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ABSTRACT This paper presents a novel force sensorless reflecting controller for a haptic-enabled device
driven by a bilateral pneumatic artificial muscle system, which proposed configuration for the first time the
bilateral haptic teleoperation. For details, an adaptive force observer scheme considered to be an alternative
to direct force measurement is proposed to estimate the interaction force with an unknown environment for
the force reflecting control design. Meanwhile, the separately fast finite time nonsingular terminal sliding
mode control schemes are developed based on the force estimation in both subsystems to achieve good
tracking performance and fast response. Thus, the great transparency performance with both force feedback
and position tracking can be achieved simultaneously by using our proposedmethod. The finite-time stability
of the total controlled system is demonstrated by the Lyapunov approach. Moreover, the comparative
experiments are carried out on the developed testbench to validate the effectiveness and advantages of our
proposed control design in the different working conditions.

INDEX TERMS Bilateral teleoperation system, pneumatic muscle actuator, force observer.

I. INTRODUCTION
In recent years, the teleoperation techniques have been devel-
oped to reach a high level of sophistication and rapidly played
an important role in numerous practical applications, such as
robotic surgery, nuclear source detection, robotic construc-
tion [1]–[4]. Besides, these systems required the possibility
of physical interaction with the remote environment to pro-
vide the feeling of the present there, called haptic. From a
design perspective, many actuators are employed in the haptic
teleoperation systems to supply sensory feedback. Specifi-
cally, motor-driven actuators [5] are widely used given their
characteristics of safety and capability of providing suitable
force for small haptic devices according to the required state.
However, they are incompatible with the applications that
have extensively magnetic interference because of producing
their own magnetic fields. Meanwhile, the pneumatic arti-
ficial muscle actuators (PAMs) possessed the advantages of
a lightweight, reasonable safety and a high power-to-weight
ratio, which have been considered as one of the most promis-
ing solutions for haptic devices in many applications such as
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robot-assisted surgery, rescue robots, etc [3], [6], [7]. In this
work, a bilateral haptic teleoperation system actuated by a
pair of antagonistic PAM (APAM) configuration was first
designed.

The teleoperation system can be called a bilateral sys-
tem as the human not only operates the master system and
transmits the command trajectories to the slave system and
interacts with an environment but the interaction signals
between the slave and the environment can also be feed-
backed to the human through the master. Both master and
slave robots are controlled bilaterally with the same actions
of force and motion movements. The bilateral teleoperation
hereby is normally assessed through two critical indices
of stability and transparency. To be more specific, stability
requires the closed-loop system to be stable under differ-
ent environmental conditions. Transparency presents how
well the haptic feedback cues provide the human operator
slave-environment interaction. Numerous control strategies
have been introduced to balance the trade-off between these
indices [7], [8]. Besides, much effort has been made to seek
robust control methods to obtain satisfactory control perfor-
mance. For example, based on the system model [9], the con-
ventional Proportional-Integral-Derivative (PID) controller
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for a robotic arm was designed. An advanced PID controller
combined with a neural network scheme [7] and an intelligent
phase plane switching controller [10]. However, the above
approaches are only efficient in several specific regions with-
out high nonlinearity and time variation of system param-
eters. To improve these restrictions, a variety of advanced
methods was proposed such as a fuzzy approach [11], [12],
a neural network [13], a time-delay-based control [14], [15]
and radial basis function neural network [16]. Nonetheless,
the above approaches require complicated algorithms or a
large number of tuning parameters and depend largely on
the experience of experts. It is worth noting that sliding
mode control (SMC) is one of the most powerful methods
to enhance the nonlinear systems with uncertainties and dis-
turbances [17], [18]; however, the SMC can only asymp-
totically achieve stability for the controlled system. Taking
advantage of SMC, the terminal SMC (TSMC) has been
developed with its superiorities such as finite-time conver-
gence and high tracking accuracy [19]–[23]. Successively,
the modified version of TSMC namely the fast nonsingular
TSMC (FNTSMC) is developed to not only guarantee fast
convergence rate in the sliding phase when the system states
are far away from the equilibrium [24], but also avoiding
a singularity of switching from terminal sliding surface to
linear sliding surface [25]. From a haptic control perspective,
the APAM actuated haptic device is a challenge since its
dynamic contains high uncertainties.

Additionally, the transparency of a bilateral teleoperation
system requires not only accurate master-slave position track-
ing but also exact force perception. Thus, force information is
a crucial element to enhance the robotic system performance
with a force reflecting control scheme [26]. The force sensing
technique plays a vital role in such force control designs since
the control performance is affected by the precision of the
force detection. In conventional approaches, the force infor-
mation is obtained from force sensors. However, the usage of
force sensors is not always available or feasible in practical
applications owing to some drawbacks such as high cost,
inconvenience to install, the capability of being damaged by
collisions and narrow bandwidth due to their sensitivity to
large noise [27], [28]. Therefore, the force information can
be obtained by force observers and have been proposed in
many approaches [29]–[33]. In [33], a nonlinear disturbance
observer (NDOB) is a well-known estimation method for
estimating the external force signal of the bilateral teleopera-
tion system. In another approach presented in [34], an extend
active observer (EAOB) estimated both force and state infor-
mation to improve control performance by removing the
effect of measurement noise and parametric uncertainties.
An extended state observer with an adaptive gain was also
designed to obtain the force and state information without
using force sensors in the bilateral teleoperation system in
[27]. Even though these observers provide a simple way to
estimate the external force, their disadvantage is the effects
of noise as the velocity computation could deteriorate the
force sensing. To handle this issue, the combination of force

observer with a Kalman filter was introduced in [35], [36].
However, the Kalman filter cannot guarantee the finite-time
convergence of the estimation errors, which could lead to
difficulty in ensuring global control stability. With the wish
to develop the simple, fast and robust online estimation, the
novel adaptive force observer (AFOB) is proposed to estimate
external forces without using any load cell. It is worth noting
that the globally exponential stability still guarantees the
good performance of the bilateral teleoperation system. That
results are used to design robust controllers for the bilateral
teleoperation in the presence of parameter uncertainties.

According to the above analysis, this paper proposes con-
trol schemes based on a combination of AFOB and FNTSMC
scheme in a manipulated smart deburring regardless of a
dynamic model and parametric uncertainties for the master
and slave systems, which can guarantee the stability with fast
convergence error and tight tracking performance. Motivated
by the preceding discussions, as well as shortcomings in the
existing literature, the main originalities of this paper can be
summarized as follows.
• From our knowledge, there are no studies for the bilat-
eral haptic teleoperation based on the APAM configura-
tion. Moreover, this work proposed for the first time the
hybrid control based on a fast finite-time NTSMC and
AFOB. The objective of this work is to investigate the
interesting above-mentioned properties of the proposed
approach.

• The stability and finite-time convergence characteristic
of the closed-loop control are theoretically analyzed by
the Lyapunov approach.

• The experimental results are conducted on a designed
PAM actuated haptic system and the effectiveness of
the proposed control method is verified in the different
working conditions.

The remains of this paper are organized as follows. The
force dynamic model of the PAM system is presented in
Section 2. In Section 3, the adaptive force observer scheme,
the haptic control based FNTSMC and the stability analysis
of the controlled system are investigated. The experimen-
tal results are carried out in Section 4. Finally, concluding
remarks and future works are given in Section 5.

II. FORCE DYNAMICS OF THE APAM SYSTEM
In this research, the master-slave robots with a single degree
of freedom were configurated to create a sense of touch.
The concept of bilateral control is proposed on the basis of
the exchanged information between the master robot and the
slave robot. The master robot provides an operator human-
machine interface to feel force feedback, which relied on
imposing to the control stick through the pair of APAM
configuration. On the other hand, a slave robot is applied to
interact with unknown environments.

For determining the nonlinear model of the PAM, the the-
oretical models of the PAMs were presented in [37] which
described the major characteristics of the PAM are the rela-
tion between pressure, force, volume, and length. Besides,
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the phenomenological models of PAMs were investigated in
[38], [39] which express the output force as a function of
pneumatics’ pressure and kinematics. In this study, the three-
element phenomenological model considering the hysteresis
phenomenon presented in [39] is adopted to describe the
dynamics of the PAM. The expression of the approximated
force exerted by a single PAM based on its pressure and
contraction strain follows the constitutive laws.

Mk ξ̈k + bk (Pk )ξ̇k + kk (Pk )ξk = fk (Pk )
bk (Pk ) = bk1Pk + bk0
kk (Pk ) = kk1Pk + kk0
fk (Pk ) = fk1Pk + fk0

(k = 1, 2) (1)

where Mk , ξk , Pk are the mass of load, the displacement and
air pressure of the k th PAM, respectively; bk (Pk ), kk (Pk ),
and fk (Pk ) are the damping coefficient, stiffness, and the
contraction force of the k th PAM, respectively; bk1, bk0, kk1,
kk0, fk1, and fk0 are the coefficients of the model parameters.
In fact, two proportional valves integrated inside the

pressure regulators were used to regulate the pressure of
the compressed air supplied into the PAMs. Consequently,
the position is obtained through the antagonistic control of the
pressure of the pair of the PAMs. A positive/negative motion
of the plate requires an increment/decrement of the pressure
P1 of the PAM 1 and a decrement/increment of the pressure
P2 of the PAM 2. Therefore, the antagonistic actuation can be
described by:

P1 = P0 +1P, P2 = P0 −1P (2)

whereP0 = 3 bar is the initial pressure and1P is the pressure
difference from P0 used as a manipulated variable in the
antagonistic pressure control. In the APAM system, the two
PAMs are connected by a rod and through a pulley with a
radius of r = 0.025 m. Given two contraction forces, one
from each muscle, the torque τ of the actuated joint reads

τ = τ1 − τ2 = r(f1 − f2) (3)

where τ1 and τ2 are the torques generated by each PAM.
The total torque can be expressed in terms of the joint angle

θ , using the kinematic relations

θ = (ξ1 − ξ2)
/
r (4)

Hence, the dynamic of the robot can be written as the
following nonlinear second-order equation.

M θ̈ + C θ̇ + Kθ = τ − τd (5)

where M = Mkr2, C = (ζ + 2r2(b11P0 + b10)), K =
2r2(k11P0 + k10)), ζ = 0.052 N.s/m is the viscous damping
coefficient, τd is the total of unknown disturbances in the sys-
tem dynamics, which includes of external perturbations, e.g.,
load variations or disturbance torque, and friction nonlineari-
ties andMk denotes the link inertia which is estimated of iner-
tia amounts to 0.032 kg.m2. This value can be obtained from
the CAD 3Dmodel of the robot after specifying the materials
of the parts of the model. The specification parameters of

TABLE 1. List of APAM model parameters.

FIGURE 1. Response of the APAM system. (a) The chirp control signal,
(b) Hyteresis curve.

the APAM model are given in Table 1. Fig. 1 expresses the
open loop responses of the model and the real APAM system
with respect to a chirp control input signal of the frequency
of 0.01 Hz and the reducing amplitude by the function 4π ×
(1− 0.03t) via sampling time t . As can be seen in this figure,
the dynamics model described in (5) can fairly represent the
high nonlinearity of the real system with small estimation
error. The dynamic model of 1 DOF master and slave system
based on APAM for the haptic system is given as follows

Mmθ̈m + Cmθ̇m + Kmθm = τm − τmd (6)

Msθ̈s + Csθ̇s + Ksθs = τs − τsd (7)

where m and s denote the master and slave side, respectively.
Let i denotesm or s, in (6) and (7). θi(t), θ̇i(t), θ̈i(t), represents
the joint position, velocity and acceleration,respectively.
τi(t)is the applied control torque and τid (t) denotes the exter-
nal torque, for i = m,s. According to [41], one of the fun-
damental properties of the bilateral teleoperation systems (6)
and (7), matrices Ṁi − 2Ci are skew-symmetric.

III. THE NONLINEAR BILATERAL CONTROLLER DESIGN
In this section, the bilateral control of force and motion in
the PAM based haptic system is presented. The concept of
bilateral control is introduced on the basis of the exchanged
information between the master side and the slave side.
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FIGURE 2. Proposed bilateral control scheme for APAM actuated haptic system.

The force sensing to the human operator is supplied through
the master system. Meanwhile, the slave system is employed
to interact with environments. The bilateral control design
for the overall haptic system can be achieved the globally
stable of the closed-loop system. Particularly, the PAM based
slave system θs can track the desired trajectory of the mas-
ter side θm with guarantee the error as small as possible.
Consequently, the great transparency is demonstrated through
a good impedance performance of the master system so
that the human can have the actual feeling of the contact
force with the environment vividly when the system is in a
steady state.

To start with, the proposed control algorithm of a bilateral
haptic teleoperation system is shown in Fig. 2. The oper-
ator applied torque and the environment torque is approx-
imated using the proposed adaptive force observers. Then,
the estimated contact force τ̂sd is transmitted to the master
subsystem. Through the impedance filter block, the desired
trajectory of the master system is derived to attain the desired
impedance performance and provide good force feedback
performance for the operator. The fast nonsingular terminal
sliding mode scheme is designed separately for the master
system to drive the master position to track the generated
reference trajectory as fast and accurately as possible. The
master output position θm is then sent back to the slave system
and becomes the reference for the slave-side position tracking
control. The robust control scheme is designed for the slave
system to achieve great tracking performance in the presence
of uncertainties and nonlinearities. Subsequently, the global
stability of the overall system and good transparency per-
formance including position tracking and force feedback is
simultaneously achieved.

A. CONTACT FORCE ESTIMATION USING
ADAPTIVE OBSERVER
In this section, a novel AFOB approach is designed to esti-
mate the force information for the system without the adop-
tion of a force sensor. The force information is employed for
a force reflecting control scheme in the next section. Firstly,

the following auxiliary variables are defined:

x1i = θi, x2i = θ̇i, (8)

As found in [40], the nominal system of (6) and (7) is
represented by the following form

ẋ2i = 3i − M̄
−1
i 1̄i + σiτid (9)

where σi = −M̄
−1
i ,3i = M̄−1i (τi − C̄ix2i − K̄ix1) with

M̄i, C̄i, K̄i are the nominal values of the inertia term Mi,
damping term Ci, stiffness term Ki, respectively; 1̄i is the
total of unknown disturbance and modeling errors;
Assumption 1: The norm of 1̄i is bounded by the following

inequation. ∥∥1̄i
∥∥ ≤ ω̄i, (10)

where ω̄i is a positive constant.
Let the filtered variable σ ∗i ,3

∗
i and x

∗

2i as
mσ̇ ∗i + σ

∗
i = σi, σ ∗i (0) = 0

m3̇∗i +3
∗
i = 3i, 3∗i (0) = 0

mẋ∗2i + x
∗

2i = x2i, x∗2i(0) = 0

(11)

where m is a positive value. Ideally, an invariant manifold is
then raised to design an unknown input observer.

The following auxiliary variables are defined.

ϑ =
(x2i − x∗2i)

m
−3∗i − σ

∗
i τid (12)

From (11) and (12), the time derivative of ϑ is obtained as

ϑ̇ = −
1
m

(
x2i − x∗2i

m
−3∗i − σ

∗
i τid

)
−
M̄−1i 1̄i

m
− σ ∗i τ̇id

= −
1
m

(
ϑ + M̄−1i 1̄i + mσ ∗i τ̇id

)
. (13)

Lemma 1: Consider the system (9) with the filter (11),
the variable ϑ is ultimately bounded for any finite a positive
value of m and decreases in an exponential sense. Addi-
tionally, the manifold lima→0(limt→∞[ϑ]) = 0 is invariant
for m→ 0.

Proof: The proof of the lemma is shown in Appendix A.
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According to the swapping lemma in [42] and applying a
filter 1/(ms + 1) on both sides of (11) for any finite m > 0,
we have:

1
m
(x2i − x∗2i) = 3

∗
i + σ

∗
i τid +

m
ms+ 1

σ ∗i τ̇id

+
1

ms+ 1
M̄−1i 1̄i (14)

where the last two termsψ = [m/(ms+1)][σ ∗i τ̇id ]+[1/(ms+
1)][M̄−1i 1̄i] from the filtering external torques of [σ ∗i τ̇id ] and
the uncertainties M̄−1i 1̄i. If τid is constant and 1̄i = 0, then
ψ = 0. Since σi is bounded, its filtered function σ ∗i is also
bounded, i.e.,

∥∥σ ∗i ∥∥ ≤ µσ for a constant µσ . As the external
torques τid and its derivative is bounded, ψ is bounded for
any finite a positive value ofm, i.e., ‖ψ‖ ≤ ψ̄. In this case,ψ
can be regarded as disturbances unsettling the ideal manifold
8 = 0 in Lemma 1.

Considering the approach as in [43], [44], the variables of
the proposed adaptive law are defined as{

01 = ϒ1τ̂id − ϒ2

02 = σ
∗T
i σ ∗i τ̂id − σ

∗T
i ((x2i − x∗2i)/m−3

∗
i )

(15)

where τ̂id is the estimate of τid , ϒ̇1 = −aϒ1 + σ
∗T
i σ ∗i , and

ϒ̇2 = −aϒ2+σ
∗T
i ((x2i− x∗2i)/m−3

∗
i ) when ϒ1(0) = 0 and

ϒ2(0) = 0, respectively, with a is a positive constant scalar.
Lemma 2: The variables in (15) are equivalent to{

01 = −ϒ1τ̃id +�

02 = −σ
∗T
i σ ∗i τ̃id + σ

∗
i ψ

(16)

where � =
∫ t
0 e
−a(t−τ )σ ∗Ti (τ )(σ ∗i (τ )(τid (t) − τid (τ )) +

ψ(τ ))dτ is a bounded residual error satisfying ‖�‖ ≤
(2µ2

σ ετi + µσ ψ̄)
/
a, with τ̃id = τid − τ̂id are the estimation

errors and ‖τid‖ ≤ ετi .
Proof: The proof of the lemma is shown in Appendix B.

An adaptive gain κ is calculated as

κ̇ = aκ − κσ ∗Ti σiκ (17)

Then, taking the integral (17), which can be obtained as
follows

κ−1 = e−atκ0 +
∫ t

0
e−a(t−τ )σ ∗Ti (τ )σ ∗i (τ )dτ

= e−atκ0 + ϒ1 (18)

where the fact that
(
d
/
dt
)
κκ−1 = κ̇κ−1 + κ

(
d
/
dt
)

κ−1 = 0.
From (18) discloses that κ converges to the inverse

of ϒ1. In [45], the definition of the persistently excit-
ing, i.e.,

∫ t+T
t σ T (τ )σ (τ )dτ ≥ β for any finite t , T ,

β are positive values. Since
∫ t
0 e
−a(t−τ )σ T (τ )σ (τ )dτ >∫ t

t−T e
−aTσ T (τ )σ (τ )dτ ≥ βe−aT holds for t > T . Hence,

λmin(ϒ1) > βe−aT > 0 holds that ϒ1 > βe−aT > 0. Thus,

κ−1(t) ≤ κ−1(0)+ µ2
σ

∫ t

0
e−a(t−τ )dτ ≤ κ0 + µ2

σ /a.

(19)

From (19) the boundedness of κ can be derived as

κ−1(t) = e−atκ(0)+ ϒ1(t) ≥ e−aTβ. (20)

Combination (19) and (20) show that(
λmin(κ0)+ µ2

σ

/
a
)−1
≤ κ(t) ≤ eaTβ−1. (21)

As a consequence, the adaptation law is expressed to esti-
mate external torques as the following.

˙̂τid = −δκ (01 + η02) (22)

where δ, η is a positive scalar, and κ is the online updated
value in (18).
Theorem 1: The boundedness of the external force estima-

tion error ‖τ̃id‖ is guaranteed the convergence to an expres-
sion defined by ‖τ̃id‖ =

∥∥τid − τ̂id∥∥ ≤ ζ̄i, where ζ̄i is a
positive design parameter when σ is persistently exciting.

Proof:The proof of the theorem is shown inAppendix C.

B. MASTER CONTROL DESIGN
By measuring the active torque estimate applied by the oper-
ator, it is possible to compute the new reference trajectory
required to make the master robot operate in certain mass,
stiffness and damping parameters. As a result, the adapted
angle θmf can be obtained with an impedance filter as follow:

θmf =
τ̂md − τ̂sd

Md s2 + Bd s+ Kd
+ θd (23)

where Md , Bd , Kd are the designed impendence parameters
and θd is the initial desired command of the master subsys-
tem.

In order hand to achieve good tracking performance and
fast response of systems, a fast finite time nonsingular termi-
nal sliding mode control is proposed for the master system in
the presence. The tracking errors are defined as the following

θ̃m = θmf − θm,
˙̃
θm = θ̇mf − θ̇m (24)

To obtain the terminal convergence of the tracking errors,
a special variable called terminal sliding surface is designed
as

sm = λmθ̃ [αm]m +
˙̃
θm (25)

where αm = pm/qm, pm and qm are positive odd integers
satisfying qm > pm; λm is a positive parameter of the sliding
surface.

From the system (6) and sliding surface formula (25),
the derivative of the sliding surface with respect to time can
be obtained as follows:

M̄mṡm = −M̄m
¨̃
θmf + M̄mλmαmθ̃

[αm−1]
m

˙̃
θm

+ τm − τmd − C̄mθ̇m − K̄mθm
= −M̄m

¨̃
θmr − C̄m

˙̃
θmr − K̄mθm + τm − τmd − C̄msm

(26)
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where θ̇mr = sm − θ̇m = θ̇mf + λmθ̃
[αm]
m . To preserve a

fast finite-time convergence property, the reaching phase is
chosen as follows:

sm + ρ1msm + ρ2ms[vm]m sign(sm) = 0 (27)

where ρ1m, ρ2m are the positive constants for the reaching
phase and 0 < vm < 1.

By applying the haptic control based on force sensorless
is embedded into the control system to simultaneously com-
pensate for the effects caused by dynamic uncertainties. The
control signal in the master side is introduced as follows:

τm = M̄m
¨̃
θmr + C̄mθ̇m + K̄mθm

− εmsign(sm)− ρ1msm − ρ2ms[vm]m + τ̂md (28)

where εm is the bound value of the unexpected disturbances.
In the following, the sufficient condition for the stability of

the master system is provided.
Theorem 2: For the master subsystem is presented in (6),

with the bounded external force estimation in Theorem 1 and
suppose that Assumption 1 is satisfied, i.e. εm ≥ ζ̄m + ω̄m,
if the sliding surface is designed as (25) and the control law
is designed as (28), then the tracking error will converge to
zero in a finite time.

Proof: The proof of the theorem is shown in
Appendix D.

C. SLAVE CONTROL DESIGN
A reference trajectory is designed in the slave with the input
of the master position signal θm, to produce the command
trajectory for the tracking of the slave system.

The tracking errors are defined as the following

θs = θs − θsd , θ̇s = θ̇s − θ̇sd (29)

where θsd (t) is the home position of the slave system. Then
the sliding surfaces are designed as

ss = λsθ̃ [αs]s +
˙̃
θs (30)

where αs = ps/qs, ps and qs are positive odd integers
satisfying qs > ps; λs is a positive parameter of the sliding
surface.

Thus, the combination of the derivative of the sliding sur-
face (30) with respect to time and the slave dynamic (7) can
be obtained as follows:

M̄sṡs = −M̄s
¨̃
θsd + M̄sλsαsθ̃

[αs−1]
s

˙̃
θs

+ τs − τsd − C̄sθ̇s − K̄sθs
= −M̄s

¨̃
θsr − C̄s

˙̃
θsr − K̄sθs + τs − τsd − C̄sss (31)

where θ̇sr = ss− θ̇s = θ̇sd +λsθ̃
[αs]
s . Furthermore, in order to

improve the convergence toward equilibrium zero, the reach-
ing phase is chosen as follows:

ss + ρ1sss + ρ2ss[vs]s sign(ss) = 0 (32)

where ρ1s, ρ2s are the positive constants for the reaching
phase and 0 < vs < 1. Thus, the slave controller can be
designed as follows:

τs = M̄s
¨̃
θsr + C̄sθ̇s + K̄sθs

− εssign(ss)− ρ1sss − ρ2ss[vs]s + τ̂sd (33)

where εs is the bound value of the unexpected
disturbances.
Theorem 3: For the slave system presented in (7) input

of the master position signal θm with the bounded external
force estimation in Theorem 1 and suppose that Assump-
tion 1 is satisfied, i.e. εs ≥ ζ̄s + ω̄s, if the sliding sur-
face is designed as (30) and the control law is designed
as (33), then the tracking error will converge to zero in a
finite time.

Proof:The proof of the theorem is shown inAppendix E.
Furthermore, the ith element (for i = m, s) of the surface si

in (25) and (30) can be given as follows:

si = λiθ̃
[αi]
i +

˙̃
θi (34)

When the terminal sliding surface (34) is reached (si = 0),
its derivative with respect to time is obtained as

ṡi = λiαiθ̃
[αi−1]
i

˙̃
θi +
¨̃
θi

= −λ2i αiθ̃
[2αi−1]
i +

¨̃
θi (35)

It can be seen that, ifαi > 1/2, then the singularity problem
on the terminal sliding mode does not occur. Besides, in the
case ˙̃θi 6= 0 while θ̃i = 0 before the reaching phase si 6= 0,
the modified terminal sliding surface is to deal with the
singularity problem as the following [48]:

si = 5i

(
θ̃i

)
+
˙̃
θi (36)

where

5i(θ̃i)=

λiθ̃
[αi]
i , if si=0 or si 6=0 and

∣∣∣θ̃i∣∣∣>ςi
z1iθ̃i+z2iθ̃2i sign(θ̃i), if si 6=0 and

∣∣∣θ̃i∣∣∣≤ςi
with z1i = (2 − αi)ς

[αi−1]
i , z2i = (αi − 1)ς [αi−2]i , ςi is a

positive constant.
Remark 1: The range of the parameter αi is defined as

1/2 < αi < 1 to avoid the singularity problem.
Remark 2: According to the finite-time stability from [48],

the parameters z1i, z2i are chosen to make the function5i(θ̃i)
and its time derivative continuous.

IV. RESULTS AND DISCUSSION
This section presents the experimental results of the position
tracking control and force reflecting control with AFOB on
the bilateral teleoperation system, which is separated into two
aspects. In the first aspect, the accuracy and effectivity of
the proposed AFOB scheme for obtaining the external force
of the APAM system are compared with multiple state-of-
the-art force observers. In the second aspect, to illustrate the
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effectiveness of the proposed control scheme in a good trans-
parency performance of both force feedback and position
tracking, two typical working sub-scenarios as following:

1) Free space: In this working condition, the master and
slave robots freely move without the external torques
from the human and environment. This test is to ver-
ify the effectiveness of the position tracking control
scheme. A chirp signal with different amplitudes is
chosen as a reference trajectory for the master system
to verify the tracking ability of the slave robot. The
control algorithm in the master system much drives the
master robot to follow the desired trajectory. Moreover,
the response of the master side becomes the refer-
ence signal of the slave side and the slave controller
is developed to make the slave manipulator track the
master robot’s trajectory. Thus, the effectiveness of
the bilateral control scheme is demonstrated by the
tracking accuracy of the slave robot position following
the desired trajectory given in the master side.

2) Contact and recovery: In this working condition,
human torque is applied to drive the master robot.
Meanwhile, the slave robot will follow the generated
trajectory in the master side and contact with the
environment. This test is employed to show the trans-
parency performance of the designed teleoperation sys-
tem. In detail, this experiment process is continuously
conducted with free-motion stage and contact motion
stage, in an interaction with a ‘‘soft’’ environment
(low stiffness of the spring is 500 N/mm and damping
coefficient of the damper is 4 Ns/mm), and then in an
interaction with a ‘‘stiff’’ environment (high stiffness
of the spring is 2800 N/mm and damping coefficient of
the damper is 20 Ns/mm).

In order to validate the genuine perspective on the effi-
ciency of the proposed methods, the experimental testbench
is established in Fig. 3. The bilateral teleoperation system
consists of two similar manipulators, a control stick for inter-
action with a human operator, and an environment test bench
modeled by an adjustable spring structure and a damper.
Each manipulator is actuated by a pair of PAMs (MAS-10-
200N-AA-MC-O by Festo company) antagonistically con-
nected through a pulley of radius 0.025 m. The length of
each PAM at rest is 0.2 m. The control pressures of both
master and slave systems are achieved by two proportional
pressure regulator valves (VPPM-8L-L-1-G14-0L8HV1N by
Festo company). To obtain the joint position of the manipu-
lators, two optical rotary encoders (E40H12-1024-3-V-5 by
Autonis company) with a resolution of 1024 pulse/rev are
mounted on the joint structures. Besides, pressure sensors
integrated inside the pressure regulators are utilized to obtain
the pressure information of the PAMs. The human interacting
torque is measured by a torque sensor (Bongshin CDFSA) in
the master system. Meanwhile, the interaction force of the
slave manipulator with the environment is determined by a
force sensor, which is installed in the environment unit. The

FIGURE 3. Photograph of the experimental appatatus.

TABLE 2. Specifications of the experimental devices.

specifications of the testing devices are shown in Table 2.
The overall experiment validation section is evaluated the
effectiveness of the proposed control algorithm in the real
test bench based on a real-time Windows target toolbox on
the MATLAB-Simulink environment. The sampling time t
of the real-time process is chosen to be 0.005 second. The
disturbance and modeling error are set as εs = εm = 0.05.
The impendence parameters are selected as Md = 1.5 kg,
Bd = 0.25 N.s.mm−1, Kd = 1 N.mm−1.

A. FORCE ESTIMATION
Three force observers are implemented to obtain the exter-
nal force from the environment and from the human oper-
ator, which are the NDO used in [33], the reaction torque
observer (RTOB) with Kalman filter used in [35], and the
proposed AFOB. In the NDO design, the force observer gain
for the master and the slave system are chosen as Lh =
Le = 10. In the RTOB design, the cut-off frequency of
the force observer is designed as β = 350 rad/s. Mean-
while, the parameter configurations of the proposed AFOB
are designed as follows κi(0) = 0.1, λi = 10, ηi = 0,
m = 0.1, a = 10. The torque estimation performances of the
three comparative observers in the interaction condition are
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FIGURE 4. Torque estimation performances of the comparative observers
in the interaction condition.

depicted in Fig. 4. As shown in Fig. 4 (a), all three observers
can fairly obtain the force information with acceptable esti-
mation errors. As described in Fig. 4 (b), however, root-mean-
square-errors (RMSEs) associated with NDO, RTOB and
proposed algorithm scheme are calculated of 0.211, 0.192 and
0.076, respectively. These results show that the performance
of the proposed AFOB is much improved with the smallest
steady-state estimation errors and effective noise suppression.
With appropriate low-pass filters, the proposed approach
shows the robustness with one tuning parameter that needs to
be selected but can also achieve high performance. Therefore,
this force estimation information can be employed in the force
feedback control scheme.

B. TRACKING CONTROL PERFORMANCE
Following the above remarks, assumptions and on the system
characteristics in the related study [22], the parameters of
the proposed FNTSMC for the master and slave systems are
selected as λm = λs = 8, pm = ps = 5, qm = qs = 7,
ςm = ςs = 10−4, νm = νs = 9/11, εm = εs = 0.1,
ρ1m = ρ1s = 10, ρ2m = ρ2s = 2. Hence, the parameters
of the PID controller were initialized by using Zigler-Nichol
method, which were selected as KP = 3.8, KI = 25 and
KD = 0.15. Based on these parameters, it is considered the
basic control gains to provided a suitable control input to
compel the system trajectory to its reference as closely as
possible. Then, taking advantage of the TSMC and the pro-
posed controller can adjust more specific parameters, which
is given the above mention. To more express fair evaluation,
the same working conditions have applied simultaneously.
Consequently, the experimental results obtained by applying,
in turn, the PID, TSMC, and proposed controller to the testing
system are shown in Fig. 5, as well as zoom-in in the graph.
From Fig. 6 to Fig. 9 show the experimental results of the
proposed method where the position and force responses at

FIGURE 5. Position tracking performances of the comparative control
algorithms with respect to the master subsystem.

FIGURE 6. Transparency performance of the bilateral teleoperation using
haptic control in the free motion and soft contract.

both master and slave sides under various conditions of the
environment.

In the free space situation, the desired chirp signal of the
frequency of 0.36 Hz with the reducing amplitude by the
function 4π × (1− 0.03t) via sampling time t is supplied to
the initial command of the master system as seen in Fig. 5.
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FIGURE 7. Transparency performance of the bilateral teleoperation using
haptic control in the free motion and soft contract.

FIGURE 8. Transparency performance of the bilateral teleoperation using
haptic control in the free motion and stiff contract.

The output tracking performances of the master and slave
are shown in Fig. 5 (a) and (b), as well as zoom-in per-
formance, respectively, whereas Fig. 5 (c) and (d) express
the output tracking errors between the master/slave and
desired/slave, respectively. For each situation, both master
and slave robots are controlled bilaterally with the same
pair of PID, TSMC, or proposed controller, respectively.
As shown in Fig. 5 (c), the performances of a pair of pro-
posed position control schemes developed by PID framework
make acceptable responses of tracking error of ±1.1 deg.
Meanwhile, with the TSMC and the proposed controller algo-
rithm improved the control performances with much smaller
tracking errors. The tracking errors are mostly limited in
an acceptable range of ±0.6 deg, ±0.4 deg, respectively.
As results in Fig. 5 (d), it is easily seen that the PID and TSMC
performances of the slave robot were significantly degraded
with the bound of the tracking error early two times that of

FIGURE 9. Transparency performance of the bilateral teleoperation using
haptic control in the free motion and stiff contract.

TABLE 3. Performance indices of comparative controllers.

the performance comparative case of the master/slave robot,
from ±1.1 deg to ±2.2 deg, from ±0.6 deg to ±1.3 deg,
respectively, whilst the bound of the tracking errors of the
proposed controller algorithm is less than 0.8 deg. On the
whole, the proposed control method always maintains the
great tracking performance between desired command and
slave robot within a small range due to its robustness against
nonlinearities or uncertainties. In order to have a quantitative
comparison between the effectiveness of the control strate-
gies, the tracking errors in Table 3 are calculated by the usage

of the integral absolute error (L2[e] =
√
(
∫ T
0 |e|

2 dt)/T ),
where T is the total experimental time. As shown in this table,
the proposed control method is once again confirmedwith the
smallest tracking errors.

C. TRANSPARENCY PERFORMANCE
In the contact and recovery situation, the initial desired
command of the master subsystem is set to a home position,
i.e. θd = 0. To start with, the environment model is adjusted
in low stiffness and damping by the adjusting mechanism.
Then the slave manipulator is in a collision with the ‘‘soft’’
environment when t = 12 s, and the contact is released
when t = 18 s as seen in Fig. 6. According to Fig. 6 (a) and
Fig. 7 (a), the excellent tracking performance of the slave
manipulator following the trajectory from the master manip-
ulator is effectively achieved. As seen in Fig. 6 (b) and
Fig. 7 (b), the force transmission in the state of contact is very
small in a steady state.
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Successively, the environment model is transformed into
the ‘‘stiff’’ environment with high stiffness and damping as
presented in Fig. 8 and Fig. 9. Then the interactions with
the environment occur when t ∈ [13 s, 19 s]. From these
results, there is the overshoot of the master position at the
beginning when the interaction of the slave with the environ-
ment occurs. However, this overshoot is controllable and the
position tracking is also recovered rapidly. It is shown that the
tracking performance of the bilateral teleoperation system is
still guaranteed despite changing working conditions. Based
on the results in Fig. 8 (a) and Fig. 9 (a), the performance of
position tracking between the master and the slave is also sat-
isfactory. According to the subfigures b in Figs. 8 and Fig. 9,
when the system has occurred contact, the error between τ̂md
and −τ̂sd is also realized.
In short, this also can prove the excellent tracking perfor-

mances of both master and slave position tracking control
scheme in the presence of nonlinearities and uncertainties in
the APAM systems. Furthermore, the force reproduces at the
master side sensed is in the opposite direction with respect to
the force sensed at the slave side, and their sum is small in
a steady state. Therefore, the great transparency performance
and globally stable of the bilateral haptic teleoperation under
the proposed control scheme are achieved despite the uncer-
tainties and in different working conditions.

V. CONCLUSION
This paper proposed a novel force reflecting control approach
based on a new adaptive force observer scheme and robust
bilateral control for the designed APAM based haptic sys-
tem under uncertainties. The AFOB approach is designed
to obtain the interaction force with an environment for the
force reflecting control design with the elimination of the
uncertainties and also the noise effect in the obtained force
sensing. Then, a robust bilateral control scheme is developed
with the combination of the separately fast finite time nonsin-
gular terminal sliding mode control schemes with the force
estimation in both subsystems.

Comparative experimental results show that the proposed
force observer can obtain accurate force information with
noise elimination. This force information is employed in the
force reflecting control scheme to improve transparency per-
formance. Finally, the experimental results of the proposed
bilateral control in different working conditions show that the
provided stability of the overall system and the transparency
performance can be attained simultaneously. In the future,
we will upgrade the teleoperation test bench with a higher
degree of freedom manipulator to extend the application of
the teleoperation system.

APPENDIX A
PROOF OF LEMMA 1
For the boundedness of ϑ , a candidate Lyapunov function is
selected as follow:

V1 = 0.5ϑTϑ (37)

Then the time derivative of V1 is given as

V̇1 = −ϑT
1
a

(
ϑ + M̄−1i 1̄i + mσ ∗i τ̇id

)
≤ −

1
m
ϑTϑ +

1
m
‖ϑ‖

∥∥∥M̄−1i 1̄i + mσ ∗i τ̇id
∥∥∥

≤ −
1
m
ϑTϑ +

1
2m
ϑTϑ +

1
2m

(
M̄−1i 1̄i + mσ ∗i τ̇id

)2
≤ −

1
m
V1 +

1
2m
42 (38)

where
∥∥∥M̄−1i 1̄i + mσ ∗i τ̇id

∥∥∥ ≤ 4, a Young’s inequality is

applied to ‖ϑ‖
∥∥∥M̄−1i 1̄i +mσ ∗i τ̇id

∥∥. Since τ̇id , σ ∗i and 1̄i are

bounded,
(
M̄−1i 1̄i+ mσ ∗i τ̇id

)
is bounded. From the compar-

ison lemma in [46] raised as follows:

V1 ≤ e−t/mV1(0)+
1
2
42 (39)

Thus, ϑ will exponentially converge to a small compact
set bounded by ‖ϑ(t)‖ ≤

√
2V1 ≤ 4, where its size is

determined by the filter parameter m and the upper bound of∥∥∥M̄−1i 1̄i + mσ ∗i τ̇id
∥∥∥. We can be obtained

lim
t→∞
‖ϑ(t)‖ = 4 (40)

which disappear for sufficiently small m, constant τid and
1̄i = 0. Additionally, lim

t→0

[
lim
t→∞
‖ϑ(t)‖

]
= 0, which means

that ϑ(t) converges to zero for any bounded ϑ(0) and thus
ϑ(t) = 0 is an invariant manifold for m→ 0.

APPENDIX B
PROOF OF LEMMA 2
Taking integral of the variables in (15), we have

ϒ1 =

∫ t

0
e−a(t−τ )σ ∗Ti (τ ) σ ∗i (τ ) dτ

ϒ2 =

∫ t

0
e−a(t−τ )σ ∗Ti σ ∗Ti (τ )

(
x2i − x∗2i

a
−3∗i

)
(τ ) dτ

(41)

Then, substituting (41) into adaptive law (16) and combin-
ing (12). Therefore, we obtain the inequality as following

‖�‖ ≤

∫ t

0
e−a(t−τ )

∥∥σ ∗i ∥∥ (∥∥σ ∗i ∥∥ (τid (t)− τid (τ ))
+ ‖ψ (τ)‖) dτ

≤

∫ t

0

(
2µ2

σ ετi + µσ ψ̄
)
e−a(t−τ )dτ

≤
1
a

(
2µ2

σ ετi + µσ ψ̄
)
. (42)

The proof of the boundedness of � is completed.

APPENDIX C
FORCE ESTIMATION
In order to prove the Theorem 1, a Lyapunov candidate
function is selected as follows:

V2 = 0.5δ−1τ̃Tidκ
−1τ̃id (43)
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Taking derivative is calculated along (16) and (17) as

V̇2 = δ−1τ̃Tidκ
−1 ˙̃τid + 0.5δ−1τ̃Tid κ̇

−1τ̃id

= δ−1τ̃Tidκ
−1
(
˙̃τid + δκ

[
−ϒ1τ̃id +�− ησ

∗T
i σ ∗i τ̃id

+ ησ ∗i ψ
])
+ 0.5δ−1τ̃Tid

(
−aκ−1 + σ ∗Ti σ ∗i

)
τ̃id

≤ −

e−aTβ + ae−aTβ − µ2
σ ∗i

2 ‖δ‖
−

3
2ω

 ‖τ̃id‖2
+ 0.5ω

[(
µσ ψ̄β

)2
+
µ2
τid

‖δ‖2

(
λmin(κ0)+ µ2

σ

/
a
)2

+
1
a2

(
2µ2

σ ετid + µσ ψ̄
)2]

≤ −ηV2V2 + δV2 (44)

where

ηV2 =
2 ‖δ‖

λmin(κ0)+ µ2
σ

/
a

×

(
e−aTβ +

ae−aTβ − µ2
σ

2 ‖δ‖
−

3
2ω

)
‖τ̃id‖

2

δV2 = 0.5ω
[(
µσ ψ̄β

)2
+
µ2
τid

‖δ‖2

(
λmin(κ0)+ µ2

σ

/
a
)2

+
1
a2

(
2µ2

σ ετid + µσ ψ̄
)2]

∥∥∥ ˙̃τid∥∥∥ ≤ µτid
and ω is a positive constant scalar. Based on [46], from the
inequality (44)

V2(t) ≤ e−ηV2 tV2(0)+
δV2

ηV2
. (45)

Therefore, the external force estimation errors converge to
the compact set defined as follows

‖τ̃id‖ ≤

√
2 ‖δ‖ δV2β
ηV2eaT

= ζ̄i (46)

APPENDIX D
MASTER CONTROLLER
For the master system, a Lyapunov candidate function is
selected to proof the Theorem 2 as

V3(t) = 0.5sTmM̄msm (47)

Using the derivative of the sliding surface (24), the time
derivative of V3(t) can be written as

V̇3 = sTmM̄mṡm + 0.5sTm
˙̄Mmsm

= sm
[
−M̄m

¨̃
θmr − C̄m

˙̃
θmr − K̄mθm + τm − τmd − C̄msm

]
+ 0.5sTm

˙̄Mmsm

≤ sm
[
εmsign(sm)− ρ1msm − ρ2ms[vm]m + τ̂md − τmd

]
+ 0.5sTm

[
˙̄Mm − 2C̄m

]
sm

≤ −εm |sm| − ρ1ms2m − ρ2ms
[vm+1]
m + sm

(
τ̂md − τmd

)
≤ −ρ1ms2m − ρ2ms

[vm+1]
m = −2ρ1mV3 − 2ρ2mV

[vm+1]/2
3

(48)

According to the finite time stability from [47] and [48],
the variable sliding surfaces can converge to zero in finite
time can converge to zero in a finite time. Then the tracking
error θ̃mcan reach zero in a finite time.
The proof of Theorem 2 is completed.

APPENDIX E
SLAVE CONTROLLER
In order to demonstrate the Theorem 3, a Lyapunov candidate
function is selected as

V4(t) = 0.5sTs M̄sss (49)

Using the derivative of the sliding surface (29), the time
derivative of V4(t) can be written as

V̇4 = sTs M̄sṡs + 0.5sTs
˙̄Msss

= ss
[
−M̄s
¨̃
θsr − C̄s

˙̃
θsr − K̄sθs + τs − τsd − C̄sss

]
+ 0.5sTs

˙̄Msss

= ss
[
εssign(ss)− ρ1sss − ρ2ss[vs]s + τ̂sd − τsd

]
+ 0.5sTs

[
˙̄Ms − 2C̄s

]
ss

= −εs |ss| − ρ1ss2s − ρ2ss
[vs+1]
s + ss

(
τ̂sd − τsd

)
≤ −ρ1ss2s − ρ2ss

[vs+1]
s = −2ρ1sV4 − 2ρ2sV

[vs+1]/2
4

(50)

For the finite-time stability from [47] and [48], the variable
sliding surfaces can converge to zero in finite time can con-
verge to zero in a finite time. Then the tracking error θ̃s can
reach zero in a finite time.

The proof of Theorem 3 is completed.
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