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Abstract
A novel robust controller is proposed in this study to realize the precise motion control of a cell puncture mechanism (CPM)
driven by piezoelectric ceramics (PEAs). The entire dynamic model of CPM is constructed based on the Bouc–Wen model,
and the nonlinear part of the dynamic model is optimized locally to facilitate the construction of a robust controller. A
model-based, nonlinear robust controller is constructed using time-delay estimation (TDE) and fractional-order nonsingular
terminal sliding mode (FONTSM). The proposed controller does not require prior knowledge of unknown disturbances due
to its real-time online estimation and compensation of unknown terms by using the TDE technology. The controller also has
finite-time convergence and high-precision trajectory tracking capabilities due to FONTSMmanifold and fast terminal sliding
mode-type reaching law. The stability of the closed-loop system is proved by Lyapunov stability theory. Computer simulation
and hardware-in-loop simulation experiments of CPM verify that the proposed controller outperforms traditional terminal
sliding mode controllers, such as the integer-order or model-free controller. The proposed controller can also continuously
output without chattering and has high control accuracy. Zebrafish embryo is used as a verification target to complete the cell
puncture experiment. From the engineering application perspective, the proposed control strategy can be effectively applied
in a PEA-driven CPM.
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Introduction

Microinjection is a micromanipulation technology that can
complete biological operations in cells or embryos [1].
Specifically,microinjection can be used to injectmicrometric
external substances, such as drugs, sperm, DNA, protein, and
RNA, into living cells [2]. Biologists can complete a series of
medical research, such as in gene engineering, virus detection
[3], drug development, and disease analysis [4], by observ-
ing the growth and development of cells [5]. Accordingly,
microinjection has attracted the attention of many scholars
[6], which has resulted in the development of many cell
manipulation methods [7], such as cell localization, punc-
ture, and injection [8]. Among these methods, cell puncture
is a prerequisite of cell microinjection that uses an injecting
pipette to penetrate the cell membrane and accurately locate
in the designated cell tissue [9]. However, cells are small
[10], easy to deform, and fragile in vitality [11]. The specific
physiological characteristics of cells also require high tech-
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nical requirements for cell puncture [12]. Therefore, a robust
controller must be developed for a cell puncture mechanism
(CPM) to achieve a sufficient precise motion control.

CPM is a mechanical and electrical integration equipment
that can realize submicron-level high-precision micro/nano-
operations in a sterile environment. As a newly developed
intelligent driving material, piezoelectric ceramics (PEAs)
[13] have no gap, no electromagnetic pollution, no noise
pollution, high resolution, and large driving force [14]. Com-
paredwith other traditional hydraulic ormotor drive systems,
PEAs have unparalleled advantages in the field of micro-
operation. However, PEAs also have obvious defects, includ-
ing their limited motion range (usually within 30 microns),
substantial hysteresis, creep, high-frequency vibration, and
other nonlinear effects [15]. A displacement amplification
mechanism must then be designed to amplify the output
displacement of PEAs [16]. However, the displacement
amplificationmechanismcan also amplify the hysteretic non-
linear effect. Therefore, the development of a high-precision,
robust controller suitable for CPM presents a challenge.

A charge-driven control method based on constant current
and high impedance can eliminate the hysteretic nonlinear
effect of PEAs [17]. However, the charge driving circuit is
highly complex and reduces the effective stroke of PEAs [18].
Many scholars have studied dynamic models of PEAs with
hysteretic nonlinear effects [19–23]. These models provide
strong theoretical support for the design of robust controllers
yet often use nonlinear equations with complex structures
and numerous parameters to depict the hysteretic nonlin-
ear effect. Identifying the parameters of nonlinear equations
is also a tedious and time-consuming process [24]. There-
fore, hysteretic nonlinearity and external disturbance are
considered unknown terms that can simplify the dynamic
model to facilitate the engineering application and design
of robust controllers. In robust control, sliding mode con-
trol (SMC) [25] can effectively handle the model defects and
uncertainties in a nonlinear system [26], thereby making this
technology suitable for the motion control of CPM.

In SMC, the displacement error and its derivatives are
taken as the current state of the system [27]. The structure of
the system continuously changes along with the current state
and moves according to the predetermined “sliding mode”
state trajectory [28]. Traditional SMC uses the linear sliding
surface [29], which ensures that the state trajectory achieves
progressive convergence [30]. Finite-time stability can sig-
nificantly improve the performance of the controller and
achieve finite-time convergence [31]. A nonsingular TSM
(NTSM) [32] has been proposed to overcome the singular
problem, and a fast-TSM-type reaching law has been devel-
oped to suppress chattering. Fast NTSM (FNTSM), which is
achieved by synthesizing NTSM manifold and fast-TSM-
type reaching law, has continuous output, no chattering,
and precise control [33]. However, the existing FNTSM is

mostly limited to using an integer-order (IO) differentia-
tor or integrator. The fractional-order (FO) controller has
been recently proven to outperform the IO controller [34].
Therefore, the performance of the FNTSM controller can be
improved by synthesizing FO theory and FNTSM controller.
Prior knowledge of the unknown quantity boundary of the
system,whether by using FNTSMor FONTSM(FONTSM),
is also required due to the unknown terms in the dynamic
model ofCPM.Moreover, the selection of the gain coefficient
of the robust term in the controller tends to be conservative,
which damages the quality of the controller. Therefore, an
accurate estimation of unknown terms must be ensured.

Time-delay estimation (TDE) [35] estimates the current
system state in real time from the previous system state in
a closed-loop control to realize online estimation and real-
time compensation for unknown items in time-delay control
(TDC) [36]. TDE technology has been widely studied and
applied because of its reduced dependence on the model
and easy engineering application. Therefore, the nonlinear,
robust controller designed by synthesizing FONTSM and
TDE has strong advantages. TDE realizes a real-time esti-
mation and compensation of unknown terms and reduces the
gain coefficient in FONTSM, whereas FONTSM realizes an
effective time convergence and improves control accuracy.

However, TDE has several disadvantages in practical
applications that are mainly reflected in two aspects. First, in
this technology, the value of time-delay parameter L must be
minimized to improve the accuracy of estimating unknown
items, but the adjustment of L is restricted by the electrical
hardware system. Second, in TDE, both velocity and accel-
eration information must be known, but only a displacement
sensor is often set up in practical applications. The veloc-
ity signal can be obtained by one differential calculation for
the displacement signal, whereas the acceleration signal can
be obtained by performing two differential calculations for
the displacement signal. However, the measurement noise
is greatly amplified in the differential calculation, thereby
resulting in large errors in both velocity and acceleration
signals. Despite realizing model-free control, TDC has sub-
stantial unknown items. In this case, controller quality can
only depend on the realization of TDE technology. In the
model-based controller, the proportion of unknown items in
the system is effectively restrained, thereby suppressing the
estimation error of TDE. Another advantage of this method
is that the controller quality depends on the common imple-
mentation of FONTSM and TDE.

The major contributions of this paper are summarized as
follows. First, FONTSM and TDE are synthesized to con-
struct a nonlinear robust controller called FONTSM-TDE.
Second, the hysteresis dynamicmodel of CPM is constructed
and optimized locally. A model-based FONTSM-TDE is
proposed for the first time in this paper. The stability of
FONTSM-TDE is demonstrated by using Lyapunov theory.
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Fig. 1 Three-dimensional virtual prototype of CPM

Third, a cell puncture experiment is performed on zebrafish
embryo to validate the effectiveness of the designed CPM
and the proposed controller.

The rest of this paper is arranged as follows. Section 2
designs and manufactures CPM and constructs the dynamic
model. Section 3 completes the controller design and stabil-
ity analysis. Sections 4 and 5 present a computer simulation
and hardware-in-loop simulation (HILS) experiment, respec-
tively. Section 6 conducts a cell puncture experiment on
zebrafish embryos and, finally, summarizes the paper.

CPM

Mechanical structure design of CPM

A bridge-type displacement amplification mechanism (BTD
/AM) is designed based on the compliant mechanism princi-
ple, which does not bring driving clearance to CPM, thereby
ensuring a high-precision motion effect. Figure 1 shows the
3D virtual prototype of CPM. The two ends of PEAs are
separately fixed to the BTDAM by a locking and preloading
mechanism. This scheme eliminates the connection gap and
applies a certain preload to the PEAs. The centroid of the
injecting pipette is locked to the BTDAM, whereas the tail
is slidably connected to the guiding hole to ensure that the
injecting pipette strictly moves along a straight line.

When PEAs are extended, the flexure hinge of BTDAM
is elastically deformed. This condition drives the injection
pipette to output a large displacement. The flexure hinge
can be multi-objectively optimized by using a finite element
simulation and optimization technology. The flexure hinge
can obtain the maximum displacement magnification and the
highest natural frequency to ensure strength. Refer to [27]

Fig. 2 Equivalent dynamic model of CPM

for the optimal design of BTDAM. Although the mechanical
structure of BTDAM is highly complex, 3D printing tech-
nology is suitable for rapid prototyping.

Dynamic model of CPM

The equivalent dynamic model of CPM is established as a
mass-spring-damping system as shown in Fig. 2. Parameters
b, k, and fa denote the output forces of PEAs, damping coef-
ficient, and stiffness coefficient of the system, respectively.

A complete dynamic model of CPM with hysteresis is
constructed to comprehensively reflect the dynamic char-
acteristics of the system by using Newton’s law of motion
and the Bouc–Wen model [37]. The dynamic model can be
expressed as

mẍ + bẋ + kx = fa − τd = k(du − h) − τd , (1)

ḣ = ζ1du̇ − ζ2|u̇|h − ζ3u̇|h|, (2)

where m, d, h, and τd are the mass, piezoelectric coefficient,
hysteresis variable, and external disturbance, respectively;
x , ẋ , and ẍ are the actual displacement, velocity, and accel-
eration, respectively; and ζ1, ζ2, and ζ3 are the hysteresis
coefficients.

The dynamic model is then simplified reasonably, and the
complexity of the model is reduced to ensure its integrity as
much as possible and to facilitate the engineering applica-
tion and design of the robust controller. Equation (1) can be
rewritten as

ẍ = kdu

m
− kh

m
− b

m
ẋ − kx

m
+ τd

m
. (3)

Thehysteresis termand external disturbance are combined
as follows into an unknown term:

�P(m, k, h, τd) = − k

m
h + τd

m
. (4)
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In Eqs. (2) and (4), the unknown term can be regarded as
nonlinear terms that include hysteresis, external disturbance,
and unmodeled dynamics. This unknown term has a highly
complex composition, and an accurate mathematical model
cannot be established. For convenience, �P(m, k, h, τd) is
abbreviated as �P .

Equation (5) is rewritten as follows to obtain a new
dynamic model:

ẍ = kd

m
u − b

m
ẋ − k

m
x + �P. (5)

Remark 1 All nonlinear terms are summed as unknown
terms, and only a linear term exists in the optimized dynamic
model [Eq. (5)]. Accordingly, the parameter identification
efficiency is greatly improved, and nonlinear parameter iden-
tification is transformed into linear parameter identification
that is conducive to engineering applications.

Hysteretic effect

The voltage displacement curve (Fig. 3b) can be obtained
by applying a sine wave voltage (Fig. 3a) whose amplitude
and frequency decrease continuously with time. A strong
nonlinear phenomenon is observed between the voltage and
displacement, and the relationship between these twodemon-
strates a multivalued mapping. The voltage displacement
curve shows an elliptical hysteresis loop, and different volt-
age amplitudes correspond to different hysteresis loops.

Parameter identification of dynamic model

Parameter m in the dynamic model [Eq. (5)] is measured
as m = 0.0225 kg by using an electronic balance, and the
other parameters must be obtained via parameter identifica-
tion. A low-frequency, low-amplitude excitation voltage can
effectively suppress the hysteretic effect of PEAs, and a low-
amplitude, low-frequency sinewave sweep voltage is applied
to PEAs (e.g., the voltage amplitude is 3 V, and the frequency
is gradually reduced from 1 Hz to 0 Hz). At this time, force
shows a linear relationship with voltage (i.e., fa = kdu)
[37]. If the unknown term is ignored, then only the linear
term remains in the dynamic model [Eq. (5)], and the input
and output terms are located on both sides of the equation,
which yields the following:

mẍ + bẋ + kx = kdu. (6)

The transfer function of the linear system is obtained by
the following Laplace transformation of Eq. (6):

X(s)

U (s)
= kd

ms2 + bs + k
, (7)

Fig. 3 Open-loop hysteresis test ofCPM: a sinewave excitation voltage
with a gradual attenuation of amplitude and frequency, and b voltage–
displacement curve of CPM

We can derive b = 15,500 Ns/m, k = 9800 N/m, and
d = 9.78 × 10−7 m/V by drawing the frequency response
diagram and using MATLAB 2016b system identification
toolbox to complete the parameter identification.

Robust controller design

Prior knowledge

Some important knowledge of FO algorithms and TSM is
introduced before presenting the controller design.

Definition 1 For a function f (t) with respect to time t , λth-
order Riemann–Liouville fractional differential and integral
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equations are defined as follows [38]:

Dλ f (t) = dλ f (t)

dtcλ
= 1

�(m − λ)

dm

dtm

∫ t

t0

f (τ )

(t − τ)λ−m+1 dτ

(8)

t0 I
λ
t f (t) = 1

�(λ)

∫ t

t0

f (τ )

(t − τ)1−λ
dτ (9)

�(x) =
∫ +∞

0
t x−1e−t dt (10)

where m − 1 < λ ≤ m, m ∈ N , and �(·) is the Gamma
function.

Lemma 1 For a Lyapunov function V (x), with the any given
initial value condition V (x0), the following first-order differ-
ential inequality must be satisfied [33]

V̇ (x) + αV (x) + βV γ (x) ≤ 0 0 < γ < 1 α, β > 0 (11)

V (x) can converge to 0 in finite time, and the stable time can
be satisfied by the following inequality

T ≤ 1

α(1 − γ )
ln

αV 1−γ (x0) + β

β
(12)

Robust controller design

The proposed controller aims to accurately track the desired
displacement of CPM despite the presence of uncertain fac-
tors, such as external disturbance, hysteretic nonlinearity, or
unmodeled items. The displacement, velocity, and accelera-
tion errors are defined as follows:

e = x − xd , (13)

ė = ẋ − ẋd , (14)

ë = ẍ − ẍd , (15)

where xd , ẋd , and ẍd are the desired displacement, velocity,
and acceleration, respectively.

The FONTSMmanifold ensures the accurate tracking and
rapid response of CPM to the expected displacement and can
be expressed as follows:

s = ė + pDλ−1(sig(e)α), (16)

where 0 < α, λ < 1, and the calculation is simplified into
sig(e)α = |e|αsign(e).

The following fast-TSM-type reaching law is adopted:

ṡ = −k1s − k2sig(s)
β, (17)

where 0 < β < 1; and gains k1 and k2 are positive numbers.
The controller then achieves finite-time convergence.

Basedon the selectedFONTSMmanifold s and fast-TSM-
type reaching law, the designed FONTSM controller can be
expressed as

u =
1

kd
{m[ẍd− pDλ(sig(e)α)]+bẋ+kx−m[k1s+k2sig(s)

β ]}
︸ ︷︷ ︸

FONTSM

− m

kd
�P̂

︸ ︷︷ ︸
TDE

, (18)

where �P̂ is the estimation of �P . In traditional methods,
the online estimation of �P̂ is extremely tedious. Intelli-
gent control methods, such as adaptive control or neural
network approximation, are generally used. However, the
calculation is highly complex, which is not conducive to
engineering applications. Nevertheless, TDE presents a con-
venientmethod for calculating�P̂ .�P̂ , which is formulated
as

�P̂ = �P(t − L) = ẍ(t−L) − kd

m
u(t−L)

+ b

m
ẋ(t−L) + k

m
x(t−L), (19)

where t represents the current time, and L represents the
time-delay parameter. �P(t − L) represents value of �P at
time t − L .

Reducing the time-delay parameter will improve the esti-
mation accuracy of TDE, such that�P(t) ≈ �P(t−L). The
time-delay parameter can be adopted as an several times of
the step size. The TDE error is defined as �P̃ = �P −�P̂ .

Remark 2 According to Eq. (19), the calculation of �P̂ is
highly suitable for computer implementation.

Remark 3 Equation (19) reveals that TDE is suitable for the
control system without a sudden signal (e.g., impact force,
friction, or clearance). The cells are soft, and elastic defor-
mation occurs during puncture, thereby avoiding the impact
force. In the mechanical structural design of CPM, a flexi-
ble hinge is used as a displacement amplification mechanism
to completely prevent friction and clearance and effectively
suppresses theTDEerror. Therefore, TDEoffers great advan-
tages.

According to the simplified dynamic model [Eq. (5)] and
combiningEqs. (18) and (19), the control lawof the synthetic
FONTSM control and TDE technology is formulated as
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u=
1

kd
{m[ẍd−pDλ(sig(e)α)]+bẋ+kx−m[k1s+k2sig(s)β ]}

︸ ︷︷ ︸
FONTSM

− m

kd
{ẍ(t−L) − kd

m
u(t−L) + b

m
ẋ(t−L) + k

m
x(t−L)}︸ ︷︷ ︸

TDE

. (20)

By mainly including the FONTSM and TDE terms, the
controller can be called FONTSM-TDE.

Remark 4 The proposed controller adopts the continuous and
differentiable FONTSM manifold and the fast-TSM-type
reaching law to achieve continuous output, prevent chat-
tering, and achieve finite-time convergence. The unknown
item is accurately estimated by using TDE and compensated
effectively. This technology can effectively reduce the gain
parameters of FONTSMand ensure the stability and smooth-
ness of the control law output. The TDE error is compensated
by the FONTSM term. Therefore, the FONTSM and TDE
items perfectly complement each other.

By substituting the control law [Eq. (20)] into dynamic
Eq. (5), a necessary algebra operation leads to the following
closed-loop system error equation:

ë + pDλ(sig(e)α) + k1s + k2sig(s)
β = �P̃ . (21)

Remark 5 The solution of displacement error e is not related
to the desired displacement or external disturbance, thereby
validating the strong robustness of the controller.

Refer to “Appendix A” and “B” for stability analysis and
parameter tuning of the closed-loop system of the controller.

Robust exact differentiator

A laser displacement sensor is proposed in this paper to col-
lect the actual displacement signal. The closed-loop feedback
of actual speed and actual acceleration is also required in
the designed robust controller (20). Theoretically, the real
displacement signal can be differentiated once or twice to
obtain the actual velocity or acceleration, respectively. How-
ever, in practical applications, a differential operation of the
displacement signal can amplify errors or result in differen-
tial explosion due to the noise signal that accompanies the
displacement signal. The amplification of the noise signal in
differential calculation can be restrained, and using the robust
precise differentiator (RED) [39] to estimate the full state of
the system can obtain results with satisfactory accuracy. In
this paper, the full-state estimation is achieved by usingRED.

The second-order differentiator of RDE is expressed as

⎧⎪⎨
⎪⎩
ż0 = v0 = −λ1|z0 − x |2/3sign(z0 − x) + z1
ż1 = v1 = −λ2|z1 − v0|1/2sign(z1 − v0) + z2
ż2 = −λ3sign(z2 − v1)

(22)

where λ1 = 3λ1/3, λ2 = 1.5λ1/2, λ3 = 1.2λ, λ ≥ |x |. z0 =
x̂ , z1 = ˆ̇x , and z2 = ˆ̈x are the estimated values of RED for the
displacement, velocity, and acceleration signals, respectively.

Given its direct relationship with the control accuracy of
the proposed controller, the performance of RED is tested
by conducting a computer simulation experiment. With the
desired displacement signal, the performance of RED can be
formulated as

x = e−0.5t sin(2π t) µm,

Meanwhile, the desired values of speed signal v and accel-
eration signal a are expressed as

v = ẋ = −0.5e−0.5t sin(2π t) + 2πe−0.5t cos(2π t) µm,

a = ẍ = [0.25e−0.5t sin(2π t) − πe−0.5t cos(2π t)

− πe−0.5t cos(2π t) − 4π2e−0.5t sin(2π t)] µm.

To accurately simulate the real signal, the Gaussian white
noise signal is added as the input signal to the expected
displacement. A larger λ corresponds to a higher RED esti-
mation accuracy and a more serious chattering, whereas a
smaller λ corresponds to a lower estimation accuracy and
slower convergence speed. λ = 0.005 is determined after
trade-off and comparison. Figure 4 shows the RED test
results. Despite rapidly estimating the displacement signal
with the highest accuracy, RED has a poor acceleration sig-
nal estimation accuracy that directly increases the TDE error.
However, FONTSMcompensates for the defects in TDE pre-
cision and guarantees control precision. This viewpoint is
verified by the results of the computer simulation and HILS
experiments presented in Sects. 4 and 5, respectively.

Based on the designed control law [Eq. (20)], RED is used
to realize a real-time estimation of the full state. Figure 5
presents the control system block diagram.

Comparative simulation studies

The proposed controller has a generalized structure and an
advanced concept, whereas the conventional controller can
be derived from the proposed controller. In this section, com-
puter comparative simulation experiments are performed for
various controllers to investigate the performance of the pro-
posed controller.
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Fig. 4 Performance test of RED by computer simulation. Desired and estimated values of a displacement, c velocity, and e acceleration. b, d, and
f are the estimated error of displacement, velocity, and acceleration, respectively

Fig. 5 Controller block diagram
of synthesized FONTSM, TDE,
and RED technology

Displacement tracking simulation experiment

The performance of the proposed controller in an ideal envi-
ronment is examined by conducting computer simulation
experiments to verify the applicability of this controller to
CPM. These experiments are conducted on a computer with
a Windows 7 operating system, 3.60 GHz CPU, and 8 G
memory. MATLAB/Simulink is adopted as the simulation
platform with a step size of 0.1 ms. The system tracks
the desired displacement curve of the sine wave, which is
expressed as y = (50 + 50 × sin(π t − π/2)) µm.

Traditional root-mean-square error (RMSE) and maxi-
mum error (ME) are used as evaluation indicators to quanti-
tatively measure the performance of the four controllers.

Trial-and-error method is used to adjust all adjustable
parameters one by one from smallest to largest. The sat-
isfying parameters are α = 0.7, β = 0.9, λ = 0.9, k =
4× 10−6, k1 = −2× 104, and k2 = −0.05. The parameters
of the other three controllers are consistent with the above
parameters. In MF-FNTSM andWang’s controller, the value
of m̄ is reduced to play a role similar to low-pass filtering to
decrease the influence of noise in the control law and improve
control quality.

Table 1 and Fig. 6 show that all four controllers can accu-
rately achieve sinusoidal motion. Although slightly greater
than that of MB-FNTSM, the RMSE of the proposed con-
troller is substantially lower than that of the MB-FNTSM
controller in terms of ME (Table I). Generally, the proposed
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Table 1 Performance index of
four controllers in tracking sine
wave displacement curve

Performance indicator Controller

MF-FNTSM MB-FNTSM Wang’s controller Proposed

RMSE ( µ m) 4.91 × 10−4 1.02 × 10−4 1.58 × 10−4 1.11 × 10−4

ME ( µ m) 8.66 × 10−4 5.22 × 10−4 4.53 × 10−4 2.36 × 10−4

Fig. 6 Displacement error curve
of four controllers in tracking
the sine wave displacement
curve

Fig. 7 Estimation error curve of
the unknown term in tracking
the sine wave displacement: a
MF-FNTSM, bMB-FNTSM, c
Wang’s controller, and d
proposed controller

controller obtains the highest control accuracy. The displace-
ment error curves of MF-FNTSM and Wang’s controller
regularly fluctuate, and their fluctuation period is the same
as that of the desired displacement. A comparative study of
the TDE error of the output terms of the control law is con-
ducted to explain this phenomenon and to reveal the working
mechanism of the proposed controller.

The TDE error curve in Fig. 7 is drawn by the TDE error
equation �P̃ = �P − �P̂ . TDE accurately estimates the
unknown terms, and the TDE error of the four controllers is
controlled in the order of 10−3. Comparedwith themaximum
output value of the control law (60V), the TDE error is nearly
ignored.Moreover, theTDEerror curve and desired displace-
ment error curve fluctuate synchronously inMF-FNTSMand
Wang’s controller. Therefore, the TDE error directly affects
control accuracy. However, this phenomenon is not observed
in MB-FNTSM and the proposed controller. Therefore, the

composition of each item in the control law must be compre-
hensively investigated.

Figure 8 presents the controller outputs, including total
control law (black solid line), sliding mode term (pink dot-
ted line), and TDE term (blue dotted line). For themodel-free
controllers (i.e.,MF-FNTSMandWang’s controller), the out-
put of the sliding mode term is approximately zero, whereas
that of the controller depends on the output of the TDE term.
The control quality of the TDE term directly determines the
greatest overall control effect because the sliding mode and
TDE term do not have complementary roles. Meanwhile, the
outputs of model-based controllers (i.e., MB-FNTSM and
the proposed controller) depend on the combined action of
sliding mode and TDE terms. The TDE error fluctuates peri-
odically, but the sliding mode term compensates for the TDE
error and achieves precise control. Therefore, MB-FNTSM
and the proposed controller obtain the smallest RMSE. uTDE
represents the unknown term, whereas uFNTSM or uFONTSM
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Fig. 8 Output curves of the
controller in computer
simulation. Total control law
(black solid line), sliding mode
term (pink dotted line), and
TDE term (blue dotted line): a
MF-FNTSM, bMB-FNTSM, c
Wang’s controller, and d
proposed controller

represent the known term. The proportion of unknown and
known items in the model verifies that the dynamic model
includes substantial unknown terms, such as hysteretic non-
linearity, disturbance, and unmodeled terms (Fig. 8b, d).

Remark 6 In model-free control, the substantial unknown
information must be estimated by using TDE, and control
quality can be improved by reducing the value of m̄. There-
fore, unknown items occupy a dominant position. As a result,
the output of the control law heavily depends on the realiza-
tion of TDE. In engineering applications, the accuracy of
TDE is restricted by sensor measurement noise and CPU
operation speed, thereby increasing the time-delay parame-
ter and further reducing the control quality. In model-based
control, dynamic Eq. (5) contains the physical information
of the model, and the proportion of unknown terms is greatly
reduced. Therefore, the sliding mode term can play its role
and occupy the main position of the control law output.
uFNTSM or uFONTSM can achieve finite-time convergence,
thereby improving the control accuracy of the controller.
Specifically, the FO term in the FONTSM manifold further
improves the control effect of SMC.

In model-based control, dynamic Eq. (5) reflects most
of the model information, and the proportion of unknown
terms is greatly reduced. Therefore, the sliding mode term
can play its role and occupy the main position of the con-
trol law output. The FONTSM term can achieve finite-time
convergence, thereby improving the control accuracy of the

controller. Specifically, the FO term in the FONTSM mani-
fold further improves the control effect of SMC.

Semi-physical displacement tracking
experiment

The performance of four controllers in a real environment is
compared by conducting an HILS experiment [40].

Experimental setup

Figure 9 shows the HILS system constructed by xPC Tar-
get. Figure 10 shows the hardware system used in the cell
puncture displacement tracking experiment. xPC Target pro-
vides a complete solution of rapid prototyping and HILS
and can implement the control strategy of the Simulink pro-
gram running on a PC to act on a physical device. The
PEAs and voltage amplifiers are obtained from Harbin Core
Tomorrow Science Technology Co., Ltd., and their models
are Pst120/7/20VS12 and E00.6, respectively. The laser dis-
placement sensor is obtained from KEYENCE Corporation,
and itsmodel and resolution are lk-h020 and0.02µm, respec-
tively.

MATLAB/Simulink 2016b is used to build the controller
on the host computer, to compile and generate the target
code, and to download this code to the target computer.
After converting the digital signal output of the target com-
puter into an analog voltage signal, this signal is outputted
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Fig. 9 Construction of HILS
system of CPM based on xPC
Target technology

Fig. 10 Global picture and local structure of displacement tracking
experiment of CPM

to the voltage amplifier and drives the CPM to move. After
the analog/digital conversion, the analog displacement signal
collected by the laser displacement sensor is fed back to the
target computer. The HILS system is then constructed.

HILS experiment

The controller design must consider tracking the continuous
and differentiable trajectory curve. However, a continuous
yet undifferentiable trajectory curve is tracked in the HILS
experiment to comprehensively examine the performance
of the controller. This situation presents a challenge to the

Fig. 11 Triangular curve as the desired displacement in theHILS exper-
iment

controller and can test its effectiveness in real engineer-
ing applications. Therefore, further research is necessary.
Figure 11 shows the desired displacement curve.

The displacement error curve in Fig. 12 and the perfor-
mance index in Table 2 indicate that compared with the
computer simulation results, the accuracy of HILS is reduced
under the effects of sensor resolution, measurement noise,
and external disturbance. However, the four controllers can
achieve an accurate triangular motion. The proposed con-
troller has the highest control accuracy with an RMSE of
0.041 µm and ME of 0.204 µm. Meanwhile, MF-FNTSM
obtains the lowest control accuracy,MB-FNTSMandWang’s
controller obtain a similar ME, and MB-FNTSM achieves
a low error fluctuation. In other words, the performance
ranking obtained in the HILS experiment is similar to that
obtained in the computer simulation.

Figure 13 shows the output curves of the controller in the
HILS experiment, including the total control law (black solid
line), sliding mode term (pink dotted line), and TDE term
(blue dotted line) with evident chattering phenomenon. The
controller shows smooth output curves in the computer sim-
ulation experiment, which suggests that measurement noise
and disturbance in engineering applications can drive the
chattering of the control law.
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Fig. 12 Displacement error curve of four controllers when tracking the triangular curve: a MF-FNTSM, bMB-FNTSM, c Wang’s controller, and
d proposed controller

Table 2 Performance index of
four controllers in tracking the
triangular curve

Performance indicator Controller

MF-FNTSM MB-FNTSM Wang’s controller Proposed

RMSE (µm) 0.077 0.057 0.093 0.041

ME (µm) 0.532 0.294 0.298 0.204

Figure 13a, c shows that in the model-free controller,
the FNTSM or FONTSM term oscillates near the zero line,
whereas the output curve of the total control law coin-
cides with the output of the TDE term. Figure 13b, d
indicates that in model-based controllers, the proportion
of the TDE term is considerably reduced, and the sliding
mode and TDE terms have a high proportion of output.
These phenomena are consistent with the computer simu-
lation results.

Remark 7 For model-based controllers, the proportion of the
TDE term in the control law is reduced because the dynamic
model vividly describes the physical model of the system.

The slidingmode term successfully compensates for the defi-
ciencies of the TDE error and has a high control quality.

Remark 8 In the HILS experiment, the output of the control
law shows apparent chattering, and the accuracy control is
considerably reduced due to the unfavorable constraints of
sensor resolution, measurement noise, and external distur-
bance compared with the computer simulation experiment.
However, the proposed controller retains the highest control
accuracy. The proposed controller also shows high stability,
strong robustness, and precise control accuracy and can drive
the CPM to achieve a precise trajectory tracking control.
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Fig. 13 Output curves of the
controller in the HILS
experiment, including the total
control law (black solid line),
sliding mode term (pink dotted
line), and TDE term (blue dotted
line): a MF-FNTSM, b
MB-FNTSM, c Wang’s
controller, and d proposed
controller

Cell puncture experiment

Zebrafish and humangenes have 87% familiarity [41]. There-
fore, zebrafish has become the third most widely used
vertebrate model organism used in life science research after
mice and rats [42]. Disease research, new drug develop-
ment, chemical safety, and environmental toxicology mon-
itoring can be realized by injecting different substances
into zebrafish embryos. These embryos must complete a
large sample volume of microinjection within a few hours
after spawning [43]. Therefore, puncturing zebrafish embryo
efficiently and accurately offers great biological value. In
addition, zebrafish embryos are transparent, thereby facili-
tating the observation of cell micro-puncture. Accordingly,
zebrafish embryo is treated as the research object in this study
to test the performance of CPM and robust controller.

Figure 14 presents the experimental environment of the
zebrafish embryo micro-puncture. The CPM is installed
on the inverted biological microscope (model: BA1000;
ChongqingOptical InstrumentFactory). The zebrafish embryo
is located in the field of view of the electron microscope
(resolution: 30 million pixels), and the puncture process is
played in real time through the computer screen. To pre-
vent the zebrafish embryo from being scratched, the end of
the holding pipette is polished, and the zebrafish embryo is
adsorbed on the end of the holding pipette by negative pres-
sure. The end of the injecting pipette has a diameter of 5 µm
to prevent the cell puncture from damaging the zebrafish

Fig. 14 Zebrafish embryomicro-puncture experiment under an electron
microscope
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Fig. 15 Electron microscopic
pictures of zebrafish embryo for
micro-puncture. a Injecting the
pipette effortlessly contacts the
outside of the cell membrane. b,
c CPM continuously increases
the displacement and feed, and
the injecting pipette causes the
cell membrane to deform
substantially. d Head of the
injecting pipette entering the
zebrafish embryo and reaching
the designated position. e
Injecting pipette exiting from
the zebrafish embryo

embryo. Driven by CPM, the injecting pipette penetrates the
cell membrane, reaches the designated cell tissue, and exits
the cell membrane. Figure 15 shows the entire puncture pro-
cess.

Conclusion

This study designs a novel, nonlinear robust controller for
a newly developed CPM driven by PEAs. To facilitate
engineering applications, the dynamic model of CPM is
locally optimized. The new controller is based on the sim-
plified Bouc–Wen dynamic model, which includes TDE
and FONTSM terms. The real-time estimation and effec-
tive compensation of unknown items are realized via TDE.
The FONTSM term adopts the FONTSM manifold and
fast-TSM-type reaching law, which can achieve finite-time
convergence and high control accuracy. The stability of
the developed scheme is proven by Lyapunov theory. For
the proposed controller, the output of the FONTSM term
accounts for a large proportion, and the FONTSM term
can compensate for the TDE error because the physical
model is described comprehensively by the dynamic model.
Compared with IO or model-free controllers, the proposed
controller has stronger robustness and higher control accu-
racy. The cell puncture experiments reveal that the proposed
controller can accurately control the micro-puncture mecha-
nism to effectively micro-puncture zebrafish embryos.

Puncture force is introduced in the robust controller to
further improve the cell survival rate. The displacement and
expected force are used as tracking targets before and during
the cell puncture process, respectively. Future studies should
track the force and displacement signals simultaneously in
the cell puncture process and realize compliance control.
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Appendix

Stability analysis

For TDE error�P̃ , a positive number ϕ makes�P̃ bounded,
i.e., |�P̃| ≤ ϕ. The boundedness certificate of �P̃ can be
referred to [35] and [36].

Definition 2 For the CPM described in Eqs. (1) and (2), if
the FONTSMmanifold represented by Eq. (16) and the fast-
TSM-type reaching law represented by Eq. (17) are adopted,
then the closed-loop system can achieve finite-time stability
under the action of the proposed controller [Eq. (20)]. The
system-state trajectory can converge to the following range:

|s| ≤ min{d1, d2} d1 = ϕ

k1
d2 =

(
ϕ

k2

)1/β

. (23)

The proof of Definition 2 and the stability of the closed-
loop system are demonstrated by using Lyapunov theory.
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Proof A Lyapunov function is established as follows:

V = 1

2
s2. (24)

The above function is differentiated with respect to time
and then combined with FONTSM manifold (16) to obtain

V̇ = s(ë + pDλsig(e)α). (25)

Equation (21) is substituted in the above equation and
yields

V̇ = −s(k1s + k2sig(s)
β − �P̃). (26)

Combined with boundary condition |�P̃| ≤ ϕ, the above
equation can be written as

Combined with boundary condition |�P̃| ≤ ϕ, the above
equations are transformed into inequality, as follows:

V̇ ≤ −s(k1s + k2sig(s)
β − ϕ).

The above inequality can be converted into the bellowing
forms:

V̇ ≤ −s
[(

k1 − ϕ

s

)
s + k2sig(s)

β
]
, (27)

V̇ ≤ −s

[
k1s +

(
k2 − ϕ

sig(s)β

)
sig(s)β

]
. (28)

For Eq. (27), if |s| > ϕ/k1, then V̇ < 0. Thus, Eq. (27)
can be rewritten as follows:

V̇ ≤ −s(k̄1s + k2sig(s)
β) = −k̄1s

2 − sk2sig(s)
β, (29)

where k̄1 = k1 − ϕ

s
.

Equation (29) is re-arranged as

V̇ + 2k̄1V + 2
1+β
2 k2V

1+β
2 ≤ 0. (30)

According to Lemma 1, V converges to 0 in a finite time.
The convergence time T1 satisfies

T1 ≤ 1

k̄1(1 − β)
ln

⎛
⎝2k̄1V

1−β
2

1 (x0)

2
1+β
2 k2

+ 1

⎞
⎠ . (31)

In finite time T1, the system-state trajectory s converges
to the following region:

|s| ≤ ϕ

k1
= d1. (32)

Using similar analysis for Eq. (28), if |s|β > ϕ/k2, then
V̇ < 0. Thus, Eq. (28) can be rewritten as follows:

V̇ ≤ −s(k1s + k̄2sig(s)
β) = −k1s

2 − sk̄2sig(s)
β, (33)

where k̄2 = k2 − ϕ

sig(s)β
.

Equation (33) is re-arranged as follows:

V̇ + 2k1V + 2
1+β
2 k̄2V

1+β
2 ≤ 0, (34)

According to Lemma 1, V converges to 0 in a finite time.
The convergence time T2 satisfies

T2 ≤ 1

k1(1 − β)
ln

⎛
⎝2k1V

1−β
2

1 (x0)

2
1+β
2 k̄2

+ 1

⎞
⎠ , (35)

In finite time T2, the system-state trajectory s converges
to the following region:

|s| ≤
(

ϕ

k̄2

) 1
β = d2, (36)

In sum, the system-state trajectory converges to the fol-
lowing range in finite time:

|s| ≤ min{d1, d2}.

Therefore, the stability of the closed-loop system is cer-
tain, and the proof of Definition 2 is completed. ��

Controller Adjustment

Six parameters, namely, α, β, k, k1, k2, and λ, must be tuned
in the proposed controller.

Remark 9 From Eqs. (31) and (35), a smaller β corresponds
to a shorter convergence time of the system-state trajectory
and a higher accuracy of the control system.

Remark 10 From Eqs. (16), (17), and (20), when α →
1, β → 1, , the sign function disappears, and the controller
shows linear characteristics. When α → 0, β → 0, the con-
trol law is discontinuous under the influence of the symbolic
function. Therefore, 0 < α, β < 1 ensures that the con-
troller exhibits not only the chattering-free characteristics of
linear control but also the strong, robust characteristics of a
discontinuous controller.

Remark 11 From Eq. (23), the k1 and k2 gains of the reach-
ing law affect the convergence region of the state trajectory.
Gains k1 and k2 must be satisfied as k1 = k2 > |�P̃| to
make the state trajectory converge to a small region as soon
as possible.
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Remark 12 The FO term Dλ(sig(e)α) can enhance the sign
function and show a large amplitude when the sign of dis-
placement error changes. When λ → 1, the amplitude
increases. When λ → 0, the effect of FO is weakened and
reduced to IO. p is used to increase the variation amplitude
of the FO term.

Three Controllers for Comparison

Three existing controllers are derived from the proposed con-
troller as prototypes in the comparative experiments. These
three controllers use the FONTSM manifold, the fast-TSM-
type reaching law, and the TDE technology to build an FO
controller without a model and apply the NTSM manifold,
the fast-TSM-type reaching law, and the TDE technology to
build an IO controller whether based on a model or not.

Control 1: Wang’s controller
The model of system dynamics (1) and (2) is simplified

as

m̄ẍ + N (x, ẋ, ẍ, k, d, h, τd) = u, (37)

where N (x, ẋ, ẍ, k, d, h, τd) =
(
m

kd
− m̄

)
ẍ + 1

k
ẋ + 1

d
x +

h

d
− τd

kd
. To simplify the expression, N (t) represents state of

N (x, ẋ, ẍ, k, d, h, τd) at time t , and the simplified dynamic
model is reformulated as

m̄ẍ + N (t) = u. (38)

Based on dynamic model (38), N (t) is estimated by TDE
technology and is expressed as

N (t) ≈ N̂ (t) = N (t − L) = u(t − L) − m̄ẍ(t − L). (39)

The FONTSM sliding surface and fast-TSM-type reach-
ing law described in Eqs. (16) and (17) are used to construct
a model-free, robust controller based on FONTSM and TDE.
The designed control law imitates the following design ideas
and methods of the control law provided in [44]:

u = m̄(ẍu + pDλ(sig(e)α) + k1s + k2sig(s)
β)

+ u(t−L) − m̄ẍ(t−L). (40)

According to its proponent [44], this controller is called
the Wang’s controller.

Control 2: MB-FNTSM controller
If λ = 0, then the FO function in the controller is lost.

The NTSM manifold is formulated as

s = ė + psig(e)α, (41)

By using the fast-TSM-type reaching law [Eq. (17)] and
the dynamic model [Eq. (5)], the controller is constructed as

u =
1

kd
{m[ẍd − pαė|e|α−1] + bẋ + kx − m(k1s + k2sig(s)

β)}
︸ ︷︷ ︸

FNTSM

− m

kd
�P̂

︸ ︷︷ ︸
TDE

. (42)

NTSM manifold and fast-TSM-type reaching law are
adopted in the sliding mode term of the proposed controller.
This term is labeled FNTSM, and the model-based controller
is abbreviated to MB-FNTSM for convenience.

Substituting the control law [Eq. (42)] into the dynamic
model [Eq. (5)] leads to the following displacement error
equation of the closed-loop system:

ë + pαėsig(e)α−1 + k1s + k2sig(s)
β = �P̃, (43)

The difference between Eqs. (21) and (43) is called the FO
term. A stability analysis of the MB-FNTSM controller can
also be completed by referring to the analysis of the proposed
controller.

Control 3: MF-FNTSM controller
Let λ = 0. Then, the MB-FNTSM controller can be

designed.
The unknown term is estimated by Eq. (39) using the

dynamic model [Eq. (38)], NTSM manifold [Eq. (41)], and
fast-TSM-type reaching law [Eq. (17)]. The control law can
bedesignedby referring to the ideapresented in [28] as shown
below:

u = m̄(ẍa + pαė|e|α−1 + k1s + k2sig(s)
β)︸ ︷︷ ︸

FNTSM

+ u(t−L) − m̄ẍ(t−L)︸ ︷︷ ︸
TDE

. (44)

The controller is abbreviated as MF-FNTSM.

Remark 13 The complexity of the controller reflects the
required amount of calculation and debugging. The four
controllers are ranked as follows in a descending order
according to their required amount of calculation: proposed
controller>Wang’s controller>MB-FNTSM>MF-FNTSM.
In engineering applications, the control accuracy and calcu-
lation amount of these controllers can be comprehensively
balanced to determine the appropriate controller.
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