the SEM at this time is composed
of two parts: (1) the error of the friction identification of the
electric cylinder (2) the inertia force of the moving part of the
electric cylinder.

C. SWING PHASE FOLLOWING EXPERIMENT
In order to verify the effect of the swing phase control algo-
rithm, a one-leg reciprocating experiment was performed.
The wearer secures the foot and the exoskeleton shoe and
swings the leg back and forth at a speed of approximately
0.3 m/s. When the leg is in the swing phase, the target force
at the end of the chain of parallel structure is 0. Under ideal
conditions, the exoskeleton’s leg will perfectly follow the
wearer’s leg, that is, the compression of the SEM is always
0 during the experiment. So the amount of compression of
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the SEM during the process is the error of the exoskeleton’s
leg following the wearer, and can represent the magnitude
of human-machine interaction force and the effect of swing
phase control strategy during the experiment. Then compres-
sion amount of the SEM can reflect the magnitude of human-
machine interaction force, which can represent the quality of
the control effect.

Applying three kinds of control algorithms including PID,
above-mentioned sliding mode control law without distur-
bance observer and above-mentioned sliding mode control
law with disturbance observer, we carried out a phase follow-
ing experiment.

With PID control algorithm, the control block diagram of
each chain is shown in Fig.17.

FIGURE 17. Control block diagram of PID control algorithm.

The control strategy of exoskeleton used for swing legs
is position closed-loop control with speed internal loop,
the velocity internal loop is integrated into motor driver,
and the position error is measured by series elastic module.
The PID control algorithm is used to calculate the speed
instruction to the motor driver in real time by error.

During the experiment, compression force of the SEM is
obtained, as shown in the Fig.18.

In Fig. 18, we can see that the magnitude of interaction
force between wearer and exoskeleton using PID control
algorithm and the one using sliding mode control algorithm
without disturbance observer have little difference. But when
the sliding mode control law based on disturbance observer
is applied, the magnitude interaction force is the smallest,
between −7.7N and 7N, which proves that the above sliding
mode control based on disturbance observer makes the sys-
tem have better following performance in the swing phase.

D. SQUATTING WITH LOAD EXPERIMENT
To verify the effect of PALExo in the stance phase, we con-
ducted a squatting experiment. Letting the exoskeleton shoes
directly support the ground, the wearer wears the exoskeleton
on the upper body. Aweight scale that transfers data to a com-
puter in real-time is placed under the wearer’s feet. Positional
relationship between wearer, exoskeleton and weight scale
during squatting experiment is shown in Fig.19. Because the
weight scale shows the force on the wearer’s feet, that is,
the force carried by the wearer and the wearer’s own weight.
By subtracting the wearer’s weight from the number on the
scale, we can get the actual weight that the wearer is bearing
on the upper body.

The wearer performs a squat action with a frequency of
approximately 0.5 Hz. In the case where the exoskeleton
bears 0kg, 25kg, 45kg, 66kg, the reading on the scale of the
wearer is recorded, that is, the pressure on the wearer and

FIGURE 18. The result of the swing phase experiment with three kinds of
control algorithms. (a) The position curve of swings. (b) Compression
force of the SEM. When the sliding mode control law based on
disturbance observer is applied, the compression force of the SEM is the
smallest, between −7.7N and 7N, which proves that the above sliding
mode control based on disturbance observer makes the system have
better following performance in the swing phase.

FIGURE 19. Positional relationship between wearer, exoskeleton and
weight scale during squatting experiment.

the weight of the wearer (the wearer’s weight is 79kg). The
experimental results are shown in Fig.20.

It can be seen from (a) of Fig.20 that during the squatting
process with different weights, the pressure on the wearer is
basically unchanged, and the average value of the scale is
85.155kg when the weight is 0kg, 85.706kg when the weight
is 25kg, 82.200kg when the weight is 45kg, and 86.851kg
when the weight is 66kg. It means that the weight is mainly
absorbed by the exoskeleton during the squatting process.
For example, when the weight is 66kg, the wear only bears
7.25kg.When carrying 66kgweight, the force on the wearer’s
feet is 86.851kg, then the weight that the wear bearing is
about 86.851-79 ≈ 7.25kg.
In contrast to the process of squatting with the exoskeleton,

the wearer does not carry heavy loads to squat without the
exoskeleton. The pressure on the sole of the foot and the one
when the exoskeleton is worn are shown in (b) of Fig.20.

When the exoskeleton is not worn, the average pressure
of the sole is 79.548kg, and when the exoskeleton is worn,
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FIGURE 20. The result of the squatting experiment. (a) The pressure on
the wearer carrying different weights with the exoskeleton. (b) The
pressure on the wearer carrying 0kg with exoskeleton and without the
exoskeleton. (c) The pressure on the wearer carrying 25kg with the
exoskeleton and without the exoskeleton.

FIGURE 21. Walking experiment (a) Experimental process.
(b) Experimental data acquisition system (c) The pressure on the wearer
carrying different weights with exoskeleton.

it is 85.155kg. It shows that the exoskeleton has a certain
influence on the wearer’s squatting process, which will give
the wearer some pressure.

The wearer carries a weight of 25kg to squat, the pres-
sure on the sole of the foot and the one with wear wearing
exoskeleton are shown in (c) of Fig.20.

When the exoskeleton is not worn, the average pressure of
the sole is 106.791kg, and when the exoskeleton is worn, it is
85.706kg. It can be seen that the exoskeleton has a certain
boosting effect during the squatting process.

E. WALKING WITH LOAD EXPERIMENT
In order to verify the load performance of the exoskeleton
when walking, we proceeded walking experiments with 0kg,
25kg and 45kg weight respectively at speeds of about 2km/h.
The right foot pressure of wearer is recorded by a pressure
measuring insole. The results are shown in Fig.21.

The experimental result shows that when wearer walking
with different weights, the pressure on the wearer has no
obvious change. And it can be seen that when the leg switches
from the swing phase to the stance phase, there is a sudden
change in sole pressure. These phenomena indicate that the
exoskeleton has a certain weight-reducing effect when walk-
ing, but there are certain problems in the excessive process
when the legs switching between the swinging phase and the
stance phase.

V. CONCLUSION
The parallel lower limb exoskeleton system PALExo intro-
duced above is meant to enhance the human capacity of
bearing weight. The parallel structure brings PALExo some
benefits, such as good loading performance, wearing com-
fortableness and adaptability to different heights of the wear-
ers. Owing to the innovative series elastic module (SEM)with
multi-segment stiffness, PALExo is compliant and comfort-
able for the wearer. The control strategy of the stance leg
and swing leg is unified as the target force control of SEM.
Differently, the target force is zero for swinging leg, and it
is calculated by dynamic model for stance leg. In order to
add robustness to stabilize PALExo against the uncertainties
from wearer and environment, we select sliding mode con-
trol based on the nominal model to track the target force.
Disturbance observer is introduced to reduce the impact of
disturbance such as modeling errors and other slow time-
varying disturbance. Based on the LuGre friction model and
parameter identification by genetic algorithm(GA), the fric-
tion of electric cylinders is compensated, which improves
the response performance of the system. Finally, a series
of experiments under different conditions are carried out,
the rationality and the power-assisted effect of PALExo are
verified. The test results show that PALExo plays a positive
role when bearing weight. But it also shows that there are
some deficiencies in current systems. For example, there is
an impact in the switching phase between the swing phase
and the stance phase, and it is difficult to balance PALExo
when walking with weight.

Our future work may include several points: (1) Integrating
pressure sensors into the shoes and using the sole pressure
value in control method. (2) applying variousmethods includ-
ing EMG signals and metabolism of wearer for experiments
to reflect the full impact of the exoskeleton on the wearer.
(3) studying the dynamic characteristics of the exoskeleton
in the process of switching between the stance phase and the
swing phase to improve walking characteristics with weight.
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