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Abstract—Well designed robotic-assisted surgical systems have
been widely applied in medical treatments to make surgical
operations precise and efficient. For these, precise tracking of the
interaction force between the surgical device and affected human
tissues is an important aspect to improve safety and surgery
success rate. In this development, an adaptive integral terminal
sliding mode force control (AITSMFC) scheme for a piezoelectric
actuator-based ear surgical device is presented to achieve pre-
cision force tracking during the interaction with the tympanic
membrane that is soft and deformable, an important aspect in the
course of such a surgery. Particularly, a force error-based integral
terminal sliding manifold is employed to guarantee the finite-
time convergence performance. A related adaptive control law is
developed and deployed to estimate the controller’s parameters
and update the switching gain to accommodate system uncertain-
ties, disturbances, and the complex contact environment. Then,
the stability of the proposed control method is analyzed and
discussed rigorously based upon Lyapunov theory and method.
Furthermore and rather importantly, comparative experiments
with three other force controllers are conducted for both S-curve
and sine waves with different frequencies. The force tracking
results interacting with the deformable membrane demonstrate
that the best performance is achieved by the proposed method
with all the statistical errors within a suitably effective range of
2.5% and 9.0% of the maximum amplitude.

Index Terms—Medical robotics, adaptive control, nonlinear
control

I. INTRODUCTION

W ITH the high-speed development of mechatronic
and robotic technologies, the advanced equipment of

robotic-assisted surgical systems have been widely applied to
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work together with surgeons to achieve high precision, repeata-
bility, and dexterious surgeries [1]. Many of these surgical
devices for various surgical applications have been designed
in recent years, such as beating heart surgery [2], single-
incision laparoscopic surgery [3], minimally invasive surgery
[4], orthognathic surgical robots [5], subretinal injection [6]
and so on, with the benefits of less pain, hemorrhaging, trauma
and operating time.

In the field of otolaryngology, once excess fluid is accumu-
lated in the middle ear, a prevailing disease called Otitis Media
with Effusion (OME) will arise, which may result in hearing
loss and body imbalance [7]. The surgery to treat OME via
tube placement, in a procedure termed myringotomy with tube
insertion is essential after the first treatment if just using medi-
cation fails. The patient is usually put under general anesthesia
(GA) in an operating theater so that the patient can be kept
completely still during this surgery. Although it is a minor
surgery, the need for GA and surgeon’s skills are required to
achieve safe operations. Also, another limitation of the current
surgical treatment is treatment delay due to the waiting time
for the operating theater. Thus in [7], the Ventilation Tube
Applicator (VTA), a novel ear surgical device, was developed
to help surgeons to conduct the surgery, providing the surgical
treatments to the patients automatically or semi-automatically.
The VTA aims to allow the office-based myringotomy with
tube insertion without the need of GA. During the use of the
VTA, the surgeon can potentially conduct the surgery with
local anesthesia (LA), moving the surgery out of the operating
theater to an outpatient setting like clinic or surgeon’s office.
Benefiting from the advantages of the developed mechatronics
system, the myringotomy with tube insertion can be done by
the VTA in a safe, simple, and cost-effective way.

Different from the conventional surgery conducted by ex-
perienced surgeons, the semi-auto surgical device perceives
and plans the operating processes by the force and position
sensors. Therefore, during the touch phase of this procedure, it
is necessary to track the interaction/contact force between the
grommet tube put on the surgical device and the deformable
membrane as precisely as possible. This force should be kept
within a clearly prescribed acceptable level so that the device
can execute the myringotomy procedure with a high success
rate. Certainly here too, noting that this is essentially a type
of surgical procedure with the semi-auto surgical device, the
requisite great care needs to be taken as it may cause hearing
loss if the force exerted on the tympanic membrane (TM) is
inappropriate, or causes some attendant resultant undesirable
trauma on the deformable membrane [7], [8]. As a conse-
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quence, the contact force applied on the membrane should
be controlled and tracked accurately to achieve desirable
outcomes.

For such force trajectory tracking, in the work in [9], a
force control based on the proportional–integral–derivative
(PID) methodology was developed to improve the success rate
compared with position-based control only. There, because a
motion controller is entwined in the control scheme, the track-
ing bandwidth is unfortunately limited seriously. Alternatively,
constructing the relationship between surgical devices and
environment is an effective method to improve force tracking
performance substantially. Thus commonly, the environment is
typically considered as a linear elastic material for controller
design in various suitably interesting work available in the
published literature [10]. These methods are generally effective
and easy to be implemented, and applicable under situations
of contact with largely rigid materials. However, for the case
of soft human tissues (such as TM), it is essential to note that
these are usually viscoelastic, nonlinear, and inhomogeneous;
which would bring great challenges for appropriate and effec-
tive controller design [11], [12].

In various relevant works, say for example in [13], a force
control strategy on basis of a cell model utilizing polynomial
functions and the feedback linearization technique was pro-
posed to achieve an explicit force tracking for a cell injection
system. Further in [14], an adaptive force tracking control
strategy was proposed using a Kelvin-Boltzmann model with
numerical studies. To improve the performance of the force
controller, an active observer with the Kelvin Boltzmann inter-
action model has been presented with experimental validation
in [15]. In addition, the constrained linear-quadratic optimized
PID controller integrating with a disturbance observer (DOB)
was developed on basis of the standard linear solid contact
model for optimal contact force control, and this is imple-
mented and used in an ear surgical device in the work in [16].
It is noteworthy that the utilized viscoelastic models in the
above-mentioned earlier works are all linear so that they can
be integrated into these controllers easily. This is essentially
attained through establishing a linear relationship between the
control input and the measured force. However, according
to further studies in [8], the Hunt–Crossley nonlinear model
is likely more appropriate to be used to better and more
accurately model the soft materials of human tissues and
deformable objects. This is essential to be aware; because
it can arise that due to the inaccurate description of the
underlying environment in the various existing methods, the
response of the force control system can be significantly lim-
ited. Nevertheless, although such a model-based force control
utilizing the Hunt–Crossley model was indeed developed and
applied to robot-assisted minimally invasive surgery in [17], it
needs to be noted that this method there can only track the step
response due to the utilization of a possibly constraining local
linearization of the nonlinear model. Thus efforts to utilize
the Hunt–Crossley nonlinear model have also been limited.
Additionally, in other noteworthy recent interesting works, a
method of a direct force tracking controller was described in
[18] to achieve rapid force rise times and applied to variable
physical damping actuator contacting with rigid environment.

The method there is a model-free sliding mode force tracking
control using time-delayed estimation technology.

For piezoelectric actuator-based ear surgical devices, al-
though there are certainly great potential and possibilities,
a considerable challenge is in the nonlinearities such as
nonlinear friction that exist inherently in the piezoelectric ac-
tuator. Apart from this, the parametric uncertainties and other
modeling uncertainties also need to be compensated. To avoid
the complex and time-consuming modeling of nonlinearities,
a DOB-based sliding mode control was developed in [19], and
a neural network based learning controller was designed for
a nanopositioning system in [20]. Additionally, the approach
of integral sliding mode control was proposed in [21], and
that with adaptive law was proposed in [22], respectively.
It also should be noted that the surgical operation should
be conducted as quickly as possible to relieve the pain of
the patients, thus the fast convergence performance is also
important. For these, while exhibiting great potential, never-
theless finite-time convergence performance was not attained
in their outcomes. Moreover, these controllers were designed
for precision position tracking primarily; and the designs
thus did not attempt to consider force information when
contacting with the deformable membrane, which would have
required a significantly more complex environment modeling
and consideration also of uncertainties.

Motivated by the aforementioned important issues and con-
sidering also model uncertainty and unknown disturbances, in
the work here, the approach taken is first to build a more
appropriate system dynamic model incorporating component
terms of nonlinearities (e.g., friction), undesired and unknown
disturbances, as well as interaction with the deformable mem-
brane environment. Then a novel adaptive integral terminal
sliding mode force control (AITSMFC) is developed for
desired force trajectory tracking. The stability analysis on the
proposed control system is carried out rigorously based on
the well-known Lyapunov theory and method. Finally, differ-
ent and extensive experiments on the piezoelectric actuator-
based ear surgical device are performed to verify the tracking
performance of the force control on a soft deformable mock
membrane through comparisons. In this paper thus, the main
contributions include:

• A force error-based integral terminal sliding mode func-
tion is designed and developed to achieve both precision
steady-state performance and finite-time convergence so
that the explicit force tracking controller is implemented
without needing to specially and precisely model the
contact environment, which is particularly suitable (and
actually also rather efficacious in practice) for the contact
environment of soft tissues exhibiting strong nonlinearity
and uncertainty.

• An adaptive control law is also analytically deduced and
constructed to estimate the controller’s parameters as well
as update the switching gain online to improve the ro-
bustness to undesired disturbances and relieve chattering
phenomenon to further enhance the precision.

• Various experiments of force tracking on a soft de-
formable mock membrane are conducted to check the
controller’s performance on the actual surgical device.
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The rest of this paper is organized as follows. The model of
the piezoelectric actuator-based robot-assisted surgical system
is presented in Section II. Next, the detailed design and the
stability analysis of the proposed control method are provided
in Section III. Then in Section IV, the experimental system as
well as the parameters of different controllers are presented.
Section V elaborates the experiments on the surgical device
as well as comparison results. Finally, Section VI draws the
conclusions of this paper.

II. SYSTEM MODEL OF THE SURGICAL DEVICE

A surgical device developed in earlier work in [7] is
appropriately driven by a ultrasonic piezoelectric motor (USM)
that is on the basis of the piezoelectric effect. At this point,
it is also appropriate to mention that the motivation of the
work in this paper is based on observations in our work in
collaboration with Department of Otolaryngology, National
University of Singapore (NUS). For this effort, there has
been the involvement of an experienced ENT (ear, nose, and
throat) surgeon; and development of the system has been in
collaboration with this Department of Otolaryngology, NUS.
The surgical device now further developed and introduced in
this paper is an instance of a semi-automated surgical device
that will substantially further assist the surgeon to complete the
required surgical process of myringotomy with tube insertion;
and at one go automatically, safely and precisely.

This surgical device is mainly designed to conduct ear
surgeries on the eardrum. Generally, for modeling the USM,
a second-order system can represent the USM dynamics as

mẍ+ bẋ+ kx+ fn + fud = Tu, (1)

where x denotes the motor output position, ẋ and ẍ are the
velocity and acceleration of the motor, respectively. m, b and
k are the effective mass, the effective damping coefficient,
and the effective stiffness, respectively. The variable u is the
control input voltage and T denotes a parameter related to
the system electromechanical ratio. fn is the nonlinear term
including friction inherently in the USM in practice. fud is
the undesired disturbances, such as heat disturbance due to the
driving principle of USM, unmodeled dynamics, and unknown
relative motion between the toolset and eardrum. During the
operation process, the piezoelectric actuator-based ear surgical
device should contact with the deformable membrane so that
the end-effector is exerted on an interaction force. Accord-
ingly, Fig. 1 demonstrates the practical diagram for the surgical
device when contacting with environment, where the dynamics
is expressed as

mẍ+ bẋ+ kx+ fn + fud + fe = Tu, (2)

where fe denotes the interaction force between the device and
environment. It should be noted that fn and fud always exists
in this system because of the driving principle and mechanical
structure of PUM while fe occurs only during contact.
Assumption 1. [23] The fn and fud are bounded as follows,

|fn| ≤ δfn, |fud| ≤ δfud, (3)

where δfn and δfud are both positive constants.

x
k
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f
n
+f

ud

Tu

f
e

Contact Environment

Fig. 1. A block diagram of the model of the surgical device with unknown
soft contact environment.

In practice, the accurate mathematical model of the surgical
device is difficult to be obtained. In order to consider this
aspect, the parameters’ uncertainties are introduced as

∆m = m−mn,∆b = b− bn,∆k = k − kn, (4)

where mn, bn, kn are the nominal or identified parameters
and ∆m, ∆b, ∆k represent the parametric errors, respectively,
which are bounded by δm, δb, δk. Therefore, the dynamics of
this system can be rewritten as

mnẍ+ bnẋ+ knx+ Θ + fn + fud + fe = Tu, (5)

where Θ = ∆mẍ+ ∆bẋ+ ∆kx.
Assumption 2. [24] The model uncertainties Θ are bounded
by

|Θ| ≤ δm|ẍ|+ δb|ẋ|+ δk|x| = δΘ, (6)

where δΘ > 0 is a constant.
According to the above assumptions, the total disturbance

ft = fn + fud + Θ is also bounded as

|ft| ≤ δft = δfn + δfud + δΘ, (7)

where δft is a parameter that is unknown. Therefore, the
dynamics shown in Fig. 1 is simplified as

mnẍ+ bnẋ+ knx+ ft + fe = Tu. (8)

Thus, the objective of this paper is to make sure the mea-
sured force fe to track the desired contact force fd accurately
and precisely at the presence of total disturbance ft under
unknown contact environment.
Remark 1. In this paper, to simplify controller’s design, the
friction, model uncertainties and other undesired disturbance
are bounded by positive values. These assumptions have also
been widely used elsewhere, in research and development
work on piezoelectric-actuated devices in, say, [23], [24], [25].
The unknown term is treated as a lumped disturbance to avoid
complex modeling frictions, and in fact (in reality in any case)
there always exists an upper bound for a practical system. The
robustness of the designed controller to these adverse impacts
is an important aspect to be taken into consideration in this
paper to achieve appropriately effective performance.

III. DESIGN OF ADAPTIVE INTEGRAL TERMINAL SLIDING
MODE FORCE CONTROL

As mentioned previously, the precision force tracking is of
vital importance for the surgical device. Hence, the aim of
the control scheme to be designed is to minimize the force
tracking error during the contact with environment defined as

ef = fd − fe, (9)

where fd is the desired force trajectory.
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A. Integral Terminal Sliding Mode Force Controller

For the purpose of facilitating the controller design, the
system dynamics, i.e. (8), is rewritten as

ηn + ft + fe = Tu, (10)

where ηn = mnẍ+ bnẋ+knx denotes the model information
related to position. To obtain better robustness and steady-
state performance, the integral action is necessary in the sliding
function, and the fractional-order term of sign error guarantees
the finite-time convergence performance [26]. Therefore, a
force error-based integral terminal sliding manifold is given
by

s = ef + σ1

∫ t

0

[ef (τ) + σ2sig(ef )ρ] dτ, (11)

where

sig(·)ρ = | · |ρsign(·), (12)

and σ1 > 0, σ2 > 0, 0 < ρ < 1. It should be noted that
although the sliding manifold contains the switching term
sign, the function sig(·)ρ as well as the sliding function is
continuous and differentiable. Then, the time derivative of s
can be given as

ṡ = ėf + σ1ef + σ1σ2sig(ef )ρ. (13)

Consider the following equation as the Lyapunov candidate
function

Ve =
1

2
e2
f , (14)

and through deriving it with respect to time, V̇e is

V̇e = ef ėf . (15)

In the sliding motion, ṡ = 0 is produced, and hence ėf is
given by

ėf = −σ1ef − σ1σ2sig(ef )ρ. (16)

Then, the following equation can be obtained

V̇e = ef [−σ1ef − σ1σ2sig(ef )ρ]

= −σ1e
2
f − σ1σ2|ef |ρ+1 = −σ1e

2
f − σ1σ2(e2

f )
ρ+1
2 ≤ 0.

(17)
And we can rewrite the above equation as

V̇e + aVe + bV ce ≤ 0, (18)

where a = 2σ1, b = 2
ρ+1
2 σ1σ2, c = ρ+1

2 . Hence, the
convergence occurs finite time Ts [27]

Ts ≤
1

a(1− c)
ln
aV 1−c

e,0 + b

b
, (19)

where the initial value of Ve in (14) is defined as Ve,0.
Theorem 1. For the system presented in (10), the error ef
converges to zero in a finite time with the sliding manifold
(11), while the following integral terminal sliding mode force
control law is applied,

u = T−1ηn + T−1[fd + σ−1
1 ėf + σ2sig(ef )ρ + λsign(s)],

(20)

where λ is the switching gain and it satisfies

λ > δft + ε, (21)

and ε is an arbitrary positive constant.
Proof of Theorem 1. A Lyapunov candidate function V1 for
the integral terminal sliding mode force control is given by

V1 =
1

2
s2. (22)

The time derivative of V1 is

V̇1 = sṡ. (23)

Substituting (13) into (23), we have

V̇1 = s[ėf + σ1ef + σ1σ2sig(ef )ρ]. (24)

According to (10), it is obtained that

fe = Tu− ηn − ft, (25)

and substituting it into (9), yields

ef = fd − (Tu− ηn − ft). (26)

Therefore, the following expression is generated,

V̇1 = s[ėf + σ1σ2sig(ef )ρ + σ1fd − σ1Tu+ σ1ηn + σ1ft].
(27)

Substituting the control law (20) into (27) gives

V̇1 =s[ėf + σ1σ2sig(ef )ρ + σ1fd − σ1ηn − σ1fd − ėf−
σ1σ2sig(ef )ρ − σ1λsign(s)) + σ1ηn + σ1ft]

=s[−σ1λsign(s) + σ1ft]

=− σ1|s|[λ− ftsign(s)].
(28)

If (21) is satisfied, we can obtain

V̇1 < −σ1|s|ε < −
√

2σ1εV
1
2

1 < 0. (29)

Thus, it can be guaranteed that the control law is stable within
a finite time, and once V̇1 → 0, a finite-time force error
convergence will achieve after the sliding mode is reached
by the system [28]. �

B. Adaptive Parameters Design

It is clear that the control law (20) is based on the known
parameters, i.e. mn, bn and kn. However, in practice, these
parameters need to be obtained accurately enough to improve
force tracking performance. Sometimes, system parameters are
even unknown. If the parameters’ uncertainties in (4)-(5) are
too large, λ would also be large enough to retain stability,
subsequently leading to unexpected oscillation near the sliding
mode manifold. Additionally, the selection of the switching
gain λ is calculated according to the upper bound of the
total disturbance δft. Generally, the gain is selected as a large
one to ensure the stability because the bound is unknown in
practice, which would degrade the force tracking precision. To
overcome these issues, an adaptive methodology to alleviate
this problem is incorporated into the integral terminal sliding
mode force control i.e., AITSMFC in this section to achieve
fast and precision force tracking.
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For a clear expression, the term containing the actual system
parameters is expressed as

η = mẍ+ bẋ+ kx, (30)

and the errors between the actual and estimated parameters
are defined by the following

m̃ = m̂−m, b̃ = b̂− b, k̃ = k̂ − k, (31)

where m̂, b̂, and k̂ are the estimations of the parameters m, b,
and k, respectively. Furthermore, the estimation error for the
desired switching gain λd is also introduced as

λ̃ = λ̂− λd. (32)

Theorem 2. For the system shown in (8), the force error ef
will converge to zero while applying the AITSMFC to the
system,

u = T−1η̂ + T−1[fd + σ−1
1 ėf + σ2sig(ef )ρ + λ̂sign(s)],

(33)

where η̂ = m̂ẍ+ b̂ẋ+ k̂x is with the adaptive control laws as
shown following:

˙̂
λ = σ1|s|, ˙̂m = Pmsσ1ẍ,

˙̂
b = Pbsσ1ẋ,

˙̂
k = Pksσ1x,

(34)

where Pm, Pb, Pk are constant positive parameters of the
adaptive rules.
Proof of Theorem 2. For the stability evaluation on the
proposed control law, a continuous and non-negative Lyapunov
candidate function is defined as

V = V1 + V2 + V3, (35)

where V1 is given by (22), and V2, V3 are defined as

V2 =
1

2
λ̃2, (36)

V3 =
1

2Pm
m̃2 +

1

2Pb
b̃2 +

1

2Pk
k̃2. (37)

Therefore, V̇1 becomes

V̇1 =s[ėf + σ1σ2sig(ef )ρ + σ1fd − σ1fe]

=s[ėf + σ1σ2sig(ef )ρ + σ1fd − σ1Tu+ σ1η + σ1ft)].
(38)

Taking the control law (33) into the above equation, we can
obtain that

V̇1 =sσ1(η − η̂) + s[−σ1λ̂sign(s) + σ1ft]

=sσ1(m− m̂)ẍ+ sσ1(b− b̂)ẋ+ sσ1(k − k̂)x

+ s[−σ1λ̂sign(s) + σ1ft]

=− sσ1m̃ẍ− sσ1b̃ẋ− sσ1k̃x

+ s[−σ1λ̂sign(s) + σ1ft].

(39)

The time derivative of V2 is

V̇2 = λ̃
˙̃
λ = σ1|s|λ̃, (40)

and the time derivative of V3 is

V̇3 =
m̃

Pm
˙̃m+

b̃

Pb

˙̃
b+

k̃

Pk

˙̃
k. (41)

Lastly, V̇ can be obtained by the following combination

V̇ =V̇1 + V̇2 + V̇3

=− sσ1m̃ẍ− sσ1b̃ẋ− sσ1k̃x+ s[−σ1λ̂sign(s)+

σ1ft] + σ1|s|λ̃+
m̃

Pm
˙̃m+

b̃

Pb

˙̃
b+

k̃

Pk

˙̃
k

=m̃(−sσ1ẍ+
˙̂m

Pm
) + b̃(−sσ1ẋ+

˙̂
b

Pb
) + k̃(−sσ1x

+
˙̂
k

Pk
) + s[−σ1λ̂sign(s) + σ1ft] + σ1|s|λ̃

=s[−σ1λ̂sign(s) + σ1ft] + σ1|s|(λ̂− λd)
=− σ1|s|[λd − ftsign(s)] < −σ1|s|ε < 0.

(42)

After the adaption time, the gains λ̂, m̂, b̂ and k̂ attain their
desired values, respectively, and the estimation errors λ̃, m̃, b̃
and k̃ vanish. The Lyapunov function (35) becomes

V =
1

2
s2. (43)

According to (43), it is derived from (42) that

V +
√

2σ1εV
1
2 < 0. (44)

Therefore, the convergence of s occurs in finite time [27].
Then, the finite-time force error convergence will achieve
after the sliding mode is reached by the system [28], and
the proposed AITSMFC ensures the zero steady-state tracking
error. �

C. Overall Control Law
The calculation of high order derivatives, ẍ and ẋ, is

necessary to implement the proposed AITSMFC. To obtain a
finite-time convergence of the system states and alleviate the
impact of noise, the robust exact differentiator (RED) [29],
[30] is utilized. A second-order RED is expressed as

ż0 =v0 = −λ1|z0 − x|
2
3 sign(z0 − x) + z1,

ż1 =v1 = −λ2|z1 − z0|
1
2 sign(z1 − v0) + z2,

ż2 =− λ3sign(z2 − v1),

(45)

here z0 = x̂, z1 = ˆ̇x, z2 = ˆ̈x and the parameters should satisfy
λ1 = 3λ

1
3
0 , λ2 = 1.5λ

1
2
0 , λ3 = 1.1λ0 with λ0 ≥ |

...
x |.

To further alleviate the discontinuity of the sign function
sign(s), a boundary layer technique presented in [31] is
applied, where a saturation function defined in (46) replaces
the discontinuous function

sat(
s

φ
) =

sign(s), if |s| > φ
s

φ
, if |s| ≤ φ, (46)

where the φ is a positive constant that is the boundary layer
thickness to ensure s bounded by φ. As a result, the overall
control law is written as

u =T−1[m̂ˆ̈x+ b̂ˆ̇x+ k̂x̂+

fd + σ−1
1 ėf + σ2sig(ef )ρ + λ̂sat(

s

φ
)],

(47)
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Fig. 2. Block diagram of the proposed AITSMFC.

and Fig. 2 depicts the detailed block diagram of the proposed
AITSMFC.
Remark 2. In practical situations, the presence of sensor
measurement noise is an essentially inevitable matter. Cer-
tainly thus, and on paper at least for the integral action of the
adaptive law, the presence of this sensor measurement noise
may possibly result in unbounded values in the associated
numerical computations. In general though, this is a rather
well-known problem and can be directly and straightforwardly
alleviated by the commonly-used dead-zone technique [28],
[32] or projection operator [33] for the actual experiment.
Remark 3. In [34] and [35], the integral sliding mode con-
trollers are designed to realize precision tracking. However,
the about methods cannot involve the finite-time convergence
performance for the liner sliding function, and the design pro-
cedures require the accurate model parameters. In this paper,
the integral terminal sliding manifold ensures the convergence
is achieved in finite time, and the adaptive law handles the
unknown disturbance and the model uncertainties so that the
robustness is improved significantly.
Remark 4. It is noteworthy that being different from the
methods in [21], [34], [35] aiming at precision position
tracking, the aim of this paper is to achieve accurate and
precise force tracking under soft environment which is usually
viscoelastic, nonlinear, and inhomogeneous [12], giving rise
more uncertainties and challenges on controller’s design in
comparison with rigid contact in [18], [36]. Moreover, the
proposed method can track force trajectory without accurately
modeling the contact environment, which is unlike to the force
tracking controllers proposed in [14], [15], [16], [17], [37], and
thus simplify the implementation, especially for the interaction
with soft human tissues. Besides, the proposed controller
can also deal with the same conditions in common position
tracking, such as friction, and unknown system parameters
existing in the piezoelectric actuator-based ear surgical device.

IV. EXPERIMENTAL SETUP

A. Experimental System

To evaluate the force tracking performance, an experimental
system using the piezoelectric actuator-based ear surgical
device is illustrated in Fig. 3. In general, the average elastic
modulus of human TM is in the range of 100 to 300 MPa
[38], the thickness is 30 to 120 µm [39], [40]. Due to the
similar mechanical properties of polyethylene (PE) with the

Mock membrane

Force sensor
Toolset

USM stage Handle

Fig. 3. Experimental system using the surgical device.

average elastic modulus of 225 MPa, thickness of about 50
to 100 µm, the PE film is employed as the soft deformable
mock membrane to enable a controlled calibration of system
performance in this work. Furthermore, in [41], a force-
sensing myringotomy was used to measure the strength of
human TM which results show that the peak load at breakage
ranges from 0.011 N to 0.443 N. Here, the cutting force on
the PE membrane by using a myringotomy knife is tested
which shows an average peak cutting force of 0.13 ±0.04 N.
Therefore, it can be noted that the cutting strength of the mock
membrane is appropriately within the range of the associated
human TM’s cutting strength. The PE membrane thus can be
affirmed to have similar characteristics to the human TM. A
Physik Instrumente PI-M663 USM stage is employed to move
the toolset mounted on the device to get into contact with
the soft deformable membrane. A Honeywell FS1500NS force
sensor is used to measure the information arising from physical
interaction between the surgical device and the contacting
environment (i.e., membrane). A computer installed with a
dSPACE DS1104 control card is utilized to receive the sensor
outputs from the device via quadrature encoder pulse (QEP)
module and analog-to-digital converter (ADC), implement the
force control system, as well as send out the control signal
to the Physik Instrumente PI Line C-867 Motion Controller
via digital-to-analog converter (DAC) in order to control the
surgical device. The real-time control system is built via the
MATLAB/Simulink blocks. The sampling time of the overall
control system is 1 ms. Furthermore, a multi–frequencies
square wave is injected into the USM stage without contacting
with the environment to obtain the nominal plant for facilitat-
ing the controller design, and the linear term [16] is identified
through MATLAB system identification toolbox as

ẍ+ 248.4ẋ+ 202x = 4940u. (48)

B. Controllers Implementation

For the purpose of verifying the effectiveness and per-
formance of the proposed control scheme, the comparative
tests are conducted using the following four controllers: (i) PI
controller [16], (ii) model-based integral terminal sliding mode
force control (MBITSMFC), (iii) model-free integral terminal
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TABLE I
PARAMETERS OF DIFFERENT CONTROLLERS.

Parameter MBITSMFC
Eq. (49)

MFITSMFC
Eq. (50)

AITSMFC
Eq. (47)

σ1 0.1 0.1 0.1
σ2 500 50 500
ρ 0.1 0.2 0.1
λ 10 - -
λ0 500 - 500
φ 0.02 - 0.02
k1, k2 - 0.1 -
Pm, Pb, Pk - - 100

sliding mode force control (MFITSMFC) [18] and (iv) the
proposed AITSMFC.

For the PI controller, the parameters are set as Kp = 8,
Ki = 0.05 and a disturbance observer with a bandwidth
150 Hz is also added to improve the performance [16].
Additionally, the integral terminal sliding mode force control
on basis of the identified model is also tested. The control law
of MBITSMFC is given by

uMB =T−1[(mn
ˆ̈x+ bn ˆ̇x+ knx̂)+

fd + σ−1
1 ėf + σ2sig(ef )ρ + λsat(s/φ)].

(49)

In [18], a MFITSMFC was also proposed through time-
delayed estimation to avoid system modeling for force track-
ing, which is expressed as

uMF =uMF,(t−ts) − T
−1fs,(t−ts) + T−1[fd+

σ−1
1 ėf + σ2sig(ef )ρ + k1s+ k2sig(s)],

(50)

where the subscript of (t − ts) represents its value at the
delayed time of ts.

Table I lists all the controller parameters, where all these
parameters are got the proper anticipated performance through
experiments to ensure suitably fair comparison of outcomes.

V. RESULTS AND DISCUSSIONS

A. Force Tracking of S-curve

During the contact phase of the operating processes, a
constant force should be exerted on the membrane. Therefore,
according to the above control laws and the controllers’
parameters, a commonly used force S-curve is tracked for
different controllers firstly, which is expressed as

fd = A · fscurve(t; a, b), (51)

where A is the steady-state value, and fscurve(t; a, b) is the
normalized S-curve defined as

fscurve(t; a, b) =



0, t ≤ a

2
( t− a
b− a

)
, a ≤ t ≤ a+ b

2

1− 2
( t− b
b− a

)
,

a+ b

2
≤ t ≤ b

1, t ≥ b

(52)

where a, b are the start and end time of the transitional process.
In the experiment, the trajectory starts at a = 0.6 s, achieves
the amplitude of A = 0.2 N at b = 1.6 s, and maintains
this value to make a constant force interaction with the mock
membrane. The reference (Ref) as well as the experimental
results on force tracking are plotted in Fig. 4. It can be
observed from the rising process shown in the figure, the
proposed AITSMAFC and MBITSMFC response faster than
PI and MFITSMFC as is indicated in the zoomed-in plot in
Fig. 4. Moreover, for the steady-state force tracking perfor-
mance after 1.6s, the PI cannot achieve the target value in such
soft environment only with the root-mean-square error (erms)
of 0.0055 N and the maximal absolute error (emax) of 0.0073
N respectively. For both MBITSMFC and MFITSMFC with
the emax of 0.0112 N and 0.0058 N, respectively, the chat-
tering phenomenon is obvious in comparison with AITSMFC
during steady-state status. The proposed AITSMFC preforms
the best force tracking performance with erms of 0.001 N

Ref PI MBITSMFC MFITSMFC AITSMFC
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Fig. 4. Experimental results on force tracking of S-curve using different
controllers.
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Fig. 5. Evolution of s, λ̂, m̂, b̂ and k̂ for S-curve with AITSMFC
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and emax of 0.0030 N, whose errors are reduced more than
50% compared with MBTISMC and MFITSMFC. Note that
although the chattering phenomenon still exists in comparison
with PI controller, it is alleviated greatly through implementing
proposed controller, and the tracking performance is also
improved significantly. The results show that the accurate and
precise force tracking of S-curve with fast response can be
achieved by the proposed AITSMFC effectively.

The sliding surface s and time histories of the adaptation
process of λ̂, m̂, b̂ and k̂ for S-curve with AITSMFC are
demonstrated in Fig. 5. It can be observed that the parameters
are updated automatically during the tracking process, which
presents better performance than the other controllers under
model uncertainties and external disturbances. The value of λ̂
increases slowly due to the small s, and the projection operator
is adopted to avoid the unlimited increase. In addition to s,
the values of m̂, b̂, k̂ are adjusted by the measured position,
velocity, acceleration, respectively. Thus at the steady state
of S-curve, the adaptive parameters converge to about 0.7,
218, 278, respectively, which are slightly different from the
nominal values due to the identification errors and unexpected
disturbances.

B. Force Tracking of Sine Waves

To test the dynamic performance of the controller interacting
with a deformable object, the force tracking performances for
sine waves given by

fd = A ·
(1− cos(2πfst)

2

)
(53)

at different frequencies of fs = 0.2, 0.5, 1 Hz with the same
amplitude of A = 0.2 N are carried out respectively to evaluate
the capability of the developed method in this subsection.
Fig. 6 shows the tracking results at a slower speed, i.e.,
0.2 Hz. It is observed that MBITSMFC produces the worst
performance with erms of 0.0083 N and emax of 0.0426 N
for the model uncertainties during interaction process and the
chattering phenomenon is evident at the peak of the tracking
trajectory. The result of PI is better than MBITSMFC and
with a smoother trajectory. For MFITSMFC and the proposed
AITSMFC, the erms are 0.0034 N and 0.0023 N, and the
emax are 0.0168 N and 0.0087 N, which demonstrates the
proposed method improves the tracking accuracy by 32.35%
and 48.21%, respectively.

For the force tracking results at 0.5 Hz sine wave shown in
Fig. 7, it is evident that MFITSMFC shows a relatively large
force error in terms of erms and emax, which are 0.0233 N and
0.0874 N, respectively. The locations of the worst performance
are mainly at the peak and trough of the tracking trajectory,
where the friction is evident for the piezoelectric actuator-
based ear surgical device [7]. However, the time-delayed
estimation used in MFITSMFC cannot compensate the sudden
change of friction so that there is a significant deterioration
in performance. Specifically, the PI control, MBITSMFC and
AITSMFC create the erms of 0.0079 N, 0.0039 N, and 0.0026
N, respectively. Meanwhile, the emax for these controllers are
0.0233 N, 0.0191 N, and 0.0126 N, respectively. Therefore,
the proposed AITSMFC can achieve the best force tracking
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Fig. 6. Experimental results on force tracking at 0.2 Hz sine wave using
different controllers.
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Fig. 7. Experimental results on force tracking at 0.5 Hz sine wave using
different controllers.

performance than the other controllers. For a higher frequency
1 Hz in Fig. 8, MFITSMFC still have the largest errors. In
contrast, it is found that the proposed AITSMFC achieves the
best performance with erms of 0.0046 N and emax of 0.0177
N. The force tracking errors with the statistical analysis are
listed in Table II. It can be concluded that the MFITSMFC can
only track low-frequency trajectory, and the force errors of PI
as well as MBITSMFC increase with reference’s frequencies
with poorer performance in comparison with the proposed
AITSMFC.

The error statistical results of different frequencies are
illustrated in Fig. 9 for a clear demonstration to facilitate
comparison between different controllers. It is observed that
PI presents larger mean errors although with smaller standard
deviation (estd) and standard error of mean (esem), which
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Fig. 8. Experimental results on force tracking at 1 Hz sine wave using
different controllers.
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Fig. 9. Error statistical comparisons (mean and standard error of mean) of
the four controllers at different frequencies. (a) 0.2 Hz sine wave. (b) 0.5 Hz
sine wave. (c) 1 Hz sine wave. *: p-value: ≤ 0.05, ****: p-value: ≤ 0.0001.

demonstrates worse steady-state performance, and the other
three controllers have similar statistical results. At the condi-
tion of 0.5 Hz, MFITSMFC presents the largest mean error
and estd at 0.0227 N due the error chattering caused by the
friction. The similar phenomenon can also be observed at
1 Hz. For all the conditions, the proposed method achieves
the smallest mean error, estd and esem, and the erms and
emax of AITSMFC are all within 0.0050 N and 0.0180 N, i.e.,
2.5% and 9.0% of the maximum amplitude. Furthermore, the
p-values between AITSMFC and the other three controllers
are all less than 0.05 showing significant differences of the
tracking performance.

The control efforts of different controllers at 1 Hz sine
wave are demonstrated in Fig. 10. It is evident that all the

TABLE II
STATISTICAL RESULTS OF FORCE TRACKING ERRORS WITH DIFFERENT

FREQUENCIES OF SINE WAVES (UNIT: N).

Errors(N) PI MBITSMFC
Eq. (49)

MFITSMFC
Eq. (50)

AITSMFC
Eq. (47)

0.2 Hz
erms 0.0060 0.0083 0.0034 0.0023
emax 0.0206 0.0426 0.0168 0.0087
estd 0.0031 0.0082 0.0034 0.0022

0.5 Hz
erms 0.0079 0.0039 0.0233 0.0026
emax 0.0233 0.0191 0.0874 0.0126
estd 0.0064 0.0039 0.0227 0.0020

1 Hz
erms 0.0113 0.0116 0.0278 0.0046
emax 0.0278 0.0619 0.0682 0.0177
estd 0.0099 0.0113 0.0277 0.0046
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Fig. 10. Control effort of different controllers at 1 Hz sine wave.

control forces are between -1.6 V and +3.5 V, which are far
below the input voltage range (-10 V to +10 V). Moreover,
MBITSMFC generates large chattering to compensate the
disturbances, especially at the locations with the change of
motion direction. Although the control forces of PI control
and MFITSMFC are smoother, the force tracking performance
is degraded for the low robustness to external disturbances
and low tracking ability on the deformable object with the
viscoelastic, nonlinear, and inhomogeneous property.

The measured positions applied on the soft deformable
mock membrane of AITSMFC at the sine waves of different
frequencies are shown in Fig. 11. As mentioned before, the
soft membrane, as a deformable object, is usually viscoelastic,
nonlinear and inhomogeneous so that the accurate mathe-
matical description is nonlinear [8]. It is also evident from
the observation of Fig. 11 that the positions exerted on the
membrane are not exactly the same and the insertion depths
are varied with the frequencies although the desired forces
are standard sine waves. It is noteworthy that the proposed
approach can be potentially extended and applied to different
types of deformable membranes/objects due to the similar
model, such as heart and breast phantom tissues, foam and so
on [11], [12]. Hence, through the proposed method, precision
force tracking is achieved without modeling the complex soft
interaction.
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Fig. 11. Measured positions applied on the mock membrane of the AITSMFC
at different frequencies.

VI. CONCLUSIONS

In this paper, to track force trajectories accurately and
precisely for a surgical device when it is contacting with
the deformable object (e.g., soft TM), an AITSMFC method-
ology which attains improved effectiveness is proposed. In
this control scheme, the integral terminal sliding manifold
guarantees the finite-time and fast force convergence, and the
controller parameters are updated online through an adaptive
law to address the conditions of uncertain or unknown system
parameters, disturbances and to appropriately reduce the chat-
tering phenomenon. The stability and force error convergence
of the proposed control method are established and analyzed
theoretically based upon the well-known Lyapunov theory
and method. Furthermore, representative experiments on the
piezoelectric actuator-based ear surgical device are performed
for tracking force trajectories contacting with the mock mem-
brane. For the comparative tests conducted, the attained results
verify that the best performance on force tracking is achieved
by the proposed method comparing with traditional PI control,
MBITSMFC and MFITSMFC for both S-curve and sine waves
with different frequencies. The erms and emax of AITSMFC
are all within 0.0050 N and 0.0180 N, i.e., 2.5% and 9.0%
of the maximum amplitude, which achieves desired force
tracking without the requirement of complex modeling of the
soft interaction.

In further work, the integration of a position controller,
taking into consideration of ear pressure change and other
disturbances, will be explored to complete the overall surgery
under soft contact. Moreover, the validations of human cadaver
experiments and clinical trials will be further investigated.
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