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Abstract— This paper presents a study on the design and
control of a novel soft-rigid lower limb exoskeleton robot.
First, based on anatomy, a novel exoskeleton structure design
is proposed that applies Curl Pneumatic Artificial Muscles
(CPAMs) to lower limb joints to actuate lower limb move-
ment, and transmit force and motion through rigid parts. A
phenomenological characteristic model of the CPAM based
on experimental tests and fitting methods is constructed for
exoskeleton control. Then, a feedforward-feedback hybrid con-
trol method based on four CPAM characteristic models is
proposed to improve the control accuracy and stability of
the exoskeleton. A human-in-the-loop control method based on
human-robot hybrid dynamics modeling and human intentions
and states is proposed to improve the human-robot interaction
performance of exoskeletons. Experimental results show that
feedforward-feedback hybrid control can reduce the maximum
tracking error of the exoskeleton to 3.4% for hip, 2.9% for
knee, and 4.7% for ankle joint. The exoskeleton can achieve
intentional control based on EMG signals. With the assistance
of the exoskeleton, the muscle activity of the human lower
limbs is reduced by an average of 32.2%. The proposed soft-
rigid lower limb exoskeleton robot has the advantages of
being lightweight, having good flexibility, being comfortable
wearing and having good human-computer interaction, which
can improve efficiency. In the future, it will provide more
effective intelligent rehabilitation equipment for patients with
lower limb movement disorders.

I. INTRODUCTION

Rehabilitation robots can reduce the burden on therapists,
realize data detection during training, assist rehabilitation
in a controllable and repeatable manner, and complete
quantitative evaluation of rehabilitation effects at the same
time, which has broad application prospects in rehabilitation
therapy. Exoskeleton rehabilitation robots are representative
of rehabilitation robots [1]. At present, exoskeleton rehabili-
tation robots have been widely researched and developed to
assist the movement of various joints in human body [2]–[4].

Exoskeleton rehabilitation robots can be divided into three
categories according to their stiffness, driving methods and
power transmission methods: rigid exoskeleton rehabilita-
tion robots, soft exoskeleton rehabilitation robots, and soft-
rigid exoskeleton rehabilitation robots. Rigid exoskeleton
rehabilitation robots have advantages including the stabil-
ity of the rigid structure, providing sufficient support, and
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achieving precise force transmission [5]. Some companies
have developed a series of rigid exoskeleton rehabilitation
robots, such as Parker Hannifin’s Indego [6], ATLAS 2020
developed by the Spanish National Research Council [7],
etc. However, they have problems such as high quality,
poor user experience, and poor security. Tiana et al. [8]
composed a soft pneumatic exoskeleton proposed for hip
flexion rehabilitation. Liu et al. [9] designed a new flexible
ankle rehabilitation robot. However, they have problems such
as insufficient support, low integration, and difficulty in
control. In terms of control, the current soft exoskeleton
robots don’t have quick response and good user interaction
[10], [11], which means there is a mismatch between the
user’s movements and the robot’s actions. This stops users
from fully benefitting from the robot’s abilities to improve
their movement. Therefore, exoskeleton robots need to be
designed with the user in mind, and including human ele-
ments in the control process is crucial for the robot to be
effective.

In this paper, we proposed a novel soft-rigid lower limb
exoskeleton robot and the main contributions of this paper
are as follows: (1) Based on anatomy, a novel exoskeleton
structure design is proposed that applies Curl Pneumatic Arti-
ficial Muscles (CPAMs) to lower limb joints to actuate lower
limb movement, and transmit force and motion through rigid
parts. (2) A feedforward-feedback hybrid control method
based on four CPAM characteristic models is proposed to
improve the control accuracy and stability of the exoskeleton.
(3) A human-in-the-loop control method based on human-
robot hybrid dynamics modeling and human intentions and
states is proposed to improve the human-robot interaction
performance of exoskeletons.

II. DESIGN

In anatomy, the lower limb of human body mainly includes
three joints (hip, knee, and ankle) and three skeletal regions
(thigh, crus, and foot), in which the hip joint links the whole
lower limb to the waist. Besides the flexion/extension in the
sagittal plane, each biological joint has additional DOFs,
such as the lateral/medial rotation and abduction/adduction
of the hip, the lateral/medial rotation of the knee, and the
inversion/eversion of the ankle. Coordinated motion of these
multi-DOF joints ensures the effectiveness and stability of
the normal walk. In the design of exoskeletons, only the
DOFs significantly contributing to the power of walking are
considered, that is, the flexion/extension within the sagittal
plane, for reducing the complexity and weight of the ex-
oskeleton.
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Fig. 1. Design of the soft-rigid exoskeleton. (a) The soft-rigid exoskeleton weared on human. (b) The structure of soft-rigid exoskeleton. (c) The structure
of bidirectional CPAM.

A. Exoskeleton Structure

The proposed soft-rigid exoskeleton is designed to assist
the flexion and extension of the hip, knee, and ankle joints
through three customized bidirectional CPAMs, which are
connected by four rigid parts corresponding to the waist,
thigh, crus, and foot, respectively (Fig.1(a)).

Within each rigid part, a pair of length adjustable links
(made of carbon fiber tubes) are utilized as the connector
between proximal and distal CPAMs, and the flexible corru-
gated shell (3D-printed by thermoplastic polyurethane) can
stretch in response to length variation of the links(Fig.1b).
This design allows the exoskeleton to be adapted for users of
different heights. On the links, two rigid bracers (3D-printed
by nylon powder) are attached, which supply the human-
exoskeleton interface as well as complete the force transfer
from exoskeleton to human body. The flexible bracers (made
of nylon fabric) ensure the rigid bracers to be worn on lower
limb tightly.

The bidirectional CPAM mainly consists of two semi-
elliptical cylindrical air chambers (Fig.1c). Relevant research
on pneumatic soft actuators [12], [13] indicates that modi-
fying the cross-sectional shape of these actuators can boost
the cross-sectional static moment for a given area, thus en-
hancing the actuating torque. Therefore, CPAMs adopted an
elliptical cross-section, decreasing the width and the height
of the cross-section. Each chamber is composed of a silicone
bladder (made of ELASTOSIL M 4601 A/B), a longitudi-
nally elastic fabric shell (made of rubber-blended polyester-
knitted fabric) and an inextensible limit layer (made of
polyvinyl chloride coated polyester woven fabric). The flange
and sleeve (made of aluminum alloy by machining) with
conic surface are used to clamp two ends of the bladder,
shell and limit layer, thus sealing up the air chamber, where

the tightness is adjusted by the screw nut. We believe
that CPAMs have flexibility and adaptability, which can
automatically adapt to the axis change in the rotation of
human joints, compensate the offset and dislocation between
CPAMs and human joints, and be safer in the process of
assisting the movement of human lower limbs.

Air can be pumped into the chambers through the pipe
plug to make the CPAM bend (Fig.1c) and thus drive the
physical joint of lower limb to rotate. Pressurization of
the chamber on one side leads to the bending deformation
toward another side, and thus the bidirectional bending can
be achieved. The bending deformation is generated because
the fabric shell on the pressurized side stretches while the
limit layer keeps inextensible. The inflating pressure (P ), the
bending angle (θ) and the produced torque (τ ) are related
with each other, which will be explored in the next section.

The proposed soft-rigid exoskeleton has total weight of
no more than 5 kg per leg by using multiple lightweight
materials including carbon fiber, aluminum, thermoplastic
polyurethane, nylon, silicone and fabrics. Therefore, the
proposed exoskeleton has advantages of low gravity load and
small inertia effect on human body compared with fully rigid
exoskeletons.

B. Actuator characteristic

According to the law of conservation of energy, the in-
flating pressure produces bending motion and output torque.
Therefore the actuating torque (τ ) is related to the inflating
pressure (P ) and the bending angle (θ). The pressure-angle-
torque relationship can provide the characteristic model for
feedforward control. The characteristic of the actuator can
be denoted by Eq.(1).

τ = f(P, θ) (1)
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Fig. 2. Actuator characteristic experiment. (a) The experiment setup. (b) The measured pressure-angle data of 1⃝ CPAM for hip, 2⃝ CPAM for knee, 3⃝
CPAM for ankle. (c) The measured pressure-torque data of 1⃝ CPAM for hip, 2⃝ CPAM for knee, 3⃝ CPAM for ankle.

To determine the specific expression of Eq.(1), we test
the bidirectional CPAM with different inflating pressures
and bending angles, then measure the actuating torques, and
finally fit the data by a bivariate function. Fig.2(a) shows
the experiment setup, in which the inflating pressure, the
bending angle and the actuating torque are measured by
the pressure sensor, the angular encoder of the servo motor
and the torque sensor respectively. Fig.2(b), (c) shows the
measured data of pressure-angle and pressure-torque. It is
observed that the bending angle increases monotonically and
in an odd symmetrical, piecewise linear manner with the
inflating pressure, while the actuating torque increases almost
linearly with the inflating pressure. In our previous research
[14], the relationship between the actuator’s torque, angle,
and air pressure is as shown in Eq.(2).

τ = c[P − Pτ=0(θ)] (2)

where c is the mean slope of the fitting line of pressure and
torque and Pτ=0(θ) is the piecewise function of pressure and
angle.

It can be seen that the actuating torque increases when the
inflating pressure increases or the bending angle decreases.
The maximum actuating torques of 34.1Nm (hip), 12.5Nm
(knee), 3.6Nm (ankle) are reached when the CPAM is
inflated by a maximum pressure of 400 kPa with zero
bending angle. In rehabilitation, the limb moves very slowly
and can be considered a quasi-static process. The static
torque range of normal human joints are: -60-50 Nm (hip),
-10-25 Nm (knee) and -20-25 Nm (ankle) [15], so the
torque provided by the exoskeleton can meet the needs of
low-intensity rehabilitation training. The maximum bending
angles of 80.2◦ (hip), 82.7◦ (knee), 82.7◦ (ankle) are reached
when the CPAM is inflated by a pressure of 200 kPa with
zero actuating torque. According to Rehabilitation Medicine
(Sixth Edition, People’s Health Publishing House), the bend-
ing angles are compatible with the required range of lower
limb joint motion for rehabilitation.

The significant negative correlation between the actuating

torque and the inflating pressure indicates the property of
low stiffness (Eq.(3)) or high compliance of the CPAM. The
stiffness of the CPAM varies with the inflating pressure, and
if the pressure is high, the stiffness is also high. Under
the inflating pressure of 400 kPa, the stiffness can reach
0.13Nm/◦ for hip, 0.06Nm/◦ for knee and 0.02Nm/◦

for ankle, lower than the lower limb’s passive stiffness
of human body. This low stiffness property ensures better
operating safety and wearing comfortability of the proposed
exoskeleton in interaction with human body compared to
traditional rigid exoskeletons.

k =
∂τ

∂θ
(3)

III. METHOD

This section proposes two control methods: feedforward-
feedback hybrid control and human-in-the-loop control, with
the aim of improving the control accuracy, stability and
human-machine interaction performance of the exoskeleton.

A. Feedforward-feedback hybrid control

For soft actuators, due to the existence of effects such
as gravity and hysteresis, feedback closed-loop control can’t
guarantee real-time control. Therefore, we add a model-based
feedforward control unit to feedback closed-loop control
to reduce the impact of gravity and hysteresis effect. To
achieve feedforward and feedback control of exoskeleton,
the entire control diagram includes feedforward control,
feedback control, pressure control, and exoskeleton, shown
in Fig.3(a). Feedforward control compensates for joint load
torques caused by gravity and time delays caused by hys-
teresis to enhance control precision and stability. Feedback
control further improves control accuracy on the basis of
feedforward control.

Feedforward control (Fig.3(b)) refers to four models:
pseudo-rigid body model, finite element model, phenomeno-
logical characteristic model, and hysteresis model. Based on
the pseudo-rigid body model, it calculates the joint load
torque (τhd, τkd, τad) caused by gravity according to the
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target joint angles (θhd, θkd, θad). Then, based on the finite
element model [16], phenomenological characteristic model
and hysteresis model of the CPAM, the relationship between
CPAM inflation pressure, bending angle, and actuation torque
is derived. According to the aforementioned target joint angle
and joint load torque, the required inflation pressure (Phd,
Pkd, Pad) for each joint of the exoskeleton is calculated.
This is the feedforward inflation pressure needed for gravity
compensation.

Feedback control (Fig.3(c)) first calculates the deviation
(∆θi) between the actual bending angles (θh, θk, θa) and the
target bending angles (θid) of the exoskeleton joint. Then,
a Proportional-Integral (PI) controller generates feedback
inflation pressure (Pib), as shown in Eq.(4) and Eq.(5).

∆θi = θid − θi (4)

Pib = KPθi∆θi +KIθi

∫
∆θidt (5)

KPθi and KIθi represent the proportional and integral
gains of the joint angle feedback control, respectively, where
i=h,k,a denotes the hip, knee, and ankle joints. The feedback
inflation pressure (Pib) is implemented through pressure
control and applied to the soft joints, thereby actuating the
exoskeleton joints to produce bending movements according
to the target signal. The proportional and integral gains are
adjusted using the Good Gain method [17].

B. Human-in-the-loop control

The human-in-the-loop control method can make the ex-
oskeleton robot a human-centered system and improve the
effectiveness of the robot. The control method described
in this section proposes a human-robot hybrid dynamics
modeling method, which takes into account not only the
characteristics of the robot, but also the user’s status and

active intention in the control system. The entire control
diagram is shown in Fig.4.

The human-exoskeleton system receives signals of the
inflating pressures (Ph1, Ph2, Pk1, Pk2, Pa1, Pa2) and output
signals including the attitude angles of body segments (φb,
φt, φc, φf ), the actual bending angles of lower limb joints
(θh, θk, θa) and the contact forces with ground (Fn, Ft).
The inflating pressures are output from proportional valves.
The attitude angles of body segments are monitored by
the Inertial Measurement Units (IMUs). The bending angles
of lower limb joints is obtained from the attitude angles
according to Eq.(6). The contact forces with ground are
measured by a triaxial load cell.θh = φt − φb

θk = φt − φc

θa = φf − φc

(6)

Through statics analysis (shown in Fig.4 and Eq.(7)), we
obtain the load torques (τh|load, τk|load, τa|load) acting on
the lower limb joints, in which the gravity and contact forces
are considered. The expression of load torques is with respect
to the attitude angles of lower limb segments and the ground
contact forces, and is also related with the mass, length and
center of mass of lower limb segments listed in Table I.

τa|load = mfgSfsinφf − FnLfsinφf + FtLfcosφf

τk|load = −τa|load −mcgScsinφc

+(Fn −mfg)Lcsinφc − FtLccosφc

τh|load = −τk|load −mtgStsinφt

−(Fn −mfg −mcg)Ltsinφt − FtLccosφt

(7)

The bending motion of physical joints is retarded by a
passive torque which is produced by the extension force
of muscles. Due to existence of bi-articular muscles, the
passive joint torque is influenced by the angular positions
of adjacent joints. For instance, the passive torque of the
knee joint depends on the knee angle as well as the hip and
ankle angles. Riener [15] et al derived a double-exponential
model to estimate the passive torques of lower limb joints
of a ‘generic subject’, as expressed by Eq.(8). The tradition
of joint angles and torques used by Riener et al is a little
different from ours, and Eq.(9) presents the transformation
between them.

τ ′h|passive = e1.4655−0.0034θk−0.0750θh

−e1.3403−0.0226θk+0.0305θh + 8.072

τ ′k|passive = e1.800−0.0460θ′
a−0.0352θk+0.0217θh

−e−3.971−0.0004θ′
a+0.0495θk−0.0128θh

−4.820 + e2.220−0.150θk

τa|passive = e2.1016−0.0843θ′
a−0.0176θk

−e−7.9763+0.1949θ′
a+0.0008θk − 1.792

(8)


τh|passive = −τ ′h|passive
τk|passive = −τ ′k|passive
θa = 90◦ − θ′a

(9)
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TABLE I
PARAMETERS OF LOWER LIMB SEGMENT

Mass (% of weight) Length (% of height) Center of mass (% of height)
thigh mt 11.50 Lt 25.60 St 12.80
crus mc 4.44 Lc 23.77 Sc 11.13
foot mf 1.90 Lf 11.75 Sf 5.12

In addition to the passive torque, physical joint also pro-
duces active torque (τh|active, τk|active, τa|active) by effort
of muscle contraction. The effort of muscle contraction can
be quantified by the electromyographic (EMG) signals. By
constructing the connection between EMG signals and active
torques, we can achieve the intent recognition. According
to Rainoldi’s study [18], we choose nine channels of EMG
with good quality to be recorded, respectively from tensor
fascia lata, rectus femoris, vastus lateralis, vastus medi-
alis, biceps femoris, semitendinosus, gastrocnemius lateralis,
gastrocnemius medialis, tibialis anterior. Eq.(10) indicates
the raw EMG signals are processed with the Root Mean
Square (RMS). The intent recognition is implemented with

a feedforward neural network.

CHiRMS =

√√√√ 1

N

N∑
1

v2t (10)

To achieve the load and passive compensation and the
EMG-based active control, the actuating torques of the
exoskeleton should cover other torques including the load
torques, the passive torques and the active torques, as ex-
pressed by Eq.(11). The total torques of lower limb joints
(Eq.(12)) are the resultant torques of active torques, exoskele-
ton torques, passive torques and load torques. It can be seen
that the total torques are larger than the active torques and

10553



Linear DC source

Controler

Electric 
proportional valve

Air compressor

PWM to voltage

24V voltage 24V voltage

0-10V 
analog voltage

0-5V analog voltage

0-800kPa pressure

0-800kPa 
pressure

PWM signal

Bus

Electronic pneumatic control system

EMG acquisition system

5V voltage

Human-machine system

EMG
sensors

Computer

IMU
sensors

IMU signal EMG signal

EMG 
data

Fig. 5. Experimental platform and data flow of the exoskeleton robot.

are independent of the load and passive torques. The effort
coefficient is the ratio of active torques with respect to total
torques, which indicates the movement difficulty of human
body. Increasing the assistance of exoskeleton (i.e. larger
cassist) reduces the movement difficulty of human body (i.e.
smaller ceffort).

τ |exosk = τ |load + τ |passive + cassistτ |active (11)

where cassist denotes the assistance coefficient of the ex-
oskeleton.

τtotal = τactive + τexosk − τpassive − τload

= (1 + cassist)τ |active (12)

ceffort =
τactive
τtotal

=
1

1 + cassist
(13)

where ceffort denotes the effort coefficient of lower limb of
human body.

The final step is to achieve torque control of the exoskele-
ton. Without torque sensors, the actual exoskeleton joint
torque (τ ) is estimated with the inflating pressure (P ) and
joint angle (θ) according to the characteristic equation of
CPAM (Eq.(1)). The difference (∆τ ) between the target and
actual torques is used to produce the inflating pressure (P )
through a Proportional-Integral (PI) controller, expressed by
Eq.(14). P is divided into two pressures (P1, P2) respectively
for the left and right chambers of the actuator, expressed by
Eq.(15). P1, P2 are finally implemented by the proportional
valves.

P = KP∆τ +KI

∫
∆τdt (14){

P1 = max (P, 0)

P2 = min (P, 0)
(15)

IV. RESULT

The experimental platform of the exoskeleton robot are
shown in Fig.5. The platform includes electronic pneumatic

control systenm and human-machine system. Computer re-
ceives human EMG signals from the EMG acquisition sys-
tem (Trigno, 4kHz, DELSYS INC., USA), connects to the
the control board (Arduino Mega 2560), sends instructions
and receives signals. IMUs (IM948, 0.5-250Hz, Chenyi Co.
Ltd, China) obtain angle information for feedback control.
Control board connects to PWM to voltage moduels to
control electric proportional valves (ITV0030-2BL, SMC) to
provide a certain air pressure for the exoskeleton. The electric
proportional valves provide pressure feedback to Arduino.
The whole electronic system is powered by the personal
computer and a linear DC source (MS-1203DS, Maisheng
Co. Ltd., China), and the pressure of pneumatic system is
supplied by an air compressor (800W-40L, OUTSTAND-
ING, China). Since the motion cycle of the exoskeleton is
long, the sampling frequency of the sensors can meet the
requirements.

A. No-load gait tracking

Feedforward-feedback hybrid control (Fig.3) is used in no-
load gait tracking test. We control the exoskeleton to track
a gait cycle, collected from a participant (aged 25, 180 cm,
70 kg). The gait pattern was recorded during the participant’s
walking motion.

The proposed exoskeleton can achieve the motion of all
phases in the gait cycle, shown in Fig.6(a). The system’s
inflation pressure is within 200 kPa. The gait cycle time
is elongated into 20 s in the experiment due to limit of
the CPAM’s response speed. According to Rehabilitation
Medicine (Sixth Edition, People’s Health Publishing House),
during the rehabilitation treatment in the acute phase (1-2
weeks after the onset of stroke), it is necessary to perform
slow exercise, so it can complete the required movement.
According to Fig.6(b-d), the bending angles of the CPAMs
can be controlled effectively. Compared with only using
feedback control, using a control method that combines
feedforward and feedback can significantly improve control
accuracy. The maximum tracking errors of the hip, knee, and
ankle joints are 1.0◦, 1.4◦ and 1.0◦ (3.4%, 2.9%, and 4.7%
of the ROM), better than our previous research: 5.9◦, 7.4◦

and 1.7◦ (16%, 17%, and 10% of the ROM) [11]. Closed
loop control combining feedforward and feedback can solve
the problems of low precision and delayed response of soft
exoskeleton.

Fig.5 shows that the exoskeleton conforms well with
human body and provides assistance of multiple DOFs and
considerable ROM for the wearer’s lower limb in passive
movement, which may find its application in rehabilitation.

B. Human intention control

We conduct experiments on the human-machine system
use the human-in-the-loop control (Fig.4) and test the par-
ticipant (aged 25, 180 cm, 70 kg) wearing the exoskeleton
with pressure OFF and pressure ON. The participant mainly
complete three motions: hip flexion, knee flexion, and ankle
dorsiflexion. Nine EMG sensors are attached to the partic-
ipant’s leg to obtain the EMG signals of different muscles,
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Fig. 6. The exoskeleton tracking the joint angles of a gait cycle. (a) The
final states of different phases. (b–d) The joint angles, the dashed lines
represent the reference signal, whereas the solid lines represent the actual
signals. 1⃝ initial contact, 1⃝ to 2⃝ loading response, 2⃝ to 3⃝ mid stance,
3⃝ to 4⃝ terminal stance, 4⃝ to 5⃝ preswing, 5⃝ to 6⃝ initial swing, 6⃝ to
7⃝ mid swing, 7⃝ to 8⃝ terminal swing.
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Fig. 7. The intentioin control. (a)Nine patch points of EMG sensors
on 1⃝ participant body and 2⃝ human anatomy. (b) Three motions are
actuated by multiple different characteristic muscle: 1⃝ hip flexion, 2⃝ knee
flexion and 3⃝ ankle dorsiflexion. (c) The EMG signals of the corresponding
characteristic channels when human body completes three motions with
exoskeleton pressure OFF/ON.

shown in Fig.7(a) 1⃝. The patch points are based on the
positions of the corresponding muscles in human anatomy
(Fig.7(a) 2⃝). The EMG signals are processed by bandpass
filtering and root mean square (RMS). The three motions
(Fig.7(b)) are actuated by multiple different characteristic
muscle activations. CH1 and CH4 are more active during
hip flexion. CH6, CH7, and CH8 are more active during
knee flexion. CH3 and CH9 are more active during the ankle
dorsiflexion. We call them characteristic channels.

In the experiment, when the exoskeleton is with pressure
OFF, the participant actively completes three motions and
moves to specified angles, and the EMG signals of the

corresponding characteristic channel are recorded. When the
exoskeleton is with pressure ON, the human-machine system
recognizes the intention through the EMG signals of the
corresponding characteristic channels, assists the participant
to complete the corresponding actions, moves to the same
angles, and records the EMG signals of the corresponding
characteristic channels. The EMG signals are shown in
Fig.7(c). The method of intention recognition is that the
participant activates characteristic muscles, which can be
recognized by the system, but is not enough to actuate body
motions.

Experimental results show that the muscle activity of the
condition with exoskeleton (pressure ON) is obviously lower
the condition with exoskeleton (pressure OFF). Compared
with the condition with exoskeleton (pressure OFF), its mus-
cle activity decrease by 32.2% on average. The experiment
has verified the effectiveness of exoskeleton Human-in-the-
loop control. The user can control the bending angle of each
joint of the exoskeleton through different muscle strengths,
so that the exoskeleton produces a force-enhanced assist
effect, and the level of assistance can be adjusted through
coefficients and we w ill continue to conduct the human-in-
the-loop control method in the future.

V. CONCLUSION

In this paper, we show a study on the design and control
of a novel soft-rigid lower limb exoskeleton robot. First,
based on anatomy, a novel exoskeleton structure design
is proposed that applies Curl Pneumatic Artificial Mus-
cles (CPAMs) to lower limb joints to actuate lower limb
movement, and transmit force and motion through rigid
parts. Second, a feedforward-feedback hybrid control method
based on four CPAM characteristic models is proposed to
improve the control accuracy and stability of the exoskeleton.
Third, a human-in-the-loop control method based on human-
robot hybrid dynamics modeling and human intentions and
states is proposed to improve the human-robot interaction
performance of exoskeletons. Experimental results show
that feedforward-feedback hybrid control can reduce the
maximum tracking error of the exoskeleton to 3.4% for
hip, 2.9% for knee, and 4.7% for ankle joint. The ex-
oskeleton can achieve intentional control based on EMG
signals. With the assistance of the exoskeleton, the muscle
activity of the human lower limbs is reduced by an average
of 32.2%. The proposed soft-rigid lower limb exoskeleton
robot has the advantages of being lightweight (weighs 5 kg,
<14 kg [19], <6.5 kg [20]), having good flexibility, being
comfortable wearing (stiffness <0.13Nm/◦, <1.05Nm/◦

[20], <1.05Nm/◦ [21]) and having good human-computer
interaction, which can improve efficiency. In the future,
the proposed soft-rigid lower limb exoskeleton robot will
provide more effective intelligent rehabilitation equipment
for patients with lower limb movement disorders.
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