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In this paper, a novel 3-degree-of-freedom (DOF) nanopositioner was investigated in order
to position objects with nanometer scale accuracy. Nanopositioners are used in a variety of
real-world applications, e.g. biomedical technology and nanoassembly. In this work, a
nanopositioner was firstly designed with the flexure diaphragm guider, capacitive sensors
and walking piezoelectric actuators. The specifically designed monolithic flexure dia-
phragm guider was able to significantly restrict motions in the other unwanted directions.
The walking piezoelectric actuator can enable the developed nanopositioner to have
nanometer scale positioning accuracy and a large travel range. Then a closed-loop sliding
mode control strategy was developed to overcome the effect of the actuator’s speed non-
linearity and its stability was analysed based on Lyapunov theory. Finally, experiments
focused on coupling displacement and point-to-point movement were conducted. The
observed results revealed that the ratio of coupling displacement to Z displacement was
less than 0.1%, which means that the coupling displacement was less than 120 nm during
the Z direction travel range of the nanopositioner from �80 lm to 80 lm. Moreover, the
positioning accuracy in the Z direction of point-to-point movement was within 10 nm
and the dynamic response settled within 0.2 s. Therefore, the experimental results showed
that the novel piezoelectric driven nanopositioner has excellent performance in terms of
coupling displacement and nanometer scale accuracy for point-to-point movement.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As a unit of length in the metric system, the nanometre is equal to one billionth of a meter and is usually used to describe
the dimension of an atom. In recent decades, nanorobotics has been widely researched for applications in nanoassembly,
biomedical technology and nanoelectromechanical systems, which includes either the robotic manipulation of objects from
micrometer to nanometer scale or the design and manufacturing of the robots with dimensions in this range [1–4]. A nanor-
obot is usually capable of positioning objects of micrometer or nanometer scale. A nanopositioner can position an object with
the nanometer scale accuracy although neither itself nor the object that it typically manipulates is in the micrometer to
nanometer scale.
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Nanopositioners are usually driven by a voice coil motor or smart material based actuator, e.g. piezoelectric or piezore-
sistive material, shape memory alloy or polymer, magnetostrictive material or magneto/electrorheological fluid based actu-
ator. Among these actuators, the piezoelectric actuator [5] is widely adopted due to its nanometer scale movement
resolution [6–12]. Also, the guiding mechanism of the nanopositioner is often different from the traditional bearing or rolling
guide. As an example, a high precision mechanism with a position repeatability of micrometer scale was developed in [13].
The mechanism utilised in this work used flexure bearings and it was actuated by a voice coil motor. In another study [14], a
3-degree-of-freedom (DOF) parallel micro/nano-positioning stage was proposed that was based on a guiding flexure mech-
anism being driven by three voice coil motors. The stage had a low crosstalk of 1.7% among the three working axes. A 3-DOF
micro-stage based on the tripod parallel configuration was developed in [15]. This micro-stage utilized the stacked piezo-
electric actuator and flexure hinge mechanism as the actuation unit. The experimental positioning accuracy of the micro-
stage was 25 nm. Another study [16] proposed a monolithic 3-DOF adjusting mechanism based on a 6-prismatic-
spherical-spherical parallel flexure mechanism and piezoelectric actuator. The axial stroke of the adjusting mechanism
was 74.4 lmwith an accuracy of within 40 nm. However, the drawback of the studies above was that the coupling displace-
ment was either ignored or significant. A 2-DOF orientation stage driven by 4 stacked piezoelectric actuators for space
antenna pointing was presented in [17], in which the rhombic amplifying mechanism and 2D flexure hinge were used to
enlarge the workspace and decouple the coupling motion between axes. The proposed stage can achieve approximately
± 1.2 mrad tilt range, as well as the fundamental frequency of 472 Hz. In [18], an XY millimeter-range monolithic flexure
mechanism driven by 4 stacked piezoelectric actuators was developed. The hybrid rhombus-lever multistage amplifying
mechanism was used, the maximum stroke range of this XY stage was 1.21 mm, and the fundamental frequency was
128 Hz. However, the drawback of these 2 studies was to use 4 stacked piezoelectric actuators for only 2-DOF motions.

In relation to the control strategy [19], advanced control algorithms such as model predictive control [20–22] and sliding
mode control [23] have shown some performance advantages over conventional proportional-integral-derivative control in
terms of robustness, low sensitivity to parameter uncertainty and external disturbance. A sequential control scheme com-
posed of a proportional-integral controller for the coarse dynamics and a gain-scheduled H1 controller for the fine dynamics
was proposed for a 3-DOF XYhZmicro positioning platform in [24]. Another study [25] developed a real-time hybrid control
strategy that employed an inverse hysteresis model-based, feedforward controller that was combined with a proportional-
integral-derivative feedback controller to achieve a sub-micron accuracy for the 3-DOF XYZ micropositioning system. A com-
bined feedforward/feedback control methodology was proposed for a 3-DOF XYhZplanar flexure-based micro/nano-
positioning mechanism in [26]. In another study [27], a robust adaptive control methodology was presented to enhance
the tracking performance of a monolithic 3-DOF XYZ micro/nano manipulator. However, their proposed control strategies
were mainly developed to deal with the hysteresis nonlinearity of the stacked piezoelectric actuators.

In the previous works discussed above, there were typically limitations in either travel range or positioning accuracy.
There was also unwanted coupling displacement which was ignored, despite being significant in some studies. In order to
investigate a stage with excellent performance in terms of coupling displacement and nanometer scale accuracy, in this
paper, a novel 3-DOF nanopositioner was developed based on a specifically designed flexure diaphragm guider and walking
piezoelectric actuators. One of the potential applications of the nanopositioner is in the lithographic objective lens. The other
applications are in biomedical devices, robotics and even to structural dynamics systems. Also, implementation of nanoro-
botics in real-time structural modal control using eigenvalue perturbation and Kalman Filter methods is another application
of our work. The main contributions of this paper are: (1) the monolithic flexure diaphragm guider is able to significantly
restrict other unwanted motions, thus making the coupling displacement less than 120 nm during the travel range of the
nanopositioner, (2) the walking piezoelectric actuator (WPA) can provide nanometer scale movement resolution during
its millimeter scale travel range, which enables the developed nanopositioner to have nanometer scale positioning accuracy
and a large travel range, and (3) the closed-loop sliding mode control strategy is developed with displacement feedback pro-
vided by the capacitive sensor, which guarantees nanometer scale positioning accuracy and the fast dynamic response of the
nanopositioner whilst overcoming the effect of the speed nonlinearity of the WPA.

The remainder of this paper is organised as follows: in Section 2 the nanopositioner design is presented, Section 3 devel-
ops the closed-loop control strategy, Section 4 includes the experimental results, Section 5 presents further discussions, and
in Section 6 the conclusion of the paper is provided.
2. Design

This section focuses on three main objectives of the design properties, which are the mechanism, capacitive sensing, and
walking piezoelectric actuation.
2.1. Mechanism

As shown in Fig. 1(a), in addition to the walking piezoelectric actuator and capacitive sensor, the mechanism of the devel-
oped 3-DOF nanopositioner consists of 5 major parts: lever, spring, fixed base, movable part and flexure diaphragm guider.
Other parts, such as fasteners are not included in this figure for brevity. The lever transmits the motion of the WPA to the
movable part through a certain ratio and a changing direction in motion. The lever changes the transmission direction of
2



Fig. 1. (a) The mechanism diagram, (b) working principle, and (c) layouts of actuators (A1�3) and sensors (S1�3). r is the radius of layout circumference of
sensors.
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motion of the WPA. Direction of the output motion of the lever is vertical to the motion of the WPA. The lever is made of a
flexure hinge based, bridge-type amplifying mechanism. The spring is to balance the gravity of the movable part so that the
force generated by the WPA can be used for improving the fast dynamic response of the movable part. There are in total 6
springs inside the mechanism. The fixed base serves as a stationary outer housing and frame. The movable part is able to
move with 3-DOF and holds the external payload. The flexure diaphragm guider plays an important role in guiding the
motion of the movable part in the designated directions. Compared with the traditional flexure hinge based guider, the flex-
ure diaphragm guider is more capable of restricting motion in unwanted directions with reduced concentrations of stress.

The working principle of the mechanism is illustrated in Fig. 1(b). TheWPA generates linear motion. The lever changes the
direction of the motion and transmits the motion to the movable part. The movable part then moves in the specified direc-
tions through the flexure diaphragm guider. Meanwhile, the sensor continuously measures the displacement of the movable
part at a particular location.

The layouts of the actuators and sensors in the mechanism are indicated in Fig. 1(c). There are 3 WPAs and 3 capacitive
sensors uniformly installed along the circumference of the fixed base. The parallel mechanism is simultaneously driven by 3
WPAs A1;A2 and A3, and is essentially a tripod in structure. The capacitive sensors (S1; S2 and S3) measure the linear displace-
ment of the movable part at 3 different locations. The pose Z, hx and hyof the movable part along zaxis, around xand yaxes
rotation can be computed using the following equation:
Z ¼ S1þS2þS3
3 ;

hx ¼ S2þS3�2S1
3 r ;

hy ¼ S3�S2ffiffi
3

p
r
;

ð1Þ
where r is the distance of the sensors from the center of the moving part. Hence, this equation can be rewritten as
Z
hx
hy
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3
75 ¼ MS2P �

S1
S2
S3

2
64

3
75; ð2Þ
where the matrix MS2P is the transformation relationship from the displacement measurement of the capacitive sensors to
the pose of the movable part.

The kinematics relationship of motion transmission from the three piezoelectric actuators to the capacitive sensors can be
expressed as
3
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S1
S2
S3

2
64

3
75 ¼
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J31 J32 J33

2
64

3
75

A1

A2

A3

2
64

3
75 ¼ J �

A1

A2

A3

2
64

3
75; ð3Þ
where the matrix J is the motion transmission relationship from the displacement of piezoelectric actuators to the displace-
ment measurement of the capacitive sensors.

The result of a modal analysis of the mechanism is shown in Fig. 2. The modal analysis was executed in ANSYS software
and based on finite element analysis (FEA). The used material of this mechanism was type 431 stainless steel. Regarding the
FEA model, the higher order 3-D 20-node solid element SOLID186 was used, which can exhibit quadratic displacement
behavior. In addition, the mesh size of the flexure hinges was specially refined for more accurate simulation results. The ele-
ment type and mesh size used in ANSYS FEA are listed in Table 1. The first order resonant frequency of the mechanism was
173.19 Hz around yaxis rotation, while the second and third order resonant frequencies were 173.27 Hz around xaxis rota-
tion and 193.68 Hz along zaxis, respectively.
2.2. Capacitive sensor

The capacitive sensor [28] is a non-contact and absolute displacement sensor with compact structure and small installa-
tion space. Based on the ideal plate capacitor principle, the measured object (conductor or semiconductor) and capacitive
sensor can each be regarded as a plate electrode as shown in Fig. 3. When a sinusoidal voltage of a particular frequency
is applied to the capacitive sensor, the change in the amplitude of this voltage is proportional to the distance between
Fig. 2. The modal analysis of the mechanism.

ment type and mesh size which were used in ANSYS FEA.

Model Element type Node Mesh size

Lever SOLID186 3-D 20-node 0.3 mm
Flexurediaphragm guider SOLID186 3-D 20-node 0.3 mm
Remaining parts SOLID186 3-D 20-node 3 mm

Fig. 3. The diagram of capacitive sensor.
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the capacitive sensor and the measured object. The impedance value Xcof the plate capacitor formed by the capacitive sensor
and the measured object can be described by the following equation:
Xc ¼ dc

jxcecAc
; ð4Þ
where xc represents the modulation frequency, ec;Ac and dc represents the dielectric constant (permittivity) of the filling
medium, the formed effective area and the distance between the two plates, respectively. When the dielectric constant
ec, plate area Ac and modulation frequency xc are constant, the impedance value Xcof the capacitive plate is proportional
to the distance dc between the two plates, hence the displacement can thus be measured by modulating and processing
the impedance value.

The high-precision measurement system of the capacitive sensor is generally composed of a capacitance measurement
probe, a signal preamplifier and a signal conditioner. The capacitance measurement probe has a ground electrode, a shield
electrode and a measurement electrode, which can generate a uniform and stable measurement electric field as described in
(4).

The displacement measurement noise of the adopted capacitive sensor when mounted on the developed nanopositioner
is shown in Fig. 4. The Peak-to-Valley (PV) value of the measurement noise of a single capacitive sensor was 11 nm.
2.3. Walking Piezoelectric Actuator (WPA)

Compared with the classical stacked piezoelectric actuator, WPA is capable of holding its position when there is no power.
Furthermore, the WPA has millimeter-scale travel range whilst maintaining nanometer-scale resolution. As shown in Fig. 5,
the adopted WPA is mainly composed of two pairs of piezoelectric legs and a moving rod, and the piezoelectric legs are
brought into contact with the moving rod by a certain initial preload [29]. The same driving voltage waveforms are applied
to each pair of piezoelectric legs, and the two pairs of piezoelectric legs alternately complete the motion transmission with
the moving rod, thereby generating continuous displacement of the moving rod during a walking period. A pair of piezoelec-
tric legs (A, D or B, C) is composed of two piezoelectric legs, and each piezoelectric leg is composed of two piezoelectric
stacked actuators. The two stacked actuators of a piezoelectric leg are mechanically fixed together but electrically insulated
so that they can be excited with different driving voltages (V1;V2or V3;V4). When the driving voltages that are applied to the
two stacked actuators of a piezoelectric leg are identical at some time instant, then the piezoelectric leg will produce the
Fig. 4. The displacement measurement noise of capacitive sensor.

Fig. 5. The working principle of WPA.
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Fig. 6. The driving voltage waveforms (a) Delta type and (b) Rhomb type, and (c) step length of WPA.
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corresponding movement only in the z direction. When the driving voltages are different, the piezoelectric leg will be bent
and deformed in the xdirection, and thus the moving rod will move in the x direction.

Different driving voltage waveforms will generate different cyclic trajectories of the piezoelectric legs, thus producing dif-
ferent displacement characteristics of theWPA in the xdirection. As illustrated in Fig. 6a) and Fig. 6(b), there are two different
driving voltage waveforms referred to as Delta and Rhomb types. And as shown in Fig. 6(c), the moving step length of WPA
under these two types of voltage waveforms are approximately 3 lm and 4.7 lm, respectively. The movement under Delta
type waveform is relatively smoother than that under Rhomb type although the step length is smaller.

In this paper, for the practical application of WPA, the Delta type waveform (shown in Fig. 6a) was chosen to excite the
WPA due to its smooth movement. Varying speed was obtained via changing the frequency of the voltage waveform and
hence, the input voltage ua to the power amplifier for driving the WPA is treated as the frequency of the voltage waveform,
thus corresponding to the moving speed of WPA. A simplified second order transfer function of WPA [8] from the input volt-
age ua to the displacement xof the WPA can be expressed as
x sð Þ
ua sð Þ ¼

ka
s Tasþ 1ð Þ ¼

ka
Tas2 þ s

; ð5Þ
where s; ka and Ta are the Laplace variable, the speed gain and inertial constant of WPA, respectively.
3. Control

The utilised closed-loop control strategy of the holistic nanopositioner is shown in Fig. 7. The control algorithm is com-
posed of the inverse of the transformation matrix MS2Pin (2) and the motion transmission matrix Jin (3), combined with a
sliding mode controller. The displacement feedback is achieved using the capacitive sensor. When the desired pose
Pd ¼ ½Z; hx; hy�T is an input to the closed-loop controller, the inverse matrix M�1

S2P transforms it to the desired displacement

Sd, then the displacement error can be computed with the feedback of the real displacement Sr ¼ ½S1; S2; S3�T measured by
the capacitive sensor. The desired movement of the WPA is then computed via the inverse matrix J�1 and subsequently acts
as the input to the sliding mode controller. The inverse matrix J�1 is able to compensate for the static coupling effect of the 3
actuator inputs and 3 sensor measurement outputs of the parallel 3-DOF nanopositioner.
Fig. 7. Block diagram of the controller.
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According to (5), the WPA can be described as
€x ¼ €xðtÞ ¼ � 1
Ta

_xðtÞ þ ka
Ta

uaðtÞ þ dðtÞ; ð6Þ
where d ¼ dðtÞ is an external disturbance and unmodelled nonlinearity, jdj 6 d.
The displacement error eis defined as
e ¼ xd � x; ð7Þ

where xd is the desired displacement.

The sliding mode function [23,30] is chosen as
S ¼ Sðx; tÞ ¼ _eþ ke; ð8Þ

where ksatisfies the Hurwitz condition, k > 0.

Then an exponential reaching law of sliding mode is adopted as
_S ¼ �cS� b tanh
S
g

� �
; c > 0; b > 0;g > 0; ð9Þ
where tanh is the hyperbolic tangent function [31] with the following form
tanh
S
g

� �
¼ e

S
g � e�

S
g

e
S
g þ e�

S
g
: ð10Þ
Finally, the sliding mode controller is designed as
u ¼ Ta

ka
cSþ b tanh

S
g

� �� �
þ Ta

ka
€xd þ 1

Ta
_xþ kð _xd � _xÞ þ d tanh

S
g

� �� �
: ð11Þ
Regarding the stability of the designed sliding mode controller, 2 lemmas [32,33] are firstly introduced and their detailed
proofs are included in Appendix A and B.

Lemma 1. For every given scalar w 2 R and positive scalar g, the following inequality holds:
0 6 jwj � w tanh
w
g

� �
6 ng; n ¼ 0:2785: ð12Þ
Lemma 2. Suppose f ;V : ½0;1Þ 2 R, then for any finite constant a; _V 6 �aVþ f ;8t P t0 P 0 implies that
VðtÞ 6 e�aðt�t0ÞVðt0Þ þ
Z t

t0

e�aðt�sÞf ðsÞds: ð13Þ

Based on (7) and (8), the following equation is obtained as
_S ¼ €eþ k _e ¼ ð€xd � €xÞ þ kð _xd � _xÞ: ð14Þ

Substituting (6) into (14), we will have
_S ¼ ð€xd þ 1
Ta

_x� ka
Ta

ua � dÞ þ kð _xd � _xÞ: ð15Þ
Replacing uain (15) with the control law uin (11), then the following equation holds:
_S ¼ �cS� b tanh S
g

� �
� d tanh S

g

� �
� d

¼ �cS� ðbþ dÞ tanh S
g

� �
� d

¼ �cS� ~d tanh S
g

� �
� d;

ð16Þ
where ~d ¼ bþ d.
The Lyapunov function is chosen as
V ¼ 1
2
S2; ð17Þ
then
7
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_V ¼ S _S ¼ S �cS� ~d tanh
S
g

� �
� d

� �
¼ �cS2 þ �~dS tanh

S
g

� �
� Sd

� �
: ð18Þ
Based on Lemma 1, we have
~djSj � ~dS tanh
S
g

� �
6 ~dng; ð19Þ
then
� ~dS tanh
S
g

� �
6 �~djSj þ ~dng: ð20Þ
Substituting (20) into (18), we have
_V 6 �cS2 þ �~djSj þ ~dng� Sd
� �

¼ �cS2 þ ~dngþ �~djSj � Sd
� �� �

6 �cS2 þ ~dng
¼ �2cVþ ~dng;

ð21Þ
then _V 6 �2cVþ ~dng.
According to Lemma 2, we can get
VðtÞ 6 e�2cðt�t0ÞVðt0Þ þ
R t
t0
e�2cðt�sÞ~dngds

¼ e�2cðt�t0ÞVðt0Þ þ ~dng
2c 1� e�2cðt�t0Þ
� �

;
ð22Þ
then
lim
t!1

VðtÞ 6
~dng
2c

¼ bþ dð Þng
2c

: ð23Þ
Hence, according to the inequality in (23), the designed sliding mode controller for the nanopositioner is asymptotically
stable. Moreover, substituting (17) and (8) into (23), we can get the solution as
lim
t!1

jeðtÞj 6 1
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bþ dð Þng

c

s
� 0:5278

k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bþ dð Þg
c

s
; ð24Þ
which shows the convergence value of displacement error is bounded by the parameters k; c; b; d and g.
For the sliding mode control strategy, k is firstly chosen to construct a sliding surface in (8) and the larger the value is, the

faster will be the convergence speed of the sliding phase to equilibrium. Then c and b are designed for the exponential reach-
ing law of the sliding mode. A larger value for c typically means faster convergence speed of the reaching phase to sliding
surface. The smaller the value for b is, generally, the less chattering of the control output uin (11) there will be. Moreover, the
tanhfunction is adopted to reduce the chattering, and a smaller gvalue means that the tanhfunction can better approximate
the discontinuous signfunction but cause more chattering. Finally, d is used to overcome the effect of external disturbance
and parametric uncertainty, with a larger value in more robustness but more severe chattering.

4. Experiment

4.1. Experimental platform

As illustrated in Fig. 8, the experimental platform for the developed 3-DOF nanopositioner consists of: 1) WPA, 2) mech-
anism with built-in sensors, 3) sensor signal conditioner and 4) digital signal processor (DSP)-based controller. There are 3
WPAs installed outside of the mechanism and 3 capacitive sensors mounted inside of the mechanism. The sensor signal con-
ditioner converts the displacement value measured by the capacitive sensor to the proportional electronic signal. The cor-
responding displacement signal from the sensor signal conditioner is sent to the DSP-based controller. The controller is
composed of a TI (Texas Instruments) OMAP L138 DSP and 3 power amplifiers. The developed closed-loop control algorithm
of the holistic nanopositioner was implemented using the DSP micro-controller. Based on the controller output signal, the
power amplifier excited the WPA with the driving voltage of the corresponding frequency.

The servo period of the proposed closed-loop control algorithm is 0.2 ms. When the units of displacement and angle are
lm and lrad, respectively, the matrix MS2P and J are
8



Fig. 8. The experimental platform for the developed 3-DOF nanopositioner.
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MS2P ¼
0:333333 0:333333 0:333333
�3:836930 1:918465 1:918465

0 �3:322879 3:322879

2
64

3
75;
J ¼
�0:125433 0:262725 0:262725
0:262725 �0:125433 0:262720
0:262725 0:262725 �0:125433

2
64

3
75:
And, the control parameters in (11) are chosen as Ta ¼ 0:00049; ka ¼ 1810; c ¼ 200; b ¼ 6000, g ¼ 1:15; k ¼ 150; d ¼ 20000.
4.2. Coupling displacement

The pose range of the developed 3-DOF nanopositioner is from ½�80;�120;�120�T to ½80;120;120�T (unit: lm, lrad, lrad,
respectively). There was a coupling displacement in xand ydirections when the nanopostioner changed its pose. In some
ultra-precise application scenarios, the coupling displacement should be as small as possible. The specially designed flexure
diaphragm guider can reduce the coupling displacement effectively. As shown in Fig. 9, the cumulative coupling displace-
ment are 100 nm and 120 nm in xand ydirections when the nanopositioner moves from �80 lm to 80 lm in Z direction,
respectively. The ratios of Z displacement to xand ycoupling displacement are 1600:1 and 1333:1, respectively, which shows
the nanopositioner has excellent performance in suppressing unwanted coupling displacement.

It should be mentioned that, the developed nanopositioner has a small coupling displacement within a large pose range
due to the adoption of WPA and flexure diaphragm guider. Conventional stacked piezoelectric actuator usually has a travel
range of tens to hundreds micrometers, however, ourWPA can provide millimeter-scale travel range, so the pose range of the
developed nanopositioner is able to reach from ½�80;�120;�120�T to ½80;120;120�T . Moreover, the specially designed flex-
ure diaphragm guider has a very high stiffness in xand ydirections, so it can efficiently restrict the unwanted motion in these
directions and thus it makes a small coupling displacement which is less than 120 nm.
Fig. 9. The coupling displacement in xand ydirections when the nanopositioner moves in Z direction.
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Fig. 10. The movement in Z direction.

Peng-Zhi Li, De-Fu Zhang, B. Lennox et al. Mechanical Systems and Signal Processing 155 (2021) 107603
4.3. Point-to-point movement

Typical movement in the Z direction is usually a few micrometers while there is no desired movement in the other two

directions. As shown in Fig. 10, the desired pose was ½2;0;0�T from the original pose ½0;0;0�T and the dynamic response settled
within 0.2 s. Plotted in red dashed lines, the stability error range of the pose was from ½�0:01;�0:06;�0:06�T to
½0:01;0:06;0:06�T centred on the desired pose. The closed-loop positioning accuracy was better than ½0:01;0:06; 0:06�T(unit:
lm, lrad, lrad, respectively).

Fig. 11 shows the movement in the hx direction when the desired pose was changed to ½50;10; 0�T from ½50; 0;0�T . Fig. 12
shows the movement in the hy direction when the desired pose was changed to ½�50;0;10�T from the pose ½�50;0;0�T . From
the experimental results, the dynamic responses all settled within 0.2 s and the positioning accuracy was within
½0:01;0:06;0:06�T , clearly demonstrating the excellent movement performance of the developed nanopositioner.

It should be noted that, the developed nanopositioner has an excellent movement performance in terms of settling time
and positioning accuracy due to the developed closed-loop sliding mode control strategy. The adopted motion transmission
matrix can compensate for the static coupling effect between actuators and poses, which is helpful for fast dynamic
response. We can see from Fig. 6c that, there is at least speed nonlinearity in WPA. The developed sliding mode control algo-
rithm is thus adopted to overcome the effect of the nonlinearity, which can finally make the dynamic responses in all the 3-
DOF Zhxhy settling within 0.2 s and the positioning accuracy being within ½0:01;0:06;0:06�T .

At last, the experimental results and performance of the developed 3-DOF Zhxhy piezoelectric driven nanopositioner are
summarized in Table 2. For comparison, Table 2 also includes the performances of other similar Zhxhy nanopositioner devel-
oped previously. It is worth mentioning that our developed nanopositioner obviously has better performance in terms of
coupling displacement and nanometer scale accuracy for point-to-point movement when compared with the other two
nanopositioners in this table.

5. Discussions

In the developed 3-DOF piezoelectric driven nanopositioner in this work, the adoption of WPA and flexure diaphragm
guider makes the pose range being from ½�80;�120;�120�T to ½80;120;120�T and the coupling displacement less than
Fig. 11. The movement in hx direction.
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Fig. 12. The movement in hy direction.

Table 2
Experimental results and performance of the developed 3-DOF Zhxhy piezoelectric driven nanopositioner (unit: lm, lrad, lrad).

Travel Accuracy Coupling Step
range displacement response

This paper 160� 240� 240 [0.01, 0.06, 0.06] 1600:1 (z : x) 0.2 s
1333:1 (z : y)

Ref. [16] 74:4���� [0.04, –, –] – 0.2 s
Ref. [15] – [0.025, –, –] 22:1 (z : x) –

14:1 (z : y)

Peng-Zhi Li, De-Fu Zhang, B. Lennox et al. Mechanical Systems and Signal Processing 155 (2021) 107603
120 nm. In addition, the use of sliding mode control algorithm makes the dynamic responses in all the 3-DOF Zhxhy settling

within 0.2 s and the positioning accuracy being within ½0:01;0:06;0:06�T . With these excellent performance, the nanoposi-
tioner is especially suitable for the practical application in the objective lens as shown in Fig. 13. The objective lens is the core
part of the lithographymachines that are used for manufacturing integrated circuits. The objective lens consists of more than
20 individual optical lenses, some of which need nanometer scale accurate pose adjustment in order to realize ultra-precise
image quality of the objective lens. During the process of the pose adjustment of individual lens, the coupling displacement
in the unwanted direction should be minimized, otherwise these unwanted coupling displacement will change the position
of the optical axis of the holistic objective lens and result in the deterioration of image quality. Other possible applications of
the developed nanopositioner will be in biomedical devices, robotics and even on a macro-scale to structural dynamics
systems.

Regarding the mechanism of the developed nanopositioner, from Fig. 2, we know that its first order resonant frequency is
173.19 Hz. One possible method of further improving the resonant frequency is to make the WPA directly drive the movable
part without using the lever in Fig. 1a. In this situation, the WPA will be installed vertically inside the mechanism. However,
this will also mean that, the size of the WPA needs to be smaller hence replacing the WPA for maintenance requires more
time and effort.

With regard to the sliding mode control strategy, the total uncertainty of the WPA is represented by dðtÞ in (6). One pos-
sible improvement is to further quantitatively describe the nonlinearity of the WPA such as the speed nonlinearity in Fig. 6c
Fig. 13. Application of the nanopositioner in the objective lens.
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and the friction force nonlinearity. Incorporating these quantitative description of nonlinearity into the sliding mode control
strategy will enable faster dynamic response and better robustness.

6. Conclusions

In this paper, a novel 3-DOF nanopositioner was investigated with a flexure diaphragm guider, capacitive sensors and
walking piezoelectric actuators. The nanopositioner utilised a closed-loop sliding mode control strategy that was developed
and implemented in a DSP-based micro-controller. Experimental results showed that the developed nanopositioner had
excellent performance with low coupling displacement and highly accurate point-to-point movement. The ratio of coupling
displacement to Z displacement was less than 0.1%. In the experiments that were undertaken, the dynamic response of

point-to-point movements settled within 0.2 s and the positioning accuracy was within ½0:01lm;0:06 lrad;0:06 lrad�T .
For the future work, we will investigate i) further improvement of the controller for the plant nonlinearity and uncertainty
of the whole nanopositioner and ii) an application of the developed nanopositioner to position an object in the lithographic
objective lens.
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Appendix A

This appendix gives the proof of Lemma 1. Let gðwÞ ¼ jwj � w tanh w
g

� �
, and based on the definition of tanh function in (10),

we have
w tanh
w
g

� �
¼ w

e
w
g � e�

w
g

e
w
g þ e�

w
g
¼ w

e
2 w
g � 1

e
2 w
g þ 1

¼ w 1� 2

e
2 w
g þ 1

 !
;

so
gðwÞ ¼ w� w 1� 2

e
2 w
g þ 1

 !
¼ 2w

e
2 w
g þ 1

P 0; if w P 0;
and
gðwÞ ¼ �w� w 1� 2

e
2 w
g þ1

� �
¼ �2wþ 2w

e
2 w
g þ1

¼ �2w e
2 w
g

e
2 w
g þ1

¼ �2w

e
�2 w
g þ1

> 0; if w < 0:
Hence, 0 6 gðwÞ and gðwÞ is an even function of w because gðwÞ ¼ gð�wÞ.
For simplicity, we consider the scenario of the even function gðwÞ when w P 0. For this scenario, we have
12
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gðwÞ ¼ 2w

e
2 w
g þ1

;

_gðwÞ ¼ 2

e
2 w
g þ1

� �2 1þ e
2 w
g � 2w

g e
2 w
g

� �
;

€gðwÞ ¼ � 8 e
2 w
g

g2 e
2 w
g þ1

� �3 w 1þ e
2 w
g

� �
þ g 1þ e

2 w
g � 2w
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2 w
g
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¼ � 8w e
2 w
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g2 e
2 w
g þ1

� �3 1þ e
2 w
g

� �
� 4 e

2 w
g

g e
2 w
g þ1

� � _gðwÞ:
Based on the principles of first-derivative and second-derivative tests, when _gðwÞ ¼ 0;w P 0, then €gðwÞ < 0 and we have the
maximum value nm of the function gðwÞ. That is to say, when w satisfies
1þ e
2 w
g � 2w

g
e

2 w
g ¼ 0;
gðwÞhas the maximum value nm. According to the following simultaneous equations
1þ e
2 w
g � 2w

g e
2 w
g ¼ 0;

nm � 2w

e
2 w
g þ1

¼ 0;
we can derive that
2w
g ¼ nm

g þ 1;

nm
g ¼ e�

2 w
g :
So, the maximum value nm satisfies
nm
g

¼ e�
nm
g þ1ð Þ;
and the solution for this equation is nm=g ¼ 0:2785, i.e. nm ¼ ng; n ¼ 0:2785. Thus, jwj � w tanh w
g

� �
6 ng; n ¼ 0:2785 holds.

Appendix B

This appendix gives the proof of Lemma 2. Based on _V 6 �aVþ f , if we define wðtÞ , _Vþ aV� f , then we have wðtÞ 6 0,
and the solution of the following differential equation
_V ¼ �aVþ f þw
implies that
VðtÞ ¼ e�aðt�t0ÞVðt0Þ þ
Z t

t0

e�aðt�sÞf ðsÞdsþ
Z t

t0

e�aðt�sÞwðsÞds:
Because wðtÞ 6 0 and 8t P t0 P 0, we have
VðtÞ 6 e�aðt�t0ÞVðt0Þ þ
Z t

t0

e�aðt�sÞf ðsÞds:
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