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ABSTRACT This paper presents the design, dynamic modeling and motion control of a novel cable-driven
upper limb robotic exoskeleton for a rehabilitation exercising. The proposed four degree-of-freedom robotic
exoskeleton, actuated by pneumatic artificial muscle actuators, is characterized by a safe, compact, and
lightweight structure, complying with the motion of an upper limb as close as possible. In order to perform a
passive rehabilitation exercise, the dynamic models were developed by the Lagrange formulation in terms of
quasi coordinates combined with the virtual work principle, and then the adaptive fuzzy sliding mode control
was designed for the rehabilitation trajectory control. Finally, rehabilitation experiments were conducted to
validate the prototype of upper limb robotic exoskeleton and the controller design.

INDEX TERMS
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I. INTRODUCTION
Rehabilitation treatment, typically performed by caregivers
and therapists, needs repeated and progressive functional
training exercises to help impaired patients to recover motor
abilities [1]–[3]. However, conventional therapist-led rehabil-
itation treatments require intensive labor, and typically are
time-consuming [4]. With current robotic technique emerg-
ing, robots have been applied to diverse fields. Robotic
devices have demonstrated the consistency in repetitive tasks.
They are well suited for rehabilitation assistance [5]. In par-
ticular, end-effector-type manipulators have been used in the
upper limb rehabilitation training to assist both therapists
and the impaired to improve treatment [6], [7]. However,
the heavy and stationary structures of these manipulators
restrict the availability in the settings.

A robotic exoskeleton is a mechanical structure type of
device whose joints and links are compatible with those
of the human body [8]. The wearable characteristics of
robotic exoskeletons offer potential applications to the reha-
bilitation assistances or powered assistances, and thus have
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gainedmore interests in robotic exoskeleton development [9].
In general, the designs on exoskeleton systems for upper-limb
rehabilitation can be classified into the shoulder–elbow–
wrist motion, shoulder–elbow motion and elbow–wrist
motion [10]. In the supported motion of shoulder–elbow,
research groups have designed various serial types of robotic
exoskeletons for rehabilitation investigations like ALEx [11],
CINVESRobot-1 [12], and AssistOn-SE [13]. While inspired
by the human anatomy, the shoulder joint in our developed
4-DOFs of robotic exoskeleton for supported shoulder–elbow
motion is a ball-socket joint.

Regularly, a user wears a robotic exoskeleton to undergo
rehabilitation trainings, the exoskeleton has to convey forces
to drive an upper arm to track the planed rehabilitation trajec-
tory slowly, smoothly and safely [14]. Therefore, themechan-
ical design and control technologies of a robotic exoskeleton
must play a critical role on the rehabilitation effects.

For electric-motor-actuated robotic exoskeletons, different
mechanical designs and control strategies [15]–[18] have
been proposed to conduct rehabilitation trainings by achiev-
ing a passive trajectory tracking, but the weights of most
exoskeletons are still considerable for a human to wear.
In comparison to the electric motors, pneumatic artificial
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muscles (PAMs) have several advantages like compactness,
inherent compliance, low cost, and high power-to-weight
ratio [19], [20]. PAM is a braided pneumatic actuator com-
posed of an inner rubber tube wrapped in a layer of nonex-
pendable double-helix-braided shell. When the tube is filled
with air through a hose, the PAM contracts in the longitudinal
direction according to its inflation volume, whereas it tends
to return to its original shape during the deflation. These
physical characteristics make PAMs become an alternative
actuator.

In control technologies for PAM-actuated robotic
exoskeletons, Andrikopoulos et al. [21] presented the design
and motion implementation of a PAM-actuated 2-DOF wrist
exoskeleton. Experimental evaluations on the movement
capabilities were made via a PID-based control algorithm.
A portable upper limb exoskeleton rehabilitation robot was
developed by Tu et al. [22]. The rehabilitation robot was
unidirectionally actuated by PAMs. The iterative learning
control (ILC) was chosen to realize intensive and repetitive
rehabilitation trainings. Xiong and Jiang [23] designed an
exoskeleton robotic arm driven by PAMs for stroke rehabil-
itation. The patient-active-robot-passive and patient-passive-
robot-active training modes were conducted by a PID control
method.

Based on the aforementioned observations, linear type of
controllers were most employed for the rehabilitation control
of PAM-actuated upper-limb robotic exoskeletons. However,
a linear type of controller is not enough for the better rehabil-
itation effects due to nonlinear phenomena of PAM-actuated
systems that are resulted from air compressibility, friction,
sensitivity to external loading, making control of a PAM-
actuated exoskeleton rather difficult [24], [25]. Moreover,
in order to improve the quality of the trajectory tracking of
rehabilitation control, an advanced controller always needs
the system dynamic models. However, the dynamic formu-
lation is arduous for a complex system. Several methods
such as the Newton-Euler formulation [26], [27], virtual
work principle [28], [29], Kane’s method [30], and the
Lagrangian formulation in generalized coordinates [31]–[33]
have been proposed for modeling and simulation of dynamic
systems. Among them, the Lagrangian formulation based on
the kinetic and potential energies has more physical insight.
However, if the rotations of a structure in space are expressed
in generalized coordinates, the formulated time-varying iner-
tia matrices will lead to intensive symbolic computations for
the partial derivatives of the Lagrangian, and thus the dynamic
equations are developed only under some simplified assump-
tions on the geometry, configuration and inertia distribution.
Instead, in the paper the Lagrange formulation in terms of
quasi coordinates combined with the virtual work princi-
ple was proposed for the dynamic modeling of the robotic
exoskeleton. The developed closed and complete dynamic
equations are available for the model based control design.

In this paper, we depict a 4-DOF upper limb robotic
exoskeleton design for the supported shoulder–elbowmotion.
The laboratory experimental robotic exoskeleton is actuated

by PAMs through cables, and mainly serves as the passive
rehabilitation mode. The passive rehabilitation assistance is
achieved based on the trajectory tracking control. Due to the
system uncertainties and external disturbances, the adaptive
fuzzy sliding mode control (AFSMC) is proposed for the
trajectory tracking of rehabilitation control. As aforemen-
tioned, the AFSMC needs the dynamic model, and thus the
equations of motion were formulated using the Lagrange
equations in terms of quasi coordinates combined with the
virtual work principle, in which the formulated kinetic and
potential energies are expressed inmatrix forms as function of
quasi-velocities and rotation matrices. Maneuvering tests on
healthy subjects were implemented to validate the designed
architectures and controllers for passive rehabilitation
exercises.

The remainder of this paper is structured as follows:
in section 2, the design and building of a four DOFs of
PAMs-actuated robotic exoskeleton via cables is presented.
Section 3 gives the complete dynamic formulation of the
upper-limb robotic exoskeleton based on the Lagrange for-
mulism in terms of quasi coordinates combined with the
virtual work principle. Further, for the performance improve-
ment on the rehabilitation trajectory tracking, the AFSMC
design for the robotic exoskeleton is described in section
4. The stability proof is also provided here. In section 5,
the rehabilitation trajectory tracking experiments are pre-
sented and discussed. Finally, brief conclusions about the
contribution of this study are outlined in section 6.

II. DESIGN AND BUILDING OF ROBOTIC EXOSKELETON
A. OVERVIEW OF SYSTEM DESIGN
The design targets to develop a compact, light-weight upper
limb robotic exoskeleton that fits to the anatomical structure
and agrees with the movement of the upper limb as close as
possible. In general, the human upper limb mainly consists
of seven degrees of freedom, but most executed rehabilita-
tion exercises involve shoulder abduction/adduction, shoul-
der flexion/extension, shoulder internal/external rotation, and
elbow flexion/extension. As such, a four-DOF upper-limb
robotic exoskeleton design is presented in this paper.

1) SHOULDER AND ELBOW JOINT DESIGN
As shown in Fig. 1(a) for the shoulder joint mechanism,
the first L type of link is actuated through the ring bearing
joint 1 that is mounted to the shoulder plate. The ring bearing
joint 2 that is fixed to the first L type of link drives the second
L type of link, and the housing cap for the upper arm support
is rotated by the ring bearing joint 3. The length of the
housing cap is varied by connecting a sliding link to adapt
the different lengths of human arms. The proposed design,
as shown in Fig. 1(b), emulates the anatomical ball-and-
socket shoulder joints of human beings, and kinematically
equivalent to a serial chain with three perpendicular revolute
joint axes intersecting at a single point [34]. Moreover, the
shoulder abduction/adduction θ1, shoulder flexion/extension
θ2, and shoulder internal/external rotation θ3 clearly agree
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FIGURE 1. (a) Mechanical design of robotic exoskeleton for supported
shoulder-elbow motion. (b) Joint configurations assignment.

with the description of the ZYX Euler angles for a coordinate
system assignment.

In the elbow joint design, only allowed is the elbow flex-
ion/extension θ4. The forearm plate is therefore rotated by the
inner ring shaft with an embedded bearing mounted to the
support aluminum plate. Each joint is mounted with a high-
resolution incremental encoder for the measurements of joint
angles.

Coupling the free end of a PAM to each joint through a
cable that is routed on the outer or inner ring axis generates a
tension force or a contracting force as the air is compressed
into the tube, and thus the revolute joint is actuated. The
PAMs are Festo type MAS-20-300N fluidic muscles with the
25% maximum contraction ratio. A proportional pneumatic
pressure regulator (Festo VPM-6L-L-1-G18-0L10H-V1N) is
used to control the air into a PAM, and its pressure range

is from 0 to 10 (bar) with respect to the input voltage. All
the PAMs are directly placed on the backboard to achieve
the compactness as well as decrease the whole weight of the
robotic exoskeleton. Instead of imitating one pair of antag-
onist muscles, only one PAM for each joint may reduce the
complexity in structure and control of the robotic exoskeleton
for now. The designed low-cost, lightweight, and portable
upper-limb exoskeleton weighs 5.6 kg, and it is enough to
assist patients suffering from high stiffness in upper limb
flexor muscles to take frequent intensive rehabilitation exer-
cises in the community or at home as shown in Fig. 2(a).

FIGURE 2. (a) Cable-driven robotic exoskeleton system with PAM
actuators as well as the animation enabled system. (b) Control circuit and
peripherals.

Moreover, in the developed robotic exoskeleton system a
real-time animation is enabled by reading the joint angles to
a microcontroller board to animate the graphic model through
the Labview development. The animation enabled system
featuring synchronicitywith the robotic exoskeletonmay give
a rehabilitation performance evaluation

2) ELECTRONICS DESIGN
A commercially available microcontroller board (NI sbRIO-
9632) is used for the main controller. The module NI 9234 in
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the board enables the input signal on analog input chan-
nel to be buffered, conditioned, and then sampled by a
24-bit Delta-Sigma ADC. The analog output module NI
9263 has four output channels with the specification of
100 kS/s, 16-Bit, ±10 V. The Labview evelopment sys-
tem is used for the required measurement and control
algorithms.

Finally, the actuation unit, peripheral sensor devices and
main control board are integrated to the robotic exoskeleton
as shown in Fig. 2(b). As the PAMs are filled with the air,
the PAMs contract and pull the mechanical load to actuate
the upper limb robotic exoskeleton. Instead, by releasing the
air from the PAMs and taking advantage of the self-weight
of an upper limb the robotic exoskeleton can return to its
initial configuration. In this way a rehabilitation exercise can
be realized.

III. DYNAMIC MODELING OF UPPER LIMB
ROBOTIC EXOSKELETON
A. PAM MODEL
PAMs contract in the axial direction by filling a compressed
air into the tube to generate a pulling force. The resulted
contractile forces actuate the joints through the cables. The
contractile force Fc can be described as linearly proportional
to the relative pressure P and a monotonic function of braid
angle that varies with the contraction length as depicted in (1)
[35], [36]

Fc = πr20P[α (1− ε)
2
− β], (1)

where α = 3/tan2θ0, β = 1/sin2θ0, ε = (l0 − l)/l0 = 1l/l0,
r0 is the initial radius of the PAM. l0 and l are the respective
initial length and real length of the PAM, whose difference is
defined as the contraction length 1l. θ0 is the initial braid
angle of the PAM. The internal pressure of the PAM is
controlled by an input voltage to the proportional pneumatic
pressure regulator.

FIGURE 3. Coordinate systems assignment for dynamic formulation.

B. DYNAMIC EQUATIONS INCLUDING PAM ACTUATORS
The basic geometric structure of the robotic exoskeleton for
the dynamic formulation is illustrated in Fig. 3, in which an
inertial N-frame, O_XNYNZN, is specified with the ZN, YN,
and XN axis being respectively along the J1-, J2-, and J3-joint
axis as referred to the initial configuration, and thus the inter-
section point of these three joint axes of shoulder is defined as
the origin O. The local l1-frame {A1_x1y1z1}, whose origin is
coincident with the point O, is fixed to the upper arm, and the
corresponding x1 axis is along the upper arm. The other local
coordinate system, l2-frame {A2_x2y2z2} with its origin A2
being at the elbow J4-joint is attached to the forearm, and its
x2 axis is defined along the forearm.

With the defined coordinate systems, let ρi (i = 1, 2) be
the position vectors from the origin Ai to a differential mass
dmi on the respective upper arm (segment i = 1) and forearm
(segment i = 2) with respect to the corresponding li-frame.
The position vectors of the differential masses measured with
respect to the inertial N-frame can thus be expressed as

r1 = N
1Rρ1, (2)

r2 = N
1RL1 +

N
2Rρ2 =

N
1R (l1u1)+

N
2Rρ2, (3)

where N
i R (i = 1, 2) is the rotation matrix describing the

coordinate transformation from the li-frame to the inertial
N -frame. Moreover, in accordance with the joint structure
of the proposed robotic exoskeleton, the Z-Y-X Euler angles[
ψ θ ϕ

]T are better used to specify the orientation of two
coordinates, so that the coordinate transformation matrix j

iR
from the li-frame to the lj-frame is represented as

j
iR=

 cψcθ −sψcϕ + cψsθsϕ sψsϕ + cϕsθcϕ
sψcθ cψcϕ + sψsθsϕ −cψsϕ + sψsθcϕ
−sθ cθsϕ cθcϕ

 ,
(4)

where‘‘c’’ stands for cosine, and ‘‘s’’ stands for sine.
In addition, Li = liui with the length li denotes the length

vectors of the segment i with respect to the li-frame, and
ui is the unit vector along the corresponding arm axis and
expressed in the li-frame.
The absolute velocities of the differential masses on each

arm are given by taking the derivatives on Eqs. (2) (3) as

ṙ1 = N
1Rω̃1ρ1, (5)

ṙ2 = N
1Rω̃1L1 + N

2Rω̃2ρ2, (6)

where the time derivative of a rotation matrix N
i R is defined

as
N
i ṙ =

N
i Rω̃i, (i = 1, 2) (7)

Moreover, the tilde over a vector ω̃i denotes a skew sym-
metric matrix formed from the vector ωi that is the absolute
angular velocity of the segment i of the arm with respect to
the li-frame, and is expressed as

ω̃ =

 0 −ωz ωy
ωz 0 −ωx
−ωy ωx 0

 , (8)
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According to a rigid body motion, the total kinetic energy
of the robotic exoskeleton including the wearer’s arm is
expressed in a matrix-vector form as

T =
1
2

∑2

i=1

∫
ṙTi ṙidmi =

1
2
ωT1I1ω1

+
1
2
m2ω

T
1L̃

T
1L̃1ω1 + m2dT2ω̃2

TN
2R

TN
1Rω̃1L1

+
1
2
ωT2I2ω2, (9)

where mi is mass of the arm i (i = 1, 2), I i =
∫
ρ̃Ti ρ̃idmi

denotes the mass moment of inertia matrix about Ai in the
li-frame, and d i specifies the position vector of the gravity
center of the segment i, being expressed in the li_frame.
On the assumption that the origin of the N -frame is chosen

as the zero reference of the gravitational potential energy,
the total potential energy is represented as

V =
∑2

i=1
(−gT ridmi) = −m1gTN1Rd1 − m2gTN1RL1

−m2gTN2Rd2, (10)

where the gravity g is introduced for the potential energy.
It is seen that the kinetic and potential energies are

expressed in matrix forms as the function of quasi-velocities
and rotation matrices. Substituting Eqs. (9)(10) into the
Lagrange formulation in terms of quasi coordinates [37], [38]
for the development of dynamic equations,

d
dt

(
∂T
∂ωi

)
+ ω̃i

∂T
∂ωi
−

∂T

∂Ni R
+

∂V

∂Ni R
= Qi, (11)

along with the following useful identities for symbolic com-
putations

∂

∂R

(
aTRb

)
= b̃RT a, (12)

ãb̃c = (b̃c̃T + c̃b̃)a, (13)

The dynamic equations were derived in a closed form as[
I1 + m2L̃

T
1L̃1 m2L̃

T
1
2
1Rd̃2

m2d̃
T
2
2
1RL̃1 I2

][
ω̇1
ω̇2

]

+

[
ω̃1I1 + m2L̃

T
1L̃1 0

0 ω2I2

][
ω1

ω2

]

+

[
−m1d̃1N1R

T
g− m2L̃1N1R

T g

−m2d̃2N2R
T
g

]
=

[
Q1
Q2

]
, (14)

or in an abbreviated form[
M11 M12

M21 M22

] [
ω̇1
ω̇2

]
+

[
H11 H12

H21 H22

] [
ω1

ω2

]
+

[
G1

G2

]
=

[
Q1
Q2

]
, (15)

where the generalized forcesQi are designated in terms of the
virtual work with

δwi = δβTi Qi, (16)

and the associated quasi-coordinates β i are defined in a dif-
ferential form as ωi = dβ i/dt . This dynamic form (15)
that is expressed in terms of quasi-velocities keeps compact,
straightforward and well-structured. However, the equations
cannot be directly integrated to the generalized coordinates
for a model-based controller design and simulation, a veloc-
ity transformation relating quasi-velocities to time derivative
of angular orientation coordinates such as Euler angles is
required.

Making use of the velocity transform matrix C i relating
the absolute quasi-velocity ωi and the absolute Euler angular
velocity γ̇ i, the velocity transformation is expressed as

ωi = C iγ̇ i, (17)

Furthermore, the velocity transformation for the relative
quasi-velocity �i and the relative Euler angular velocity η̇i
with respect to its preceding segment i-1 is written as

�i = Diη̇i, (18)

where Di means the relative velocity transform matrix.
Since the upper limb robotic exoskeleton is regarded as a

joint type of manipulator, the angular velocities of segment
i are equal to that of segment i-1 plus relative components
caused by rotational velocities at joint i, and therefore can be
written in terms of li-frame as

ωi =
i
i−1Rωi−1 +�i =

i
i−1Rωi−1 + Diη̇i, (19)

Changing the subscript of Eq. (17) into i-1 and then sub-
stituting into the above, a virtual displacement relationship
between in the quasi-coordinates and in the joint angles is
obtained as

δβ i =
i
i−1RC i−1δγ i−1 + Diδηi−1, (20)

Also taking the derivative over Eq. (19) leads to the quasi-
acceleration as

ω̇i =
i
i−1Rω̇i−1 + ω̃i

i
i−1Rωi−1 + Diη̈i + Ḋiη̇i, (21)

In order to further transform the dynamic equation (15) to
the expression in the joint angles, the virtual work principle
for any instantaneous motion was applied to Eq. (15), so that

δw =
∑2

i=1
δβTi [

∑2

j=1
(M ij ω̇j + H ijωj)+ Gi − Qi] = 0,

(22)

Because the segment i = 0 is a fixed base, the absolute and
relative kinematics characteristics of the segment i = 1 are
coincident. Based on the Z-Y-X Euler angle transformation,

γ 1 = η1 =
[
θ1 θ2 θ3

]T
, (23)

C1 = D1 =

 −sθ2 0 1
cθ2sθ3 cθ3 0
cθ2cθ3 −sθ3 0

 , (24)

And at the elbow joint, only the joint angle θ4 is designated,
that is,

η2 =
[
0 θ4 0

]T
, (25)
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D2 =

−sθ4 0 1
0 1 0
cθ4 0 0

 , (26)

and thus

�2 = D2η̇2 = θ̇4v2, (27)

where v2 =
[
0 1 0

]T is the unit vector along the y2-axis.
Substituting Eqs. (19)(21) for the respective quasi-

velocities and quasi-accelerations and Eq. (20) for the virtual
displacements in the quasi-coordinates into Eq. (22), together
with the above facts (23-27) for our proposed upper limb
robotic exoskeleton design, with any virtual displacement
variations in joint angles δθ = [δθ1 . . . δθ4], the equations of
motion in (15) are rewritten in terms of the designated joint
angles as

M θ̈ +H θ̇ + G = τ , (28)

where θ= [θ1θ2θ3θ4]T is the joint angle vector for the shoul-
der joints and elbow joint of the exoskeleton. The inertia
matrixM is symmetric and positive definite, H θ̇ is the Cori-
olis and centrifugal vector, G is the gravity vector, the closed
and detailed definitions are fully presented in the followings.

M11=CT
1

(
M11+M12

2
1R+

1
2RM21+

2
1R

TM22
2
1R
)
C1,

M12=CT
1(M12+

2
1R

TM22)v2,

M21= vT2(M21+M22
2
1R)C1,

M22= vT2M22v2,

H11=CT
1

(
M11+M12

2
1R+

1
2RM21+

2
1R

TM22
2
1R
)
Ċ1

+CT
1 [H11+θ̇4(M12+

2
1R

TM22)ṽ221R

+
2
1R

TH22
2
1R]C1,

H12=CT
1
2
1R

TH22v2,

H21= vT2 [
(
M21+M22

2
1R
)
Ċ1+

(̇
θ4M22ṽ2+H22

) 2
1RC1],

H22= vT2H22v2,

G1=CT
1

(
G1+

2
1R

TG2

)
,

G2= vT2G2,

Moreover, the property that (Ṁ − 2H) is a skew-symmetric
matrix existing in a Lagrange dynamic system leads to the
identity

Ṁ = H +HT , (29)

In addition, the joint torque τi at the i-th joint is resulted
from the contractile force Fi of the PAM i (i = 1,. . . 4) about
the joint, and thus can be computed by multiplying the con-
tractile force Fi by the joint radius ri. The contractile force Fi
is controlled by the filled relative pressure Pi that is linearly
proportional to the input voltage ui. Also the contraction
length 1li of the PAM enables a corresponding joint angle
θi with 1li = ri θi. The joint torque τi is thus represented as

τi = riπr20 [α (1− riθi/l0)
2
− β]ui = fi(θi)ui, (30)

where fi (θi) = riπr20 [α (1− riθi/l0)
2
− β] implies a nonlin-

ear function of the joint angles.
The dynamic equations of the upper limb robotic exoskele-

ton are rewritten after substituting Eq. (30) into Eq. (28) as

M θ̈ +H θ̇ + G = Bu, (31)

where the input matrix B= diag[f1 . . . f4] is positive definite.
When the robotic exoskeleton is used for rehabilitation

training, the motion controller must be well designed to
track the rehabilitation trajectory to ensure the effectiveness
in rehabilitation. However, the designed upper limb robotic
exoskeleton may suffer from structural parameter uncertain-
ties, external disturbances like the flexibility of the cable, hys-
teresis existing on PAMs and cable-driven robot, measured
noise, etc., an advanced nonlinear controller is required for
the cable-driven robotic exoskeleton. Based on the formu-
lated dynamic equations (31), if some parameter uncertainties
1M,1H ,1G,1B and external disturbances are assumed to
exist in the system, Eq.(31) can be rewritten as

M θ̈ +H θ̇ + G = Bu+
(
−1M θ̈ −1H θ̇ −1G+1Bu

)
= Bu+ d(t), (32)

And an adaptive fuzzy sliding mode control (AFSMC) is
proposed for the rehabilitation control of the cable-driven
upper limb robotic exoskeleton with PAM actuators.

IV. CONTROL DESIGN
It is well known that sliding mode control (SMC) is an
effective technique relative to the parametric uncertainties
and external disturbances. A sliding surface must be first
defined to specify the desired closed-loop performance. The
time-varying sliding surface here is expressed as

s (θ) = θ̇ − (θ̇d −3θ̃) = θ̇ − θ̇ r, (33)

in which θ̃ = θ−θd is the joint angle errors of the robotic
exoskeleton. The symmetric positive definite matrix 3 is
related to the desired performance of the closed-loop system.
Moreover, the introduced reference joint rate θ̇ r interprets the
sliding surface as the tracking joint rate errors with respect to
the reference joint rates.

Conventionally, SMC is composed of the nominal control
ueq and the reaching control ur in the presence of model
imprecision or external disturbances. The nominal control ueq
can be determined by making the derivative of the sliding
surface zero as

ueq = B−1(M θ̈ r +H θ̇ r + G), (34)

By the nature, the reaching control ur expressed in a sign
function will excite a chattering and induce the damage to
the robotic exoskeleton. To overcome the drawback, some
methods were proposed such as the integral type of SMC,
incorporated thin boundary layer or a sigmoid function to
smooth out the control discontinuity. In this paper the adap-
tive fuzzy type of reaching control is used to remove the
discontinuous control signal.
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A. ADAPTIVE FUZZY SLIDING MODE CONTROL DESIGN
The fuzzy type of reaching control for the robotic exoskeleton
is expressed as

ur = B−1K rFSMC (s, ṡ) , (35)

in which
K rFSMC (s, ṡ)

=
[
kr(1)FSMC1(s1, ṡ1) · · · kr(n)FSMCn(sn, ṡn)

]T
is the fuzzy gain vector with the components
kr(i)FSMC i(si, ṡi). The fuzzy function FSMC maps two
normalized inputs s(t), and ṡ(t) to the linguistic output.
The Mamdani inferred rules with seven fuzzy partitions,
NB (Negative Big), NM (Negative Medium), NS (Nega-
tive Small), ZO (Zero), PS (Positive Small), PM (Positive
Medium) and PB (Positive Big) are used for the fuzzy
inference. The membership functions of input and out-
put linguistic variables are defined in Fig. 4. As proposed
in [39], the product inference with singleton fuzzifica-
tion and centroid defuzzification methods were employed
for the fuzzy implications. The fuzzy function is nor-
malized as |FSMC i(si, ṡi)| ≤ 1, and has been set as
(si)(FSMC i(si, ṡi)) ≤ − |si|.
The input-output relationships in the fuzzy inference sys-

tem are determined from the fuzzy logic IF-THEN rule base.
Namely for the i_th rule, R(i)::IF x̃(t) is Ai1 and ˙̃x(t) is Ai2
THEN FSMC i is Bi, Ai1 and Ai2 are the input fuzzy sets and
Bi is the output fuzzy set. The designated fuzzy rules are
presented in Table 1.

TABLE 1. Fuzzy rules for FSMC.

Totally, the control input takes the form

u(t) = ueq(t)+ ur (t)

= B−1(M θ̈ r +H θ̇ r + G)+ B−1K rFSMC (s, ṡ) , (36)

B. STABILITY ANALYSIS
The robotic exoskeleton system (32) is controlled by fuzzy
sliding mode controller (36). A Lyapunov candidate V (t) is
chosen as

V (t) =
1
2

(
sTMs

)
, (37)

The stability is analyzed by differentiating (37) as

V̇ (t)

= sTMṡ+
1
2

(
sT Ṁs

)
= sTM

(
θ̈ − θ̈ r

)
+

1
2

(
sT Ṁs

)

FIGURE 4. Assigned membership function of the fuzzy sets for (a) input
variables

(
si ,ṡi

)
, normalized error inputs ( θ̃i ,

˙̃
θi ), and (b) output function

FSMC i .

= sT
(
Bu− H θ̇ −G+d (t)−M θ̈ r

)
+

1
2

(
sT Ṁs

)
= sT

(
B
[
B−1

(
M θ̈ r +H θ̇ r + G

)
+ B−1K rFSMC (s, ṡ)

]
−H

(
s+ θ̇ r

)
− G+ d (t)−M θ̈ r

)
+

1
2

(
sT Ṁs

)
= sT (K rFSMC (s, ṡ)+ d (t))

≤

∑n

i=1
(|di (t)|−kr(i)) |si| (38)

If kr(i) > |di (t)| is chosen such that the reaching condition
V̇ (t) < 0 is always satisfied, the stability proof is completed,
and the closed-loop system is guaranteed asymptotically
stable.

In FSMC the switching fuzzy gains kr(i) are constants
that are larger than the upper bounds of |di (t)|. However,
the switching control gains kr(i) can be further determined
dynamically to improve the tracking performance of the
robotic exoskeleton. As such, a fuzzy inference system is pro-
posed for kr(i). Seven fuzzy partitions for the two normalized
inputs θ̃i,

˙̃
θi and output kr(i) are denoted. The corresponding

membership functions of input and output linguistic variables
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are depicted respectively in Fig. 4(a) and Fig. 5 based on the
stability proof and numerous trials. Moreover, the triangu-
lar membership functions were used here for its simplicity,
computational efficiency and control performance. The fuzzy
logic IF-THEN rule base determines the input-output rela-
tionships in the fuzzy inference system as shown in Table 2.

TABLE 2. Fuzzy rules for kr(i).

FIGURE 5. Fuzzy sets of switching gain kr .

Correlation-minimum inference with centroid defuzzifica-
tion method is used for the fuzzy implications, and thus kr(i)
can be adjusted adaptively according to the current joint angle
errors and joint rate errors of the robotic exoskeleton.

FIGURE 6. Control structure of AFSMC for robotic exoskeleton.

The control structure of the AFSMC for the robotic
exoskeleton is shown in Fig. 6. The rehabilitation trajectories
are designated by the desired joint angles θd . The control
signals u for the PAMs are generated by AFSMC, actuating
PAMs to produce forces to drive the upper limb robotic
exoskeleton to realize a rehabilitation task.

FIGURE 7. (a) A wearer put on the robotic exoskeleton in an idle posture.
(b) A rehabilitation exercise was executed.

V. IMPLEMENTATION AND DISCUSSIONS
As shown in Fig. 7(a)(b), the passive upper-limb rehabilita-
tion exercises were demonstrated by a healthy subject putting
on the robotic exoskeleton. The trajectory tracking experi-
ments were conducted to implement rehabilitation motions.
The desired trajectories in the joint space were synthesized
from the animation enabled system according to the upper
limb rehabilitation motions. The parameters of the robotic
exoskeleton including the wearer’s upper arm and forearm
were taken as m1 = 1.26 kg, m2 = 0.63 kg, I1 =
0.1134 kg·m2, I2 = 0.0252 kg·m2, l1 = 0.3 m, l2 = 0.2 m.
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The joint radius r1 = 0.06 m, r2 = 0.06 m, r3 = 0.06 m,
r4 = 0.03 m. The PAMs in use are r0 = 2cm, l0 = 30cm,
θ0 = 25◦, α = 480, β = 17.58.

A. REHABILITATION EXPERIMENT ON JOINTS J1,
J2 AND J4
In the first rehabilitation experiment, the rehabilitation tra-
jectories were planned for the shoulder abduction/adduction
θ1, shoulder flexion/extension θ2, and the elbow flex-
ion/extension θ4 under the shoulder internal/external rotation
θ3 = 0. The initial pose was defined with his upper arm hung
down. Three controllers, PID, FSMC and AFSMC were used
and compared on the tracking performance.

FIGURE 8. Trajectories of shoulder joint J1.

FIGURE 9. Trajectories of shoulder joint J2.

Figs. 8-10 present the trajectories of the joints J1, J2, and
J4 for the three controllers. It is seen that the PID control
on trajectory tracking has the worst performance. Especially,
there cause very large deviations at the two extreme positions
of the rehabilitation cycle because of system uncertainties,
nonlinear effects and compressibility of the air. FSMC indeed
can suppress the chattering of the conventional SMC design
and a better tracking performance can be obtained. In partic-
ular, AFSMC apparently has superior tracking performance

FIGURE 10. Trajectories of shoulder joint J4.

in rehabilitation tasks by dynamically adjusting the
switching fuzzy gains. The corresponding control signals
based on AFSMC are presented in Fig. 11.

FIGURE 11. Control signals of AFSMC.

FIGURE 12. Trajectories of shoulder joint J3.

B. REHABILITATION EXPERIMENT ON JOINTS J3
In the second test, only the shoulder internal/external reha-
bilitation rotation was specified at the other fixed joint angles
θ1 = 40

◦

, θ2 = 0, θ4 = 70
◦

. The trajectories of the joint
J3 for the three controllers are shown in Fig. 12. It can be
found that the proposed AFSMC is superior to the other two
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controllers for the applications of the robotic exoskeleton
to the rehabilitation. Also in the comparison to the first
rehabilitation experiment that is a simultaneous multi-joint
control, a smooth trajectory tracking can be achieved for
the only shoulder internal/external rotation. However, during
the repeated shoulder internal/external rotations, it is also
revealed that the upper limb is hard to completely return to
the initial position only by releasing the air out of a PAM.
In this regard, a spring will be required to provide the restor-
ing forces. The control signals for AFSMC are displayed
in Fig. 13.

FIGURE 13. Control signals of AFSMC.

FIGURE 14. Trajectories in the space for different masses by direct
command inputs.

Finally, the RMS errors for the three controllers, PID,
FSMC, and AFSMC are shown in Table 3. According to
Table 3, it can be seen that the RMS errors were statisti-
cally and significantly lowered. It is demonstrated that the
adaptive nonlinear controller type of AFSMC has a better
tracking performance for the developed upper limb robotic
exoskeleton.

TABLE 3. Units for magnetic properties.

C. EFFECT OF DIFFERENT MASSES ON REHABILITATION
TRAJECTORIES
In this experiment, different masses were considered for
the rehabilitation trajectory. Four combinations of masses
were mounted to the upper arm and forearm of the robotic
exoskeleton, and the sine signals were commanded to the
respective joints J1, J2 and J4. Each rehabilitation task was
executed two cycles. The measured joint angles and the
associated joint rates, accelerations were then substituted
into the forward kinematic equations (3) with l1 = 0.25 m,
l2 = 0.25 m to obtain the rehabilitation trajectories in the
space. As shown in Fig. 14, the different masses cause the
inconsistent trajectories by direct command inputs. More-
over, the larger masses induce larger chattering for the robotic
exoskeleton due to the cable-driven design.

FIGURE 15. Trajectories in the task space for different masses by AFSMC.

The proposed AFSMC was then applied to the rehabilita-
tion exercising for different masses. The desired trajectories
in the joint space was specified the same as those in the
section 5-1. Following the aforementioned calculations for
the forward kinematics, the trajectories in the task space
during two cycles are displayed in the Fig. 15. The consistent
trajectories show that the AFSMC can effectively eliminate
the chattering and is robust to varying masses for rehabilita-
tion applications.
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VI. CONCLUSION
To conclude, a new 4-DOF upper limb robotic exoskeleton
system was proposed to support shoulder–elbow rehabilita-
tion motion smoothly and reliably. Each joint is driven in
one-way actuation by the PAM via a steel cable such that
the robotic exoskeleton is characterized with light weight,
portability, low cost and safety.

Research efforts were also concentrated on the dynamic
modeling and controller design for the reliable implemen-
tation of rehabilitation exercises. The dynamic model was
developed using the Lagrange formulation in terms of quasi
coordinates combined with the virtual work principle. The
formulated matrix-vector forms are compact and closed, and
feasible for a model based control design. The proposed
dynamic modelling can be applied to any other dynamic sys-
tem without assumptions. Based on the dynamic equations,
the model-based AFSMC for the robotic exoskeleton can be
designed to effectively realize rehabilitation exercises.

The tracking error analyses conducted by rehabilitation
experiment tests have validated the availability of the robotic
exoskeleton system on rehabilitation training. Even friction
exists between the cable and the conduit, the experimental
findings showed that the tension transmission loss in cables
occurred only while returning to the initial pose. However,
overall performancewas adequate for preliminary application
of the robotic training for impaired individuals. In the future,
a model-free method, such as the active disturbance rejection
control (ADRC) could be considered to solve the problem.
Also, with the help of clinical trials, it is expected to provide a
potential alternative to shoulder–elbow rehabilitation devices,
and achieve the rehabilitation training in the community.
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