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Abstract: The pneumatic muscle actuator (PMA) has been widely applied in the researches of
rehabilitation robotic devices for its high power to weight ratio and intrinsic compliance in the
past decade. However, the high nonlinearity and hysteresis behavior of PMA limit its practical
application. Hence, the control strategy plays an important role in improving the performance of
PMA for the effectiveness of rehabilitation devices. In this paper, a PMA-based knee exoskeleton
based on ergonomics is proposed. Based on the designed knee exoskeleton, a novel proxy-based
sliding mode control (PSMC) is introduced to obtain the accurate trajectory tracking. Compared with
conventional control approaches, this new PSMC can obtain better performance for the designed
PMA-based exoskeleton. Experimental results indicate good tracking performance of this controller,
which provides a good foundation for the further development of assist-as-needed training strategies
in gait rehabilitation.

Keywords: knee rehabilitation exoskeleton; pneumatic muscle actuator (PMA); extended proxy-based
sliding mode control (EPSMC); active motion

1. Introduction

The knee joint is the most susceptible joint of the lower limb joint for human beings [1]. It plays an
important role in human motion, such as supporting body weight, absorbing strike shock, and assisting
the swing of lower limbs [2]. But movement impairment of knee joint, which is commonly characterized
by spastic muscle tone or leg muscle weakness, may have a great influence on the activities of daily
life (ADL). The main causes of knee impairment include cerebral palsy, incomplete spinal injury,
and stroke. Traditional physical treatments are conducted by therapists, which are time-consuming
and expensive. The heavy burden for therapists may have negative effects on the treatments. In recent
years, the powered assistive devices have emerged as an alternative option for effective physical
therapy and attracted plenty of scientific researches [3].

The exoskeleton is one of the most common powered assistive devices for rehabilitation. Most of
the exoskeletons consist of rigid structures which are actuated by electric motors assembled with
the transmissions [4–6]. The rigid exoskeletons are characterized by high force output and good
controllability as the merits. However, the widespread application of rigid exoskeletons is still
limited for poor compliance, large weight/inertia, and degrading metabolic efficiency or safety [7,8].
Recent researches on soft robotics have provided new approaches for the design of exoskeletons,
i.e., soft exoskeletons [9]. The utilization of soft actuators, soft structural materials, and soft sensors have
improved the performance of exoskeletons [10–14]. The soft actuators such as the pneumatic artificial
muscles (PMA), shape memory alloys, and the electroactive polymer actuators play an important role
in the design of soft exoskeletons [15–18]. Pneumatic artificial muscles have been widely used as soft
actuators for the intrinsic compliance and high force to weight ratio [19–23]. For the unidirectional
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actuation of PMA, the exoskeletons are often designed in antagonistic configurations with two PMAs
to realize bilateral rotations [24–26]. Despite the advantages, the highly nonlinear dynamics of PMA
makes it challenging to apply precise control.

To improve the accuracy of joint trajectory tracking for a PMA-based exoskeleton, various control
strategies have been studied in recent decades. Xiong et al. utilized a feedback and feedforward
proportional–integral–derivative (PID) controller to track the desired output of the arm exoskeleton [27].
A PID controller was also used by Van Damme to correct disturbances of the pneumatic manipulator [28].
In spite of easy implementation, the convergence analysis and coefficients adjustment limit the use of
PID control. The soft-computing techniques have been studied in recent years, such as fuzzy sets and
artificial neural networks (ANNs), etc. A fuzzy controller combined with a bang-bang controller was
proposed for the PMA-based elbow exoskeleton [29]. Chang introduced an adaptive self-organizing
fuzzy controller for the rehabilitation robot [30]. Huang showed ANNs-based model predictive control
(MPC) methods to obtain accurate control performance [31,32]. Despite the capability of approximating
nonlinear characteristics, the high computation confines real-time performance and limits PMA control
applications. Addressing the dynamics of PMA, sliding mode control (SMC) might be a suitable method
for its robustness to internal system uncertainties as well as the external disturbances. Shen applied an
SMC to the designed PMA-based servo system to obtain robust control [33]. An SMC was also applied
into the PMA-based lower limb exoskeleton to verify the compliance [34]. Aschemann et al. showed a
cascaded SMC scheme for the PMA-based linear axis [35]. However, the “chattering” problem of PMA
may cause damages to the actuators.

In recent years, a “proxy” is added to the conventional SMC as an extension of PID control,
i.e., proxy-based sliding mode control (PSMC) [36]. The PSMC can avoid the “chattering” problem
and generate an overdamped resuming motion from big errors of position without sacrificing tracking
accuracy. The PSMC has been applied in PMA control [37] and other application fields [38]. However,
there is still room to improve the PSMC from the general theoretical framework like extending the
designing of virtual coupling.

In this paper, a PMA-based knee exoskeleton based on ergonomics is proposed. Based on the
designed knee exoskeleton, a novel PSMC is introduced to obtain the accurate trajectory tracking.
Compared with conventional control approaches, this new PSMC can obtain better performance for
the designed PMA-based exoskeleton.

The rest of this paper is organized as follows. Section 2 analyzes the design requirements based
on ergonomics and illustrates the structure of the designed knee exoskeleton. Section 3 introduces the
novel EPSMC for the PMA-based exoskeleton. In Section 4, a series of experiments are conducted to
verify the performance of the new controller. Section 5 provides the conclusion.

2. The PMA-Based Knee Exoskeleton

2.1. Ergonomic Baiscs and Design Requirements

The ergonomics should be primarily considered for the design requirements of the knee exoskeleton.
The literatures on the kinematic and dynamic of the knee joint in common movement forms are
investigated [39,40], as illustrated in Figure 1. The angle θ is defined as a flexion between the femur and
the tibia in sagittal plane. The joint angle θ is defined to be 0 when the center line of the femur coincides
with that of the tibia, i.e., the knee is fully extended, and it increases when the knee joint flexes.
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Figure 1. Illustration of the movement of knee joint. The angle θ is defined as flexion between the
femur and the tibia in sagittal plane.

The designed knee exoskeleton focuses on the rehabilitation of patients with knee injuries, so the
application scenarios are mainly moderate knee movements. The brief biomechanical data of knee
joint movement are listed in Table 1.

Table 1. The brief biomechanical data of knee joint in activities of daily life (ADL) [39,40].

Movement Maximal Angle (◦) Maximal Torque for Individual (N·m)

Walking 65.4 44.6
Stair ascent 93.92 40.6

Stair descent 90.52 28.0
Double leg rise 150.4 150.5
Single leg rise 129.3 76.9

According to Table 1, although the maximum flexion angle for the knee joint is 150.4◦, but the
exoskeletons within the angle range are often portable devices, which aims to provide assistance
in activities in daily life (ADL). The more professional rehabilitation devices mainly focus on the
“walking” motion, such as the Lokomat system (Hocoma AG). To extend the rehabilitation scenarios,
the angle range of a designed PMA-based exoskeleton is set to 90◦ which is around the stair ascending
or descending motion angle. In addition, in order to avoid side effects like muscle atrophy, it is
enough to provide the knee joint with a partial assistance of the peak torque during various human
movements [41].

2.2. The Mechanical System of PMA-Driven Exoskeleton

The knee joint, i.e., the flexion and extension movement, is powered by two antagonistic PMAs.
The two PMs actuate the rotational knee joint via 3mm diameter steel cables with a 30-mm moment
arm. Each PMA is connected to the structure basis through a force sensor to detect the real-time force
information. An angular encoder is mounted along the joint axis to measure the angular position of
the knee joint. The brief schematic drawing of the mechanism is illustrated in Figure 2. The knee joint
θ is set to be zero when the center lines of thigh and shank segments coincide and increases as the
joint flexes.
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Figure 2. Schematic drawing of the pneumatic muscle actuator (PMA)-based knee joint mechanism.

For the antagonistic configuration, the difference between flexion and extension muscles generates
the angle motion. Assuming that the cables are always in tension and neglect the stretch, the contracting
lengths of the antagonistic actuators are expressed by

xF = r(θ− θF0)xE = r(θE0 − θ) (1)

where r represents the joint moment arm, and θF0 and θE0 are the knee joint positions when the pair
actuators have no extension or contraction.

3. Design of the Active Motion Controller

3.1. Modeling of PMA

The FESTO AG Company’s PMAs are chosen as the actuator of the designed knee rehabilitation
device. The existence of the pressurized air, the elastic viscous material, and the geometric features of
PMA gives rise to the high nonlinearities, so it’s of great importance to choose the suitable mathematical
PMA model. Two main categories are prevalently used for the mathematical models, the theoretical
model and the phenomenological model. In this article, the phenomenological model is utilized as
a combination of effects from nonlinear friction, spring, and contraction components to describe the
dynamic behavior of a PM pulling a mass against gravity, as shown in Figure 3.
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Considering the bandwidth requirement of gait rehabilitation robot system, the dynamic model
should be developed as described in [42] instead of the static modeling methods. The dynamics of the
PMA are approximately given as follows:

M
..
x + B(P)

.
x + K(P)x = F(P) −Mg (2)

K(P) = K0 + K1P (3)
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B(P) = B0i + B1iP (inflation) (4)

B(P) = B0d + B1dP (deflation) (5)

F(P) = F0 + F1P (6)

where M is the mass of PMA, g is the acceleration of gravity, P represents the input pressure, x = 0
corresponds to the fully deflated position of PMA, and K(P) and B(P) are pressure-dependent coefficients
representing the spring and damping elements respectively, which can be determined experimentally.

..
x = f

(
x,

.
x
)
+ b

(
x,

.
x
)
u(t) + d

(
x,

.
x, t

)
(7)

where
f
(
x,

.
x
)
=

1
M

[
F0 − B0

.
x−K0x−Mg

]
(8)

b
(
x,

.
x
)
=

1
M

[
F1 − B1

.
x−K1x

]
(9)

and 
B0 = B0i , B1 = B1i i f

.
x > 0 (in f lation)

B0 = B0d , B1 = B1d i f
.
x > 0 (de f lation)

B0, B1 hold i f
.
x = 0

. (10)

The uncertainties including external disturbances and modeling errors are lumped into the term
d
(
x,

.
x, t

)
in Equation (6).

Then, the torque generated by each actuator is calculated by τF =
(
F(PF) + K(PF)xF + B(PF)

.
xF

)
·r

τE =
(
F(PE) + K(PE)xE + B(PE)

.
xE

)
·r

(11)

τtotal = τF − τE =
(
F(PF) −K(PF)xF − BF(PF)

.
xF − F(PE) + K(PE)xE ∓ (PE)

.
xE

)
r. (12)

3.2. Modeling of the System

The pressure regulators are used to be black boxes in some control loops, but this application
ignores the details of pressure characteristics of the PM actuator, which may causes time delays or
unpredictable errors [43,44]. Modeling including the force dynamics of mechanism and actuators,
flow dynamics and pressure could better describe the entire system [33]. The pressure dynamics in
the PM can be described as follows:

.
m =

1
RT

(
V

.
p

k
+ p

.
V) (13)

VF = 2a3 + 2a1r2(θF0 − θ)
2
− 2a2r(θF0 − θ) (14)

VE = 2a3 + 2a1r2(θE0 − θ)
2
− 2a2r(θE0 − θ) (15)

where
.

m is the pneumatic mass flow of the PM, R is the universal gas constant, T represents the gas
temperature, and VF, VE represent volume of the flexion and extension-side PM. V could be modeled as
a function of muscle contraction length x and transformed into the form of knee joint θ. The coefficients
a1, a2 and a3 can be determined experimentally.

The proportional valves are used to control the mass flow in each PM. The flow characteristics of
proportional can be modeled based on the related parameters as follows:

.
m0(pu, pd) =

puCρ0
√

T0/Tu

√
1− (pd/pu−b)

(1−b) if pd
pu
> b

puCρ0
√

T0/Tu if pd
pu
> b

(16)
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.
m = A·

.
m0(pu, pd) (17)

where
.

m0 represents the maximum mass flow for given pressures over a fully opened valve. pu and pd
denote the up and downstream pressure of PM. ρ0, T0 represent the density and temperature in the
ISO 6358 reference state, C is the sonic conductance, and b is the critical pressure ratio. The actual mass
flow

.
m of PM is controlled by the voltage signals according to the valve characteristics.
The entire system can be modeled by combining the mentioned models, and it includes two inputs

of valve flow control, two outputs of knee joint θ and the pressure in flexion side PM. The vectors of
variables, control inputs, and outputs are listed as follows.

Combing (13) and (16), the model can be written in the form as follows:

x =
[
θ

.
θ PF PE

]T
=

[
x1 x2 x3 x4

]
(18)

u = AF/E (19)

y = θ = x1. (20)

The Lie derivative is used to perform the coordinate transformation into a new expression form to
control the position without a degradation of the desired specifications. The sliding mode algorithm
can be studied based on the coordinate transformation. L f h(x) is the directional derivative of scalar
h(x) and the properties are described in (21)

L f h(x) = ∂h(x)
∂x f (x)

L2
f h(x) = L f L f h(x) =

∂(L f h(x))
∂x f (x)

Lk
f h(x) = L f

(
Lk−1

f h(x)
)
=

∂
(
Lk−1

f h(x)
)

∂x f (x)

. (21)

Based on (21), the new state variable vector is selected as (22), and its time derivative is calculated
with (23).

z = ϕ(x) =


h1(x) = x1

L f h1(x) = x2

L2
f h1(x) =

.
x2

h2(x) = x3

 (22)

.
z =


.
θ
..
θ

L3
f h1(x) + Lg1L2

f h1(x)u1 + Lg2L2
f h1(x)u2

L f h2(x) + Lg1h2(x)u1

 (23)

3.3. Extended Proxy-Based SMC Design

In classical SMC, the “chattering” phenomenon is one important issue that needs to be solve,
which is caused by the sign function. So, a virtual object called “proxy” is applied to reduce the
phenomenon in the PSMC strategy [36], as illustrated in Figure 4. The proxy connects the physical
actuator and the desired position, and one “virtual coupling” connects the proxy with the actuator.
The virtual coupling can be seen as an imaginary spring-like element which exerts a specific force to
maintain the length to zero. The proxy has the capability to simulate ideal motion, which satisfies
idealized physical constraints. A PID controller is usually introduced for the virtual coupling to affect
the physical object and reduce the “chattering” to a great extent.
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The PSMC in the form of depicting rotation movement is shown in Figure 5. The proxy can be
described as a torsional PID-type virtual coupling attached to a single robot link [24].
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According to the illustration of PSMC in Figure 4, the sliding mode controller determines the
force fa, which is then applied into the virtual proxy. And the force produced by the PID-type virtual
coupling is defined as fc which is applied to the real controlled object. Then, the motion of proxy can
be calculated as:

m
..
p = fa − fc. (24)

After that, we can have the sliding manifold as: σp =
.
θd −

.
p + H(θd − p)

σθ =
.
θd −

.
θ+ H(θd − θ)

. (25)

To obtain a stable extended PSMC for the system (12), the novel sliding manifolds are designed as: σp =
.
θd −

.
p + H(θd − p) + I

∫
(θd − p)dt

σθ =
.
θd −

.
θ+ H(θd − θ) + I

∫
(θd − θ)dt

. (26)

It should be noted that the proposed manifolds contain integrals of (θd − p) and (θd − θ) compared
with the conventional PSMC. The integral parts play an important role in reducing the steady error for
the tracking control. Based on this, the virtual coupling force fc and the sliding mode controller fSMC
are calculated as:

fc = 1
b [Kp(p− θ) − f +

..
θd + H

( .
θd −

.
θ+ I(θd − θ)

]
fSMC = Γsgn

(
σp

)
−Kp(p− θ) + mp

..
θd + mpH

( .
θd −

.
p
)
+ mpI(θd − p)+

1
b

[
Kp(p− θ) − f +

..
θd + H

( .
θd −

.
θ
)
+ I(θd − θ)

] . (27)
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Some terms based on the dynamics are added to the coupling force fc and the sliding mode
controller fSMC for the convenience of theoretical analysis. Then, the closed-loop system model is
given by: 

..
θ = Kp(p− θ) +

..
θd + H

( .
θd −

.
θ
)
+ I(θd − θ)

mp
..
p = fSMC − fc = Γsgn

(
σp

)
−Kp(p− θ) + mp

..
θd + mpH

( .
θd −

.
p
)
+ mpI(θd − p)

. (28)

The stability of the system can be verified by constructing the following function:
V1 = 1

2 mpσ2
p

V2 = 1
2σ

2
θ

V3 = Kp(p− θ)
( .
p−

.
θ
)
+ KpI(p− θ)

∫
(p− θ)dt

. (29)

The Lyapunov function is selected as:

V = V1 + V2 + V3. (30)

Then, the derivative of Lyapunov function is calculated:

.
V =

.
V1 +

.
V2 +

.
V3 = −Γ

∣∣∣σp
∣∣∣−KpH(p− θ)2

≤ 0. (31)

So, the system trajectory will finally be driven into the designed sliding mode manifolds, and the
tracking error will converge to zero.

4. Experiment Validation

4.1. Parameters Determinations

According to the dynamics of PMA, the parameters are approximate to be linear with the inner
pressure of the actuator. The parameters play an important role in studying the controlling strategies.
To obtain the appropriate parameters for the model of chosen PMA in the exoskeleton, a series of
experiments were conducted with the pressure ranging from 0.6 to 6 bar at the increments of 0.2 bar.
The best fitting parameters were determined by utilizing the least square linear regression method [45].
Based on the experimental data analysis, the parameters are described by (15), which agree with the
work in [34] that a piecewise model can better describe the difference between low and high pressure.

F(P) = 194.8 + 204.0P
K(P) = −63382 + 25085P (0.6 ≤ P ≤ 2bar)
K(P) = −16352− 787.9P (2 ≤ P ≤ 6bar)
B(P) = −6275 + 946.4P (Inflation)
B(P) = 763.9− 91.04P (Deflation)

(32)

4.2. Experiment Settings

The validation experiments should be conducted before the practical application in human body.
To simulate the load from human leg, a mass ranging from 1kg to 4 kg with increments of 1 kg is
attached to the end of shank part, as illustrated in Figure 6. The other side of exoskeleton is fixed to
a platform.
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Figure 6. The experimental platform.

To verify the performance of the proposed method, two kinds of reference trajectory were selected,
i.e., the sinusoidal signal and actual knee motion signal. The sinusoidal signal is shown in (16).

θd = A sin(2π f t) (33)

where A = 60, f = 0.25 Hz. The sinusoidal trajectory corresponds to the bidirectional motion of
flexion and extension. It should be noted that the designed exoskeleton can be applied in either
side of lower limb, so it makes sense to utilize the symmetrical trajectory. The actual knee motion
provides another reference trajectory which was obtained from the Anybody Modeling System
(Anybody, The Netherlands) with the standard model of 1.8 m in height.

The maximum absolute error and the integral were calculated to measure the accuracy of
control results: 

MaxError = Max
(∣∣∣θd(t) − θ(t)

∣∣∣n
t=1

)
IntelError = 1

n

n∑
t=1

∣∣∣θd(t) − θ(t)
∣∣∣ (34)

where n represents the total sample of experiment.
The xPC target developed by Mathworks Inc was used as the real-time part of the experiment

platform. The main hardware includes the PMAs, air compressor, valves and the sensors, as listed in
Table 2.

Table 2. The main equipment in the experiment.

Name Type Details

Encoder TS5700N8501
Resolution: 17 bits
Max rev: 6000 RPM
Accuracy: ±80 arc/sec

Electromagnetic valve FESTO MPYE-5-M5-010 Input: 0–10 V
Output: 0–100% of max flow

Relieve-pressure valve AW20-02BCG Regulating range: 0.05–0.85 MPa

Pneumatic Muscle FESTO DMSP-20-200N-RM
Inner diameter: 20 mm
Rated length: 60–9000 mm
Lifting force: 0–1500 N

Data acquisition board NIPCI-6025E
16 AI and 2 AO
32 digital I/O buses
Sampling rate: 200 kS/s

Force sensor TJL-1
Measurement range: 0–300 N
Sensitivity: 2 ± 0.1 mV/V
Accuracy: 0.03% F·S

Air compressor Denair, DW35
Capacity: 150 L
Power: 800 W
Exhaust pressure: 0.8 MPa
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4.3. Experiment Results

To verify the performance of the PMA-based exoskeleton under the proposed controller,
the same experiments using PSMC, PID and FUZZY control were also conducted as the comparisons.
Furthermore, the ESPMC was applied under different loads to investigate the robustness of the system.
The control parameters are tuned based on PMA with no loads, and the parameters of PSMC and
EPSMC keep the same to verify the performance.

The tracking performance for the sinusoidal signal with different control strategies is shown in
Figure 7, and the comparison result is shown in Table 3. As is illustrated in Figure 7, around the
extreme point of desired trajectory, the tracking trajectories for each control strategy start to fluctuate,
which affects the tracking performances. The PSMC and EPSMC can track the desired trajectory better
than the other control strategies, but the tracking trajectory of EPSMC is more consistent with desired
trajectory. The detailed evaluation with ‘MaxError’ and ‘IntelError’ are calculated in Table 3. The result
shows that the EPSMC behaves best since it can reduce the “chattering” phenomenon significantly.
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Table 3. The tracking performance of different control strategies.

Strategy MaxError (◦) InteError (◦)

EPSMC 2.4 0.9
PSMC 5.2 2.1

PID 4.5 2.7
FUZZY 5.3 4.6

The gait rehabilitation training needs to be task specific, so the controller and the hardware system
need to be able to operate at a bandwidth that is similar to the average gait cycle frequency (0.67 Hz)
of stroke survivors [46]. The experiment was conducted with the same setup as the first experiment,
but with joint movement frequency at 0.4 Hz and 0.8 Hz. To further investigate the robustness of the
proposed method, a mass ranging from 1kg to 4 kg with increments of 1 kg is attached to the end
ofshank part. The result is shown in Figure 8 and Table 4. The IntelError of tracking errors under 0.4Hz
and 0.8 Hz are almost the same, but the MaxError of 0.4 Hz and 0.8 Hz are 2.6◦ and 5.1◦, respectively.
So, it concludes that the tracking errors increase with the frequency, which may be caused by the
intrinsic compliance of the PM that increases the phase delay between the actual and desired trajectory.
Obviously, as the quality increases, the control effect also deteriorates. This is reasonable because the
control parameters are tuned based on the PMA that does not mount any mass.



Actuators 2020, 9, 134 11 of 14

Actuators 2020, 11, x FOR PEER REVIEW 11 of 14 

 

the actual and desired trajectory. Obviously, as the quality increases, the control effect also 

deteriorates. This is reasonable because the control parameters are tuned based on the PMA that 

does not mount any mass. 

  
(a) (b) 

Figure 8. Experimental results for different frequencies: (a) 0.4 Hz; (b) 0.8 Hz. 

Table 4. The tracking performance of the EPSMC with different loads. 

Weight MaxError (°) InteError (°) 

1 kg 2.5 0.7 

2 kg 3.2 0.8 

3 kg 3.6 0.8 

4 kg 3.9 1.0 

To verify the capacity of tracking the actual knee motion under the proposed controller, the 

knee motion provides another reference trajectory, which was obtained from the Anybody Modeling 

System (Anybody, The Netherlands) with the standard model of 1.8 m in height. The result with 

standard deviations (shade areas) is shown in Figure 9. The exoskeleton with the EPSMC can 

accurately track the actual knee motion of a human. 

 

 

Figure 9. Experiments on knee joint trajectory tracking. 

5. Conclusions 

Pneumatic artificial muscles (PMAs) have been widely used as soft actuators for the intrinsic 
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Table 4. The tracking performance of the EPSMC with different loads.

Weight MaxError (◦) InteError (◦)

1 kg 2.5 0.7
2 kg 3.2 0.8
3 kg 3.6 0.8
4 kg 3.9 1.0

To verify the capacity of tracking the actual knee motion under the proposed controller, the knee
motion provides another reference trajectory, which was obtained from the Anybody Modeling System
(Anybody, The Netherlands) with the standard model of 1.8 m in height. The result with standard
deviations (shade areas) is shown in Figure 9. The exoskeleton with the EPSMC can accurately track
the actual knee motion of a human.
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5. Conclusions

Pneumatic artificial muscles (PMAs) have been widely used as soft actuators for the intrinsic
compliance and high force to weight ratio. Despite the advantages, the highly nonlinear dynamics of
PMA makes it challenging to apply precise control. In this paper, a PMA-based knee exoskeleton based
on ergonomics is proposed. Based on the designed knee exoskeleton, a novel PSMC is introduced to
obtain the accurate trajectory tracking. A series of experiments have been conducted in the designed
exoskeleton for performance verification. The results demonstrate better performance of the proposed
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algorithm in the designed exoskeleton in comparison with three traditional methods, as well as the
robustness in different loads.
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