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Abstract— To assist the elderly people and the patients with
neurologic injuries for rehabilitation, the robot-assisted therapy
is one of the most remarkable methods for this purpose. In
this paper, we developed an exoskeleton based on Pneumatic
Muscle Actuators (PMAs). By describing characteristics of
human walking, a novel design was proposed to improve the
walking comfort of the wearer. In addition, the dynamics of
the exoskeleton were analyzed and divided into three parts:
the modeling of PMAs, antagonistic configuration of PMAs
and the mechanical structure of exoskeletons. The dynamics
of the exoskeleton was established according the three parts.
Furthermore, a model-free control strategy was utilized to get
the exoskeleton properly controlled, which is called Proxy-based
Sliding Mode Control. The validity of the exoskeleton model
was verified through the comparisons of the simulations and
corresponding experiments.

I. INTRODUCTION

There has been an increasing interest in developing the
wearable exoskeleton to assist the elderly people and the
patients with neurologic injuries for rehabilitation. Com-
pared with traditional therapies, robot-assisted therapies can
save the efforts of medical staff and enhance rehabilitated
efficiency [1]. Over the past decade, different prototype
exoskeletons have been designed to meet the requirement
of clinical applications [2]-[5]. LOKOMAT is the one of
the most famous lower limb exoskeletons that is currently
available on the market and has been studied in many
research laboratories [6]-[7]. It is comprised of a body
weight support system, a treadmill and motor powered leg
orthosis. Through the three parts of coordinated control,
it can effectively assist patients to complete rehabilitation
processes. However, human walking is a kind of complex
behavior which is the results of interaction among neural
signals, human skeletons, and muscles. Hence, gait pattern
varies from different people. At present, most of the lower
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Fig. 1. The overall composition of the exoskeletal system.

extremity exoskeleton robots are mainly designed to achieve
the rotation of the hip, knee, and ankle joints, without
considering exoskeleton weight, different human body sizes
and floating center of gravity, which may cause discomfort
when people wear the lower limb exoskeleton. Besides, such
motor-controlled exoskeletons are usually expensive and lack
of compliance, which causes difficulties in various fields.

The Pneumatic Muscle Actuator (PMA) is an essentially
compliant actuator that has been considered as a novel type
of actuation in recent years. Because of its favorable features
of high force ratio, no mechanical parts, lightweight, low cost
and so on [8], the PMA has become an important choice for
rehabilitation robots, especially exoskeletons. In addition, it
is safe and suitable for the rehabilitation applications due to
their inherent compliance and limited maximum contraction.
Tu [9] developed a hip-knee exoskeleton prototype powered
by PMAs with Functional Electrical Stimulation, which in-
duced paralyzed muscles to realize ankle joint rehabilitation
training. Cao [10] presented a gait exoskeleton driven by
the antagonistic configurations of the PMAs with MIMO
sliding mode control. But PMAs possess strong nonlinear-
ity, hysteresis and time-varying parameters. Consequently,
precisely control of PMAs is a challenging problem. To
attain satisfactory control performance, various control s-
trategies have been investigated, including dynamic surface
control [11], proportional-integral-derivative (PID) control
[12], fuzzy PD+I control [13], active disturbance rejection
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Fig. 2. The mechanical structure of exoskeleton.

control [14], sliding mode control [15], adaptive control
[16] and so on. However, the PMAs-driven exoskeleton is
often difficult to model, and the dynamics usually contains
model uncertainties and external disturbances. A model-free
control strategy may meet the requirement of controlling
the exoskeleton with complex dynamics. Model-free control
strategies like high gain PID control involve some risks of
unsafe behaviors in cases of the abnormal event. Therefore,
considering the above factors, we would like to propose a
lower limb exoskeleton with a novel mechanical structure
and a proper control strategy to meet the requirement of
comfortable wearing.

In this paper, we developed an exoskeleton based on
characteristics of human walking to improve the walking
comfort of wearers. Also, the dynamics of the exoskeleton
was analyzed for our future investigation. Meanwhile, to
get the exoskeleton precisely controlled without sacrificing
safety, proxy-based sliding mode control (PSMC) [17] was u-
tilized, which is a novel position control that is as accurate as
conventional PID control but is capable of slow, overdamped
resuming motion without overshoots from large positional
errors. With this method, both simulations and experiments
were conducted to verify the effectiveness of the proposed
dynamical model for the exoskeleton.

II. MECHANICAL DESIGN

In order to provide corrective forces or torques to legs of
subjects, a lower limb exoskeleton system was developed, as
shown in Fig 1. The overall exoskeleton system consists of
three parts: a body weight support system, a treadmill and a
pair of PMAs-driven exoskeletons. When people are walking
on the treadmill, the body weight support system is able to
assist people to maintain balance, and the exoskeletons can
provide necessary training to the movement of the legs.

The most important portion of this system is the PMAs-
driven exoskeletons which directly interact with human legs.
The main part includes a hip joint, a thigh, a knee joint, and
a lower leg, as shown in Fig 2. Taking into account different
body sizes of people, two sliding blocks are designed to fit
various people. Also, during the human movement, the rota-
tion center of the knee joint will change, and its instantaneous
trajectory is ”J” type [18]. Thus, an anthropomorphic design
of knee joint is presented to make the wearer comfortable
while walking.

On the other hand, the hip joint and knee joint are rotation
joints. Since a single PMA can only provide unidirectional
actuation, an antagonistic configuration of PMAs is utilized
to drive a rotational joint. An exoskeleton has two DoFs,
including knee flexion/extension and hip flexion/extension.
Hence, two groups of the antagonistic configuration of PMAs
are applied to control the exoskeleton.

For the sake of reducing the weight of exoskeleton and
alleviating the burden on the human body, we design a
support frame for PMAs. Generally, antagonistic PMAs are
controlled with respect to{

Pa = P0a + ∆P
Pb = P0b −∆P

(1)

Where Pa, Pb are the input pressures of the antagonistic
PMAs, respectively. P0a, P0b present the nominal pressures.
∆P denotes the control signal. In this way, one PMA
in an antagonistic pair will be inflated and the other one
will be deflated, then a rotation torque can be generated.
With parallel four-bar transmission, the generated torques
can be almost transferred to the hip and knee joints of the
exoskeleton. Therefore, PMAs can be separated from the
mechanical structure of the powered leg-orthoses, by which
the weight of the exoskeleton can be reduced.

III. DYNAMICS OF EXOSKELETON

The two PMAs-driven exoskeletons are symmetrical, so
only one of them needs to be modeled. From the preceding,
its main structure is comprised of two pairs: PMAs and the
mechanical structure. Hence, the dynamics of exoskeleton
can be formulated as the combination of the mechanical
structure and two antagonistic configurations of PMAs that
drive the hip joint and knee joint, separately.

A. Modeling of PMA

The generalized three-element model of a PMA is present-
ed as the parallel of a contractile element, a spring element
and a damping element [19]. The dynamics can be expressed
as: 

mẍ+ b(P )ẋ+ k(P )x = f(P )−mg
bi(P ) = bi0 + bi1P (inflation)
bd(P ) = bd0 + bd1P (deflation)

k(P ) = k0 + k1P
f(P ) = f0 + f1P

(2)

where m,x, P are the mass of load, the contractile length of
PMA and the air pressure. b(P ), f(P ), k(P ) are respectively,
the damping coefficient, the contractile force and the spring
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Fig. 3. The antagonistic configuration for one joint.

coefficient. These parameters can be determined by following
the procedure of [19], [20] with regard to the three-element
model. Therefore, the force exerted on the mass m can be
described by rewriting (2):

Fm = ma = f(P )− b(P )ẋ− k(P )x (3)

where a = ẍ+ g is the acceleration term of the mass.

B. Modeling A Joint

The antagonistic configuration makes a pair of PMAs for
one degree of freedom. When one side is contracted, the
other side of PMAs contracts to stretch it, as shown in Fig.
3. To simplify analysis, the link that connects two PMAs
rotates around the center point and the contraction of PMAs
can be expressed as:

xa = r(
π

2
+ θ), xb = r(

π

2
− θ) (4)

with

r =
D

2
, θ ∈ [−π

2
,
π

2
]

where D is the length of the connecting link. θ is the rotation
angle. Therefore, based on (3), the torque provided by PMAs
can be described as the joint torque which can be expressed
as:

τa = (f(Pa)− k(Pa)xa − ba(Pa)ẋa)r |sin θ| (5)

τb = (f(Pb)− k(Pb)xb − bb(Pb)ẋb)r |sin θ| (6)

where τa, τb denote the torques of each muscle. xa, xb are
the contracting lengths. Hence, the torque of a joint can be
obtained based on (1)-(6):

τJ = τa − τb
= [f(Pa)− k(Pa)xa − ba(Pa)ẋa
−f(Pb) + k(Pb)xb + bb(Pb)ẋb]r |sin θ|

= τ0 + τ1∆P

(7)

Fig. 4. The exoskeleton structure.

with

τ0 = [Pnf1 − k0(xa − xb)− k1(P0axa − P0bxb)
−(b0a + b1aP0a)ẋa + (b0b + b1bP0b)ẋb]r |sin θ|

τ1 = (2f1 − k1(xa + xb)− b1aẋa + b1bẋb)r |sin θ|
Pn = P0a − P0b

C. Driving Principle of Mechanical Structure

In this study, we focus on the dynamics of the mechanical
structure, as shown in Fig. 4. The hip joint and knee joint
are actuated by two antagonistic configurations of PMAs.
Through the four-bar linkage, the joints’ driving torque can
be effectively transmitted to the hip and knee joints. Two
angle encoders are installed on point F,G to obtain the ro-
tation angles of hip and knee joints, respectively. Because of
the complex structure, it is difficult to model the exoskeleton
accurately. Therefore, we will illustrate the driving principles
of the knee and hip joint respectively, to simplify the analysis
and obtain the dynamics of the exoskeleton.

To facilitate the presentation, some notations describing
parameters of the mechanical structure should be clarified
first which are listed as follows:

• l1 - length of thigh
• l2 - length of shank
• l3, l4, l5 - length of connecting rods
• A,C,D,E - anchored points
• F,G - angle encoder installation points
• K, I,B,H,M,N - link points

At first, let us focus on the driving torque on the thigh, as
shown in Fig. (5b). Four points A,B,E, F are designed to
form a parallelogram. Since A,E are anchor points, when a
rotational moment τh is applied to A, the rod that connects
B,F will produce a driving force on the thigh. Then, point
E will rotate as point A. To simplify the analysis, we ignore
all the friction. Thus, it can be seen as a rotational moment
τhip directly applied to the point E, which drives the thigh.
And it satisfies the following relation:

τhip = τh (8)
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Fig. 5. The actuation of hip and knee joints.

The driving of shank may be a little more complicated, but
the driving principle is the same. In Fig. (5a), considering
points C,D and rod l4, a parallelogram is constructed. Then,
a rotational moment τ ′k applied to point D will equal to a
rotational moment τk applied to point C.

τ ′k = τk (9)

On the other hand, due to the anthropomorphic structure
of knee, the torque that is applied to the knee joint cannot
be calculated accurately. Thus, we assume that the torque
τknee applied to the knee joint is equal to the torque τ ′knee
applied to the point H , on account of the parallel-connected
G,H, I,K.

τ ′knee = τknee (10)

Hence, once the relationship between τ ′k and τ ′knee is
found, the torque applied to the knee joint is determined.
Point H is an anchored point to the thigh. In the view of
points D,H,M,N , a quadrangle can be figured out. With
the rotation of the thigh, the position of point H will alter
correspondingly.

Let the distance from point D to rod l5 be r1 and the
distance from point H to rod l5 be r2 and α = r1/r2. It
turns out that

τ ′knee = ατ ′k (11)

Finally, we can get the torque applied to the knee joint,
which can be expressed as:

τknee = ατk (12)

D. Dynamics of Exoskeleton

The mechanical structure of the exoskeleton is too com-
plex to be accurately modeled. There exist multiple closed
chains which make the dynamics of the exoskeleton difficult
to be described. But the torque applied to the hip and knee
joints can be obtained based on our previous analysis, and the
weight of connecting rods and a triangular block are much

Fig. 6. The simplified model of the exoskeleton.

smaller than that of thigh and shank. Therefore, we simplify
the mechanical structure as two-connecting bars, as shown in
Fig. 6. Later, the effectiveness of proposed dynamical model
will be verified through the comparison study of simulations
and corresponding experiments.

The dynamics of the system for motion on the sagittal
plane can be written in the general Euler-Lagrange form as:

M(q)q̈ + C(q, q̇)q̇ + G(q) + τf (q, q̇) = τJ − JTF

where q = [ θ1 θ2 ]T is the vector of joint angles and
M(q) is a 2×2 inertia matrix of the exoskeleton leg. C(q, q̇)
is a centripetal and Coriolis matrix. G(q) is a 2×1 vector of
gravitational torque. τf (q, q̇) is a vector of frictional force.
τJ is a 2 × 1 vector of provided torque by the antagonistic
configuration of PMAs. F is the 2 × 1 vector of reaction
forces with cartesian coordinates: Fx and Fy (Fig. 6), since
the rotations of hip and knee joints come from the force
Fx, Fy; and J is the Jacobian matrix.

In consideration of the dynamics of antagonistic PMAs
and neglect of friction, the overall dynamics of the exoskele-
ton can be expressed as:

M(q)q̈ + N(q, q̇) = τ0 + G∆P (13)

where N(q, q̇) is the sum of C(q, q̇)q̇ and G(q). Taking
(7) as the input torque and combining (8), (12), we can get

τ0 = [ τh0 ατk0 ]
T

∆P = [ ∆Phn ∆Pkn ]
T G =

[
τh1 0
0 ατk1

]
τh0, τk0, τh1, τk1 are the input torques of hip and knee
joint produced by antagonistic configurations of PMAs.
∆Phn,∆Pkn are the control signals of the hip and knee
joints, respectively. The inertia matrix can be denoted as
follows:

M(q) =

[
k1 + k2 +m2a

2
1 +m1l

2
1 + I1 k1 + k2

k1 + k2 k1

]

N(q, q̇) =

[
∆1

∆2

]
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Fig. 7. The principle of PSMC.

with
k1 = m2l

2
2 + I2, k2 = m2a1l2cos(θ2)

∆1 = −m2a1l2sin(θ2)θ̇22 − 2m2a1l2sin(θ2)θ̇2θ̇1
+m2ga1cos(θ1) +m2gl2cos(θ1+θ2) +m1gl1cos(θ1)

∆2 = m2a1l2sin(θ2)θ̇21 +m2gl2cos(θ1+θ2)

where m1,m2 are weights of thigh and shank; a1, a2 are
the lower limb lengths; l1, l2 are the GOFs to the coordinate
origin. I1, I2 are the moments of inertia, respectively.

IV. CONTROL DEVELOPMENT

The exoskeleton possesses features of strong nonlineari-
ty, time-varying parameters and uncertainties. Although the
dynamics has been proposed, it is difficult to model these un-
certainties. Consequently, Proxy-based Sliding Mode Control
(PSMC) is applied to obtain favorable control performance
for the system. PSMC is a novel position control that is
as accurate as conventional PID control but is capable of
slow, overdamped resuming motion without overshoots from
large positional errors. By transforming signum function to
unit saturation function, it is able to reduce the chattering
phenomenon effectively.

The principle of PSMC is shown in Fig. 7. The object is
connected to a virtual object, which is called a ”proxy”, by
means of a PID-type virtual coupling. The PID controller
causes an interaction force Fpid. While the proxy is con-
trolled by an SMC that produces a force FSMC to make the
proxy track the desired trajectory.

The SMC law that is applied to the proxy is given by:

fSMC = F sgn(σ1) (14)

with
σ1 = xd − xp + λ(ẋd − ẋp)

where x, xd, xp are the object’s position, desired trajectory
and proxy’s position, respectively. λ, F are positive con-
stants. Let

a =

∫ t

0

(xp − x)dt

then PID controller provides the force can be expressed as:

fPID = kpȧ+ kia+ kdä (15)

Let another sliding surface

σ = xd − x+ λ(ẋd − ẋ)

TABLE I
THE PARAMETERS OF THE PMAS AND EXOSKELETON.

Parameter Value(Unit) Parameter Value(Unit)
f0(×102) 7.2 (N) f1(×100) 5.6(N/bar)
k01(×104) 2.28 (N/m) k11(×10−1) 1.23(N/(m.bar))
b0i(×103) 4.04 (N.s/m) b1i(×10−2) 2.8(N.s/(m.bar))
b0d(×103) 2.4 (N.s/m) b1d(×10−2) 1.0(N.s/(m.bar))
r(×10−2) 7.5 (N.s/m) g(×100) 9.8(m/s)
m1(×100) 2.0 (kg) m2(×101) 2.3 (kg)
a1(×10−1) 4.8 (m) a2(×10−1) 3.9 (m)
I1(×10−1) 4.11 (kg.m2) I2(×10−1) 2.50 (kg.m2)

Considering the proxy, the equation of motion can be gov-
erned by:

mpẍp = fSMC − fPID (16)

where mp is mass of the proxy.
Setting mp equals to zero, then fSMC = fPID ≡ f is

satisfied. Due to the relation of signum function and the
saturation function [17], the control law of PSMC can be
obtained as:

f = Fsat(
kd
F

(
σ − ȧ
λ

+
kpȧ+ kia

kd
)) (17)

with
sat(y) =

{
sgn(y), if |y| > 1
y, if |y| ≤ 1

V. SIMULATION AND EXPERIMENT STUDIES

To verify the correctness of our proposed dynamics, some
simulations and corresponding experiments are performed on
the exoskeleton. In all the simulations, parameters of the
PMAs and exoskeleton were identified offline, as shown in
Table I.

Both experiments and simulations were conducted. In the
experiment, PSMC control strategy was firstly utilized to get
the physical exoskeleton properly controlled with sinusoidal
functions. The generated control signals were then inputted
into the model of exoskeleton in the simulation to verify
whether the behaviors of the model are similar to the physical
exoskeleton based on hip and knee joint angles.

The results are shown in Fig. 8. The first line of pictures
denote the control signals of the hip and knee joints based
on PSMC. In the first 5 second, there were no control signals
because we set the system to start after 5 seconds. The
sampling time is Ts = 0.0005s. The control signals were
acquired directly from the controller instead of the actual
signal fed back by the valve. This pressure signal may not
be accurate, but it is suitable for our simulations.

For the second line, the tracking performances of the hip
and knee joints are expressed. It is shown that the PSMC can
effectively control the exoskeleton. This model-free control
strategy brings convenient for the complex dynamics of ob-
jects. However, there exist tracking errors in this experiment
even after good adjustment for parameters.

For the third line, comparisons between the simulated joint
angles and the real joint angles are presented. With the same
control signals, the behavior of the simulated hip joint angle
is similar to the real situation. There is only a difference
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Fig. 8. From left to right, the figures are the control signals of hip and knee
joints; control performance of the hip and knee joint based on PSMC; the
comparisons between the simulated joint angles and the real joint angles.

in the magnitude of the amplitude. This is reasonable since
the parameters of the PMAs can not be accurately identified,
owing to the measurement errors, nonlinearities and uncer-
tainties. On the other hand, the simulated knee joint seems
a phase difference from the real one. There are two reasons
for this phenomenon. Firstly, referring to (12), α is a time-
varying parameter instead of certain value. It is difficult to be
calculated. Thus, we assume it as a cosine function greater
than 0. Secondly, when we concern the moment of the knee
joint, there may be a certain offset that we have not taken
into account.

These inaccurate parts can be seen as disturbance of the
system that can be compensated in the model-based control
strategies. We will investigate them in our future work.

VI. CONCLUSION

Robot-assisted therapies can increase the intensity of train-
ing, save the efforts of medical staff and enhance rehabil-
itated efficiency, which largely improves the rehabilitation
process for the patients with neurologic injuries. Therefore,
we developed a exoskeleton based on characteristics of
human walking. It was comprised of treadmill, body weight
support system, and the mechanical structure. The dynamics
of the exoskeleton was analyzed, and a model-free control
strategy called proxy-based sliding mode control was utilized
to get the exoskeleton properly controlled. The effectiveness
of proposed dynamical model was verified through the com-
parison study of simulations and corresponding experiments.

In our future work, we would like to propose model-based
control strategies to compensate the inaccurate model of the
exoskeleton, with which the exoskeleton can be precisely

controlled.
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