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Abstract

Piezoelectric tube actuators are widely used in applications such as fibre optics alignment, endoscopy
imaging and scanning probe microscopy. Piezoelectric tubes are thin-walled cylinders of radially poled
piezoelectric ceramics. In almost all applications, the tube is fixed at one end and free at the other.
A conventional tube in atomic force microscopy consists of quartered outer electrodes, which cover
two-thirds of the length for lateral actuation. The remaining one-third of the length is covered by a
circumferential electrode for vertical actuation. The inner surface is covered by a continuous electrode
grounded at all times. For lateral actuation (bending) along the X or Y-direction, two outer quartered
electrodes on opposite sides are driven by voltages of equal magnitude but opposite polarity. Voltage
applied to the top circumferential electrode produces vertical actuation.

The simplest way to increase the scan range of a piezoelectric tube actuator is to increase its length.
However, this increases the physical size and reduces the resonance frequency. This thesis describes a
new method for increasing the vertical scan range by driving the internal electrode rather than grounding
it. This approach eliminates the need for a circumferential Z-electrode, which is typically one-third of
the tube length, thereby allowing longer quadrant electrodes for larger lateral scan range. Since the
proposed technique does not change the physical size of the tube, it is ideal for compact applications.
Experimental results show a 62% increase in lateral scan range and an 86% increase in vertical scan
range with negligible increase in cross-coupling. Analytical modelling shows that driving the internal
electrode does not interfere with the lateral scan range.

This thesis also proposes to implement similar technique for an eight-electrode tube actuator to
compensate for angular (tilting) and vertical cross-coupling. The conventional quartered electrodes
are split into two vertical segments of equal length to create a total of eight electrodes. The tilting
and vertical cross-coupling due to the lower segments is compensated by the upper segments giving a
sigmoid shape to the tube during lateral motion. Finite element simulations and experimental results
confirm a 96% decrease in tilt angle and 43% reduction in vertical cross-coupling. However, the trade-
off encountered with this method is a 44% decrease in lateral scan range.
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Chapter 1

Introduction

1.1 Outline of Thesis

This thesis consists of five chapters. An overview of the contents is shown in Table 1.1.

Table 1.1: Outline of thesis.

Chapter Descriptions/Aims Contributions

1 Introduction

A review of piezoelectricity, applications and con-
ventional design of piezoelectric tube actuator. The
chapter outlines the research contributions by the
thesis.

2
Understanding the conventional
design and its significance.

Finite-element analysis of deflection and tilt angle
on varying the electrode length.

3
To increase scan ranges of con-
ventional piezoelectric tube
actuators.

Complete description and comparison of designs,
analytical estimations, FE models, and experimen-
tal results of the conventional and proposed tech-
niques.

4

To reduce tilt angle, vertical
cross-coupling and increase the
vertical scan range of piezoelec-
tric tube actuators.

Complete description and comparison of designs,
analytical estimations, FE models, and experimen-
tal results of the conventional and proposed tech-
niques.

5 Conclusions and future work. Summarizing results and future directions.

1.2 Introduction of Piezoelectricity

The piezoelectric effect relates mechanical stress to electric charge within a class of crystalline materials
[2]. These materials have a crystalline lattice which deforms under the influence of an external force to
create a dipole moment due to the separation and alignment of positive and negative charges [3]. Such a
dipole induces an electric charge which is measurable on the material surface. This property is referred
to as the direct piezoelectric effect. When operating in this mode, the material is being used as a sensor.
Conversely, the crystalline lattice experiences mechanical strain when an electric field is applied across
the material thickness causing measurable structural deformation. This property is referred to as the
inverse piezoelectric effect. The direction of deformation or strain can be reversed if the polarity of the

1
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applied electric field is reversed. When operating in this mode, the material is being used as an actuator.
The piezoelectric effect is naturally occurring in monocrystalline piezoelectric materials such as

quartz and tourmaline, however, is insufficient for high-end solid state sensing-actuation applications.
Industrial poling processes were introduced in 1960s to create man-made polycrystalline piezoelectric
ceramics such as barium titanate (BaTiO3) from metallic oxides and lead-zirconate-titanate (PZT) ma-
terials. PZT materials exhibit larger sensitivity and higher Curie temperatures compared to BaTiO3

and have since been the most widely used ceramics for solid state sensing-actuation applications [4, 5].
These ceramics have much higher polarization within their lattice resulting in an efficient conversion of
electrical energy to mechanical strain and vice versa. The piezoelectric tube actuator discussed in this
thesis is made from PZT-5H ceramic.

Before poling, the piezoelectric ceramic consist of randomly oriented domains as shown in Fig.1.1.
The material produces no net effect when a mechanical stress or an electric field is applied [1]. The pol-
ing process enables the piezoelectric effect by heating the material near its Curie temperature (typically
between 100◦C and 300◦C), followed by the application of a strong electric field [1]. As the field is
maintained during cooling, the dipoles align with the field and a majority of them maintain their align-
ment. The dimensions of the ceramic is changed permanently after poling as shown in Figure 1.1. The
poling axis is the direction between the poling electrodes. As described in Figure 1.2, if a voltage of
the same polarity as the poling voltage is applied to the ceramic (in the direction of the poling voltage),
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the ceramic will extend and its diameter will contract due to the Poisson effect. If applying a voltage of
polarity opposite to that of the poling voltage, the ceramic will contract and its diameter will increase.

Considering voltage is applied across the material thickness as shown in Figure 1.3, the constitutive
equations of a transducer made of a one-dimensional piezoelectric material can be expressed as [6–8]

S1 = sE11T1 + d31E3, (1.1)

D3 = d31T1 + εT33E3, (1.2)

where S1 is the mechanical strain (in m/m), T1 is the mechanical stress (in N/m2), s11 is the compliance
of Young’s modulus, d31 is piezoelectric constant (in C/N), D3 is the electric displacement (in C/m2),
E3 is the electric field (in V/m), and ε33 is the permittivity (F/m). The superscripts E and T represent
measurements taken under constant electric field and constant stress respectively. The subscripts refer to
different directions within the material coordinate system as shown in Figure 1.3. d31 refers to the case
when the electric field is applied along the poling direction (3-direction) but produces mechanical strain
perpendicular to the poling direction, which is along the 1-direction. Due to the Poisson effect, d31 is
usually a negative number. The above equations can be written alternatively as

T1 = cE11S1 − e31E3, (1.3)

D3 = e31S1 + εS33E3, (1.4)

where c11 = 1/s11 is the Young’s modulus (in N/m2), e31 is the piezoelectric constant (in C/m2). The
superscript S represents measurements taken under constant strain. Equation (1.3) and (1.4) will be used
to analyse the deflections of piezoelectric tube actuators in Chapters 3 and 4.

1.3 Applications of Piezoelectric Actuators

A piezoelectric actuator converts an applied electrical input/signal into useful mechanical output in the
form of physical deformation (strain) based on the principle of inverse piezoelectric effect. The common
forms of piezoelectric actuators include benders [9–12], stacks [13–15], and piezoelectric tube actua-
tors [16]. The fine resolution of piezoelectric materials has enabled their use in a variety of actuation
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Figure 1.4: A piezoelectric tube actuator is used as a XYZ scanner in Atomic Force Microscopy.

applications which require sensitivity and precision [17, 18]. These applications include atomic force
microscopy [19], flexure-based nanopositioners [20–23], medical devices [24], and fuel injection control
valves in automobiles [25].

Since the inception of scanning tunnelling microscope (STM) by Binnig et al. [26], it has been
a fundamental tool for the study, analysis, and manipulation of matter at nanoscale. Binnig and co-
workers developed an atomic-resolution 3D image of a conducting surface by using a close-proximity
tunnelling current between a sharp probe tip and a conducting surface [27]. In the early development,
STMs used tripod scanners with piezoelectric stack actuators forming a tripod stand [26]. A sharp
probe was located at the meeting junction of the three tripod legs. Actuating a combination of these
stack actuators facilitated XYZ motions of the probe. However, the tripod scanner is bulky [26] and
rarely used in modern STMs. Binnig and Smith were the first to introduce a piezoelectric tube actuator
with quartered electrodes for XYZ positioning in STM [27]. Since then, many commercial STMs use
piezoelectric tube actuators for 3D positioning of the tunnelling probe.

Piezoelectric tube actuators have also become the commonly used XYZ scanners in Atomic Force
Microscopy (AFM) due to their simple mechanical structure, relatively low cost, and ease of installation
[21, 28, 29]. The atomic force microscope (AFM), also invented by Binnig and co-workers [30], is
one of the most versatile tools in imaging structures on an atomic scale. AFMs can be operated in air,
vacuum and fluid. They can be used to interrogate both conductive and non-conductive materials. A
piezoelectric tube actuator is used to precisely move a sample into contact with a sharp probe (located
at the free-end of a cantilever) as shown in Figure 1.4. The cantilever deflects towards or away from the
sample due to close-range inter atomic forces between the probe and sample. These deflections can be
detected accurately by using a laser and a position-sensitive photodiode. A 3D topography image of the
material surface can therefore be constructed by scanning the cantilever over a sample region. Typically
the Z-axis of the scanner is controlled to keep the deflection of the cantilever constant and by plotting the
Z-axis control action as a function of the XY position of the scanner the topography image is formed.

The applications of AFM have extended to nanofabrication and nano-patterning [31–35]. In nano-
patterning applications, the piezoelectric tube actuator is used to position a probe to deposit or remove
nanoparticles from a sample. Piezoelectric tube actuators have also been used in micro-contact printing
to generate patterns on organic surfaces [33]. Other precision applications include fiber optic interfer-
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Figure 1.6: Schematic showing initial and final positions of a conventional piezoelectric tube during
bending. Cross-coupling in the form of tilt angle is shown. Displacements are exaggerated for clarity.

ometry [36] and endoscopic imaging [37]. In endoscopic optical coherence tomography (OCT), the
tube positions an optical fibre/endoscope probe which is mostly linked with a catheter and is sent into a
specimen to acquire 3D OCT images [38, 39].

1.4 Limitations of Piezoelectric Tube Actuators

The piezoelectric tube actuator is a thin-walled hollow cylinder made of radially poled piezoelectric ce-
ramic. The conventional actuation method [40, 41] uses four external quartered electrodes and a single
circumferential Z-electrode to generate three degrees-of-freedom (DOF) motion as shown in Figure 1.5.
The internal electrode is grounded. One end of the tube is fixed and the other end is free. The tube
undergoes physical deformation when an electric field is applied across its material due to the inverse
piezoelectric effect to produce radial, lateral or axial displacements. An electric field applied in the direc-
tion of poling voltage (radially) will extend the tube thickness causing axial contraction in the orthogonal
direction. Conversely an electric field applied opposite to the poling voltage will cause extension in the
orthogonal direction. Therefore, when voltages with equal magnitude but opposite polarity are applied
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Figure 1.7: Electrode design and drive configuration of the (a) conventional actuation technique, (b)
proposed full-length actuation technique, and (c) proposed eight-electrode actuation technique.

to a pair of opposite quartered electrodes, one side of the tube extends while the opposite side contracts,
resulting in bending as shown in Figure 1.6. Similarly, the other pair of electrodes provide actuation
in the orthogonal direction. To displace in the Z direction, voltage is applied to the circumferential
Z-electrode which is conventionally one-third of the tube length and located at the free-end of the tube.

One limitation of the piezoelectric tube actuator is that the Z-deflection is small, typically in the
range of 1 µm to 3 µm [42]. Scanning in X- or Y- (lateral) direction produces motion of any given
sample point on a convex-like surface which results in varying Z-displacements of the sample point.
When the piezoelectric tube is scanned over a large area on the XY-plane, the Z-displacement may go
beyond the vertical compensation limits of the piezoelectric tube. This results in imaging errors and
distortions.

Another limitation is that the lateral bending of the piezoelectric tube actuator follows an angular
trajectory due to the fixed-free boundary condition. This results in an inherent vertical cross-coupling,
and an angular cross-coupling (tilting) that causes the moving platform to tilt from its original horizontal
plane. Providing that the tube has sufficient Z-displacement range, feedback or feedforward techniques
can be implemented to compensate for the vertical cross-coupling [43]. However, the tilting remains an
issue.

1.5 Contributions of the Research

1.5.1 Increasing the vertical and lateral scan range

The simplest way to increase the bending (lateral motion) of a piezoelectric tube is to increase its length.
However, this increases the physical size and cost of the tube. This thesis proposes a new method for
increasing the vertical scan range of piezoelectric tube actuators by driving the internal electrode rather
than grounding it, as described in Figure 1.7(b). This approach eliminates the need for a circumferential
Z-electrode, which is typically one-third of the tube length, thereby allowing longer quadrant electrodes
for larger lateral scan range. Since the proposed technique does not change the physical size of the tube,
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the proposed method is ideal for compact applications. A comparative analysis of the conventional and
proposed actuation techniques have been conducted through finite-element analysis (FEA) on the two
tube models and verified through experiments on PZT-5H material, discussed in Chapter 3. Experiment
results show a 62% increase in lateral scan range and an 86% increase in vertical scan range.

1.5.2 Simultaneously increasing the vertical scan range and reducing tilting and vertical
cross-coupling

In Chapter 4, the thesis proposes a new electrical configuration for piezoelectric tube actuators which
eliminates the tilting and vertical cross-coupling at the moving end, and significantly increases the ver-
tical scan range, as described in Figure 1.7(c). The proposed configuration includes a driven internal
electrode for vertical motion, and eight external electrodes for lateral motion. Lower half of the tube
is used to create bending, while the upper half corrects for tilting and vertical cross-coupling. Experi-
mental results demonstrate a 44% increase in vertical displacement, a 96% reduction in tilting, and 43%
reduction in vertical cross-coupling compared to the conventional tube.



Chapter 2

Quantitative Analysis of Varying
Electrode Length

2.1 Introduction

The piezoelectric tube actuator has a fixed-free boundary condition. Lateral deflections are generated
at the free-end of the tube when the quartered electrodes are actuated. During bending, the angular
motion of the tube causes the moving platform to tilt from its original horizontal plane. The tilt an-
gle distorts interference pattern in optical microscopy [44] and reduces image quality in atomic force
microscopy [42].

Conventionally, two-third of the piezoelectric tube actuator length is covered by quartered electrodes
for lateral actuation and one-third of the length is covered by a single circumferential Z-electrode for
vertical actuation. Although many commercial piezoelectric tube actuators have used the same ratio,
the advantage is not justified. There is no quantitative analysis in the literatures reporting the trade-off
between the length of quartered electrodes versus lateral deflection and tilt angle. This chapter inves-
tigates the impact of electrode length on the lateral deflection and tilting by modeling the piezoelectric
tube actuator using a commercial finite-element (FE) package ANSYS.

The FE results on lateral deflection have been compared with the widely used equation in [45]. The
nominal difference between the FE simulated results and that of [45] is within 15%.

2.2 Finite-Element-Analysis

A piezoelectric tube actuator which is made of PZT-5H piezoelectric ceramic material having length
50.8 mm, thickness 0.66 mm and outer diameter 9.5 mm is used in this study. As illustrated in Fig-
ure 2.1(a), ten piezoelectric tube actuators with a uniformly increasing quartered-electrode length are
modelled using ANSYS workbench. An aluminium platform is also modelled in order to simulate the
tilt angle. The length of the quartered electrodes are gradually increased from 10% to 100% of the total
tube length, and the defection (δx) and tilt angle (φ) are recorded. ANSYS PiezoAndMEMS Application
Customization Toolkit extension is used to model the piezoelectric property of the tube with piezoelec-
tric coefficients in stress form (e), the relatively permittivity εS/εo and the piezoelectric constant d31,
as shown in Table 2.1. A cylindrical coordinate system is used to define the polarization vector of the
tube which is radially inwards. Voltages are applied to the X-electrodes to simulate maximum deflection
(δx) and tilt angle (φ) as shown in Figure 2.1(b). Y-electrodes and the inner surface are grounded in the
model.

8
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Figure 2.1: (a) A piezoelectric tube actuator model with varying electrode length. (b) Actuation config-
uration is shown. (c) Deflection δx and tilt angle φ is shown. Locations of nodes where deformations
are recorded in ANSYS.

Parameters of the tube are described in Table 2.2. The lateral deflection δx is recorded at point
E as shown in Figure 2.1(c). Le is the length of the quartered electrodes, and Lo is the total length
of the tube actuator. Point C is the location of a sensor used to measure the lateral deflection of the
piezoelectric tube actuator in experiments, which is discussed in Chapter 3 and 4. δzA and δzB are the
vertical displacements at points A and B as shown in Figure 2.1(c). lAB is the length of the edge AB of
the aluminium platform. The percentages of reduction in δx and φ, denoted as Pδx and Pφ respectively,
are estimated with respect to their maximum values at Le = Lo as described in Table 2.2.

2.3 Results and Comparisons

Percentages of reduction in δx and φ with varying the electrode length Le are compared in Table 2.3.
Figure 2.2(a) plots the percentages of reduction, Pδx and Pφ, versus the percentage of reduction in
Le. Pφ is linearly proportional to the percentage of reduction of Le, however, Pδx exhibits a nonlinear
relationship. Ideally, the piezoelectric tube actuator should have a maximum lateral deflection with a
minimum tilt angle. To search for a trade-off region, Pφ versus Pδx is plotted in Figure 2.2(b). There
exists a region where the reduction in φ is within 20% to 40% without compromising the lateral deflec-
tion significantly (that is within 8.4% to 22.6% reduction in δx). This region is highlighted in Table 2.3.
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Table 2.1: Piezoelectric properties of the tube actuators.

Piezoelectric coefficient, C/m2

e31 -6.55
e33 23.3

Relative permittivity, εS/εo
ε11 1700
ε33 1470

Piezoelectric constant, ×10−12m/V
d31 -274

Table 2.2: Tube parameters and notations.

Descriptions Parameters and Calculations
Electrode length Le
Total tube length Lo
Maximum lateral deflection when Le = Lo δxo
Maximum tilt angle when Le = Lo φo
Lateral deflection δx
Tilt angle φ = (δzA − δzB )/lAB
Percentage of reduction in δx Pδx = (δxo − δx)/δxo × 100
Percentage of reduction in φ Pφ = (φo − φ)/φo × 100

Table 2.3: Percentage of reduction in deflection and tilt angle with varying quartered-electrode length.

Sample Le % of active Lo % Reduction % Reduction in δx % Reduction in φ
No. (mm) Le/Lo × 100 in Le Pδx Pφ

0 0 0 100 100 100
1 5.08 10 90 83 89.7
2 10.16 20 80 68 79.8
3 15.24 30 70 54.6 69.8
4 20.32 40 60 42.5 59.9
5 25.4 50 50 31.8 49.9
6 30.48 60 40 22.6 40
7 35.56 70 30 14.8 30
8 40.64 80 20 8.4 20.2
9 45.72 90 10 3.4 10.2

10 50.8 100 0 0 0

The conventional piezoelectric tube actuators fall within this region [40, 41]
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Figure 2.2: FE simulated results. (a) Percentage of reduction in δx (denoted by Pδx) and φ (denoted by
Pφ) with respect to that in Le. (b) Percentage of reduction in φ with respect to that in δx.



Chapter 3

A Novel Actuation Technique for
Piezoelectric Tube Actuators

3.1 Introduction

This chapter compares the conventional piezoelectric tube actuation technique [40,41] with a new actua-
tion approach as described in Figure 3.1. The proposed method achieves vertical actuation by driving the
internal electrode with a negative voltage rather than connecting it to ground. The use of an inner elec-
trode eliminates the need for a circumferential Z-electrode, thereby allowing longer quadrant electrodes
and increased lateral displacement. To avoid generating an electric field opposite to the polarization
vector, the internal voltage is restricted to a negative polarity. This is a conservative choice that avoids
the possibility of exceeding the coercive field strength of the piezoelectric material. It should be noted
that the maximum electric field in the poling direction is doubled by the proposed method; however,
this is typically five times the coercive field strength, so the resulting electric field is less than half of
the limiting value. It is analytically deduced that driving the internal electrode does not affect lateral
scan range. Experimental results show a 62% increase in lateral scan range and an 86% increase in the
vertical scan range.

3.2 Analytical Estimations of Deflections

This section derives the tube deflection based on the Euler-Bernoulli equations. To produce lateral de-
flection along the Y-axis, the Y-electrodes are driven differentially with±Vy volts as shown in Figure 3.2.
The X-electrodes are grounded and the internal electrode is actuated with Vi volts. Lateral deflection
along the X-axis can be derived similarly by applying differential voltages to the X-electrodes. The
transformation (x, y) = (−rcosθ,−rsinθ) converts cartesian coordinates to cylindrical coordinates.
Tube is considered thin with radius r. In the polar coordinate, the applied voltage V (θ) is,

V (θ) =


−Vy − Vi θ ∈ (π/4, 3π/4),
Vy − Vi θ ∈ (5π/4, 7π/4),
0 otherwise.

. (3.1)

Applying Euler-Bernoulli kinematic assumptions [46], the strain S1 is

S1(z, r, θ) = −yw′′0(z) = r sin(θ)w′′0(z), (3.2)

12
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Figure 3.1: Electrode configuration and driving method for the (a) conventional and (b) proposed
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Figure 3.2: A cross-section of the tube in the XY plane. The Y-electrodes are driven with equal but
opposite voltages Vy, and the internal electrode is driven by Vi. The X-electrodes are grounded.

where (z, r, θ) are cylindrical co-ordinates andw0(z) is the lateral deflection as a function of z across the
length of the tube. In the Euler-Bernoulli beam, all other strains are zero. The constitutive equations [7,8]
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of the piezoelectric material (Equations (1.3) and (1.4)) are

T1 = ES1 − e31E3, (3.3)

D3 = e31S1 + εS33E3, (3.4)

where T1 is the stress, E is the elastic modulus, e31 is the piezoelectric coefficient, E3 is the electric
field, D3 is the electric displacement, and εS33 is the permittivity. Assuming a thin tube structure, the
electric field is a function of voltage given by

E3 = V (θ)/h, (3.5)

where h is the thickness of the tube. Substituting (3.2) and (3.5) into (3.3) results in the following
expression for the stress around the circumference of the tube,

T1 = Er sin(θ)w′′0(z)− e31V (θ)/h. (3.6)

The first part of this expression is the stress caused by the mechanical structure and the second part is
the stress due to the piezoelectric effect. These stresses induce moments which cause the cross-sectional
area to rotate around the neutral axis. Assuming there is no net axial force on the structure, the total
moment on the cross-sectional area is

M =

∫ 2π

0
yT1dθ. (3.7)

From Figure 3.2, y = −r sin(θ), therefore,

M =

∫ 2π

0
−r sin(θ)T1dθ, (3.8)

= −
∫ π/4

−π/4
Er2 sin2(θ)w′′0(z)dθ

−
∫ 3π/4

π/4
[Er2 sin2(θ)w′′0(z)− e31rsin(θ)

(−V − Vi)
h

]dθ

−
∫ 5π/4

3pi/4
Er2 sin2(θ)w′′0(z)dθ

−
∫ 7π/4

5pi/4
[Er2 sin2(θ)w′′0(z)− e31rsin(θ)

(V − Vi)
h

]dθ,

= −Er2w′′0(z)π +

√
2e31r

h
(−V − Vi − V + Vi), (3.9)

= −Er2w′′0(z)π − 2
√

2e31rV

h
. (3.10)

Note that the voltage of the inner electrode (Vi) is eliminated in the above expression, indicating the
internal driving voltage has no effect on the lateral deflection of the tube. With no external load, the net
moment is zero when in equilibrium, that is,

M = −Er2w′′0(z)π − 2
√

2e31rVy
h

= 0. (3.11)

Rearranging the above equation and substituting r = D/2 and e31 = Ed31 gives

w′′0(z) = −4
√

2d31Vy
hDπ

, (3.12)
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where, d31 is the piezoelectric strain constant and D is the tube diameter. To obtain an expression for
the lateral deflection, double integration is performed on (3.12) with the boundary conditions w′(z) = 0
at z = 0, and w0(z) = 0 at z = 0. The deflection of the tube at z = L is

w0(L) = δy = −2
√

2d31L
2Vy

πDh
, (3.13)

which is identical to that derived by Chen [45]. For vertical motion, the standard deflection equation is
used,

δz = −d31LVi
h

, Vi < 0. (3.14)

3.3 Finite-Element-Analysis

Conventional Proposed

14.7 17.4

X – displacement
&

Tilt angle

Z - displacement

(a1) (a2)

(b2)(b1)

-0.92 -2.8

φ = 373 φ = 573

Figure 3.3: (a) FE simulated deflection (in µm) and tilt angle (in µrad) of the conventional (a1 & b1)
and proposed (a2 & b2) piezoelectric tube actuators. Displacements are exaggerated for clarity.

The scan ranges (δx, δz) and tilt angle (φ) of both piezoelectric tube actuators in Figure 3.1 are
modelled using the finite-element (FE) package ANSYS. Due to symmetry, δy is identical to δx and
is omitted for brevity. Both tubes are made of PZT-5H piezoelectric ceramic material having length
50.8 mm, thickness 0.66 mm and outer diameter 9.5 mm. FE simulations of the tubes are shown in
Figure 3.3. For the conventional tube, the length of the of the Z electrode is half that of the X and
Y electrodes. An aluminium sample platform, which serves as a sensor target in experiments, is also
modelled. The piezoelectricity of the tube is modelled using the ANSYS PiezoAndMEMS Application
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Table 3.1: Voltages applied to simulate lateral and vertical deflections of piezoelectric tube actuators.

Tube Def. VX+/− VY+/− Vi Vz

Conventional δx ±200 0 0 0
Conventional δz 0 0 0 ±200

Proposed δx ±200 0 0 N/A
Proposed δz 0 0 −200 N/A

Customization Toolkit extension. Table 2.1 lists the piezoelectric coefficients in stress form (e), the
relatively permittivity εS/εo and the piezoelectric constant d31. A cylindrical coordinate system is used
to define the polarization vector of the actuator in the model, that is radially inwards. The input voltages
shown in Table 3.1 are applied to the conventional and proposed tubes for simulating the maximum scan
range and cross-coupling. FE results in Table 3.2 indicate an 18% increase in lateral scan range and
52% increase in vertical scan range of the proposed technique compared to the conventional one. The
normalised cross-coupling (φ/δx) is also increased by about 29% primarily due to the increase in the tilt
angle and a larger strain experienced by the proposed tube.

Table 3.2: Comparisons of maximum deflections and cross-coupling of the conventional and proposed
piezoelectric tube actuators.

Axis Def. FE simulated Experiment
driven Conv. Proposed Conv. Proposed

δx (µm) ±14.69 ±17.4 ±26.24 ±42.4
X φ (µrad) ±372.67 ±572.67 ±740.6 ±1486.7.3

φ/δx (rad/m) 25.4 32.9 28.2 35.1
δz (µm) 0.00015 -0.0044 -0.0188 -0.0635

Z δz (µm) ±0.92 −2.8 ±1.81 −6.77

3.4 Experiments

Figure 3.4 shows the experiment setup. Two MicroSense 6810 capacitive sensors are used to measure the
vertical displacement and tilt angle. A MicroSense 4810 capacitive sensor is used to measure the lateral
displacement (X axis). All three sensors have a sensitivity of 10 µm/V. PiezoDrive TD250 high-voltage
amplifier with a gain of 25 V/V, is used to drive the tube actuators. The X+ electrode is connected
to the non-inverted amplifier while the X- electrode is connected to the inverted amplifier. A dSPACE
MicroLabBox prototyping system is used to generate input references and to record the sensor mea-
surements. To generate X-displacement, a 1-Hz sinusoidal reference of 8 V amplitude is applied to the
amplifiers, which is amplified to±200 V. For the conventional tube, the length of the X- and Z-electrode
is 31.5 mm and 15.7 mm respectively. The vertical motion of the conventional tube is generated by
applying the same sinusoidal signal to the Z-electrode while the internal electrode is grounded. For the
proposed tube, the internal electrode is driven by a 1-Hz sinusoidal reference with a magnitude of 0 V
to −200 V.
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3.5 Results and Comparisons

The measured displacements and cross-coupling of the conventional and proposed tube actuators are
compared in Table 3.2 and plotted in Figure 3.5. Experimental results indicate a 62% increase in the
lateral scan range and a 86% increase in the vertical scan range. The normalised cross-coupling φ/δx
also increases by 24% as this is proportional to the electrode length. The hysteresis exhibited in the
X-axis is 13.6% of the scan range for the proposed method, and 20.4% for the conventional method.
For vertical motion, the hysteresis is 15.8% for the proposed method, and 21.9% for the conventional
method.

The discrepancies between the simulated and experimental results are partially due to uncertainty
in d31. Piezoelectric constants are estimated for small-signals. Due to non-linearity of the piezoelectric
material (as observed in Figure 3.5), significant differences in d31 values are found when the full voltage
range is applied [47]. To demonstrate this, d31 is measured at -10 V and -200 V and is found to increase
by 44% from 305 pm/V to 440 pm/V.



Chapter 4

A New Actuation Technique for an
Eight-electrode Piezoelectric Tube
Actuator

4.1 Introduction

This chapter describes a new electrical configuration for piezoelectric tube actuators which eliminates
the tilting and vertical cross-coupling at the moving end, and significantly increases the vertical scan
range. As discussed in the previous chapters, the outer surface of a conventional piezoelectric tube
[40, 41] has quartered X-, Y-electrodes covering two-third of its length for lateral actuation and a cir-
cumferential Z-electrode covering one-third of its length for vertical actuation as shown in Figure 4.1(a).
The inner surface is grounded. During bending, the angular motion of the tube causes the moving plat-
form to tilt from its original horizontal plane. The tilt angle distorts interference pattern in optical
microscopy [44] and reduces image quality in atomic force microscopy [42]. To reduce the tilt angle, an
eight-electrode tube actuator was proposed where the outer electrodes are split to create upper and lower
sections. When applying voltages with the same magnitude on the X- or Y-electrode but with opposite
polarity at the two halves, the tube bends in a sigmoid shape which reduces the tilt angle significantly.
In [42], voltage is applied to the outer circumferential Z-electrode of the eight-electrode tube to generate
vertical displacement.

This chapter proposes to eliminate the outer circumferential Z-electrode and drive the inner electrode
with a negative voltage instead of grounding it, as shown in Figure 4.1(b). The entire length of the tube
is therefore used to generate significantly larger vertical displacements. Eliminating the Z-electrode also
allows longer and perfectly symmetrical quadrant electrodes, which increases the lateral scan range and
eliminates both tilting and vertical cross-coupling. The first contribution of this chapter is a description
of the eight-electrode configuration with a driven internal electrode. The second contribution is a detailed
mechanical analysis of the eight-electrode configuration, including the deflection sensitivity and proof
of tilt elimination.

4.2 Analytical Estimations of Deflections

4.2.1 Considering a thin tube using Newton’s laws

The lateral and vertical deflections of the proposed eight-electrode tube are modelled using the Euler-
Bernoulli beam theory. The modelling establishes that a voltage applied to the inner electrode results

19
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Figure 4.1: Electrode configuration and driving method for the (a) conventional piezoelectric tube, and
(b) eight-electrode tube.

in vertical motion which is independent of the differential voltages applied to the external electrodes.
For deflection along the Y-axis, the upper and lower pairs of the quartered Y-electrodes are actuated
with ±Vy volts and the internal electrode with Vi volts as described in Figure 4.2. The X-electrodes
are grounded. Cylindrical coordinates (z, r, θ) are employed in the modelling due to the shape of the
tube. The transformation (x, y) = (−rcosθ,−rsinθ) converts cartesian coordinates to cylindrical co-
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ordinates. The voltage V (z, θ) applied is

V (z, θ) =



−Vy − Vi, θ ∈
(
π
4 ,

3π
4

)
, z < L

2

Vy − Vi, θ ∈
(

5π
4 ,

7π
4

)
, z < L

2

Vy − Vi, θ ∈
(
π
4 ,

3π
4

)
, z > L

2

−Vy − Vi, θ ∈
(

5π
4 ,

7π
4

)
, z > L

2

0, otherwise.

. (4.1)

For a thin tube, a parallel plate capacitive structure is used to approximate the electric field distribution
in the tube. The radial electric field is given by

E3(z, r, θ) = V (z, θ)/h, (4.2)

where h is the thickness of the tube. Applying Euler-Bernoulli kinematic assumptions [46], the strain is

S1(z, r, θ) = −r sin(θ)w′′0(z), (4.3)

where w0(z) is the lateral deflection. Due to the split in the outer electrode at z = L
2 , w′′0(z) is evaluated

for the upper and lower sections separately,

w′′0(z) =

{
w′′1(z) z ∈ (0, L2 )

w′′2(z) z ∈ (L2 , L)
. (4.4)

The constitutive equations of the piezoelectric material are

T1 = ES1 − e31E3, (4.5)

D3 = e31S1 + ε33E3, (4.6)
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where T1 is the stress, E is the elastic modulus, e31 is the piezoelectric coefficient, D3 is the electric
displacement, and ε33 is the permittivity. Substituting E3 and S1 into (4.5) results in the following
expression for the stress in the tube,

T1(z, r, θ) = Er sin(θ)w′′0(z)− e31V (z, θ)/h. (4.7)

The first term of this expression is the stress exerted by the material and the second term is the stress due
to the piezoelectric effect. These stresses induce moments about the neutral axis of the tube. The total
moment on the cross-sectional area is

M(z) =

∫
θ
yT1 dθ. (4.8)

M(z) is evaluated for upper and lower sections separately,

M(z) =

{
M1(z) z ∈ (0, L2 )

M2(z) z ∈ (L2 , L)
. (4.9)

For a thin tube of radius r0, y = −r0 sin(θ), therefore M1(z) is evaluated as

M1(z) =

∫
θ
−r0 sin(θ)T1 dθ

= −
∫ π/4

−π/4
Er2

0 sin2(θ)w′′1(z)dθ

−
∫ 3π/4

π/4
[Er2

0 sin2(θ)w′′1(z)− e31r0sin(θ)
(−Vy − Vi)

h
]dθ

−
∫ 5π/4

3pi/4
Er2

0 sin2(θ)w′′1(z)dθ

−
∫ 7π/4

5pi/4
[Er2

0 sin2(θ)w′′1(z)− e31r0sin(θ)
(Vy − Vi)

h
]dθ

= −Er2
0w
′′
1(z)π +

√
2e31r0

h
(−Vy − Vi − Vy + Vi)

= −Er2
0w
′′
1(z)π − 2

√
2e31r0Vy
h

(4.10)

Similar evaluation for M2(z) gives

M2(z) = −Er2
0w
′′
2(z)π +

2
√

2e31r0Vy
h

. (4.11)

Note that the voltage Vi of the inner electrode is eliminated in the moment expression which shows that
Vi has no effect on the lateral displacement of the tube. With no external load, the net moment on the
cross-sectional area is zero when in equilibrium and is evaluated in the upper and lower sections as

M1(z) = −Er2w′′1(z)π − 2
√

2e31r0Vy
h

= 0, (4.12)

M2(z) = −Er2w′′2(z)π +
2
√

2e31r0Vy
h

= 0. (4.13)
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Rearranging and substituting r0 = D/2 and e31 = Ed31, where D is the diameter, and d31 is the
piezoelectric strain constant, the above equations give

w′′1(z) = −4
√

2d31Vy
hDπ

, w′′2(z) =
4
√

2d31Vy
hDπ

. (4.14)

Integrating w′′1 ,

w′1(z) = φ1(z) = −Kz + C1, (4.15)

w1(z) = −z
2K

2
+ C1z + C2. (4.16)

where K = 4
√

2d31Vy/(hDπ). Applying boundary conditions w′1(0) = 0 and w1(0) = 0 results in
C1 = 0 and C2 = 0. Similarly integrating w′′2 , and applying boundary conditions w′1(L2 ) = w′2(L2 )

and w1(L2 ) = w2(L2 ) results in C3 = −KL and C4 = KL2

4 . Substituting these constants into w2, the
deflection of the eight-electrode tube actuator at z = L is

δy = w2(L) = −
√

2d31L
2Vy

πDh
. (4.17)

That is, the deflection of the eight-electrode configuration is half that of the four-quadrant configuration
[45]. This is the trade-off required to eliminate tilting and cross-coupling. Similarly, the deflection
equation in the X-axis is

δx = −
√

2d31L
2Vx

πDh
. (4.18)

For vertical motion, the standard axial extension equation is

δz = −d31LVi
h

, (4.19)

where Vx, Vy, and Vi are the magnitudes of electrode voltages for the X, Y and Z axis respectively. In
the experimental setup, the voltages Vx and Vy and are kept in the range [-200, 200] and Vi is in the
range [-200, 0].

4.2.2 Considering a thick tube using Hamilton’s principle

The physical principle used to derive the equations of motion in this section is Hamilton’s principle.
Evaluation of Hamilton’s principle requires the electromechanical enthalpy and kinetic energy of the
structure as a function of the desired input and output variables. The inputs of the system are voltages
applied to the tube’s electrodes. The output is the lateral and vertical deflections of the tube. These
input and output variables are related to the electric and strain fields in the structure respectively. With
expressions for the stress and electric field, along with the constitutive equations of the material, the
enthalpy and kinetic energy are evaluated.

The stress field

The piezoelectric tube actuator is modeled as a one-dimensional structure. Beam dynamics model the
lateral deflection, and bar dynamics model the axial (vertical) displacement. Euler-Bernoulli kinematics
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Figure 4.3: The Y-electrodes are driven with equal but opposite voltages Vy in the upper and lower half
of the tube. The internal electrode is driven by Vi. The X-electrodes are grounded.

are assumed for the beam deflections. Due to the cylindrical shape of the tube, the cylindrical coordinates
(z, r, θ) are used in this analysis. The displacement field of the tube is [48, 49]

u1(z, r, θ) = u0(z) + rsin(θ)w′0(z), (4.20)

u2(z, r, θ) = 0, (4.21)

u3(z, r, θ) = w0(z), (4.22)

where (u1, u2, u3) are the displacements along the z, x, and y axes respectively and the prime (′) in-
dicates the derivative with respect to z. This displacement field is parameterized in terms of the one-
dimensional quantities, that is the y-axis deflection w0 and the axial displacement u0. From the strain-
displacement relationship [50, 51], there is only one non-zero strain component associated with these
kinematics,

S1(z, r, θ) = u′1(z, r, θ) = u′0(z) + r sin(θ)w′′0(z). (4.23)

The electric field

The electric field needs to be parameterized in terms of the applied voltages. A cylindrical capacitive
structure is assumed. The polarization of the tube is radial. The electric field is given by

E3(z, r, θ) =
V (z, θ)

r ln(r2/r1)
, (4.24)
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where r2 is the outer radius of the tube, r1 is the inner radius of the tube, and the electrode voltage
V (z, θ) takes the value at each quadrant of the tube,

V (z, θ) =



0, θ ∈
(
−π

4 ,
π
4

)
−VH − Vi, θ ∈

(
π
4 ,

3π
4

)
0, θ ∈

(
3π
4 ,

5π
4

)
VH − Vi, θ ∈

(
5π
4 ,

7π
4

) . (4.25)

where
VH(z) = Vy

(
1− 2H(z − L

2 )
)
. (4.26)

The voltage Vy is applied to the outer electrodes with positive and negative polarities as shown in Fig-
ure 4.3. Vi is the voltage applied to the inner electrode. H() is the Heaviside step function defined
as

H(z) =

{
1, z > 0
0, z < 0

, (4.27)

which is used to model the split in the electrodes in the middle of the tube.

The constitutive equations

Since there is only a single non-zero component of both the strain field and the electric field, the consti-
tutive equations of the piezoelectric material simplify to [8]

T1 = ES1 − e31E3, (4.28)

D3 = e31S1 + ε33E3, (4.29)

where E is Young’s modulus, e31 is the piezoelectric coefficient, ε33 is the dielectric permittivity, T1 is
the stress, and D3 is the electric displacement.

The enthalpy and kinetic energy

Considering the non-zero components of the stress, strain, electric field, and electric displacement, the
electromechanical enthalpy of the piezoelectric material is [52]

H =
1

2

∫
Ω
T1S1 −D3E3 dΩ, (4.30)

where Ω is the domain defined by the volume of the structure. Substituting (4.23), (4.24), (4.28) and
(4.29) into (4.30), the enthalpy in terms of the extension u0, deflection w0, and voltages (V, Vi) is

H =

∫ L

0

EA

2

(
u′0
)2

+
EI

2

(
w′′0
)2

+ kEViu
′
0

+kBVHw
′′
0 + 2kCV

2 + 2kCV
2
i dz,

(4.31)
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which gives,

A = π
(
r2

2 − r2
1

)
, (4.32)

I =
π

4

(
r4

2 − r4
1

)
, (4.33)

kE =
πe31(r2 − r1)

2 ln(r2/r1)
, (4.34)

kB =

√
2e31(r2

2 − r2
1)

ln(r2/r1)
, (4.35)

kC =
−ε33π

4 ln(r2/r1)
. (4.36)

where the A is the area, I is the moment of inertia, constants kE and kB characterize the electromechan-
ical coupling and relate the input voltage to the deflection, and the constant kC relates the input voltage
to the stored capacitive energy.

The kinetic energy is a function of the velocity field which is found by taking the derivative with
respect to time of the displacement field. The kinetic energy T is [8, 52]

T =
1

2

∫
Ω
ρ
(
u̇1

2 + u̇2
2 + u̇3

2
)
dΩ, (4.37)

=
1

2

∫ L

0
ρA (u̇0)2 + ρA (ẅ0)2 + ρI

(
ẇ′0
)2

dz, (4.38)

where the dot (˙) indicates the derivate with respect to time. The Euler-Bernoulli beam theory assumes
that the rotary inertia is insignificant compared to the translational inertia [53], therefore the kinetic
energy becomes

T =
1

2

∫ L

0
ρA (u̇0)2 + ρA (ẅ0)2 dz. (4.39)

The characteristic equations

Hamilton’s principle introduces a fundamental variational principle from which the mechanics of the
tube positioner can be derived. For this class of problem Hamilton’s principle is expressed as [48, 51,
52, 54, 55]

δ

∫ t2

t1

T −H dt = 0, (4.40)

where δ is the variational operator. The evaluation of Hamilton’s principle in (4.40) requires the appli-
cation of variational calculus. Hamilton’s principle is evaluated for the differential equations and natural
boundary conditions that govern the the extension and deflection of the tube. Essential boundary condi-
tions exist at the fixed end (z = 0) enforcing zero deflection (w0(0) = 0), zero extension (u0(0) = 0),
and zero rotation (w′0(0) = 0). The analysis results in the system for extension being separable from the
system for deflection.

The extension characteristic equations and boundary conditions are

ρAü0 − EAu′′0 − kEVi = 0, (4.41)

EAu′0 + kEVi = 0 at x = L, (4.42)

u0 = 0 at x = 0. (4.43)
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Table 4.1: Parameters of the tube.

Parmeter Value
d31 (×10−12m/V) -274

r1 (mm) 4.09
r2 (mm) 4.75
L (mm) 50.8

And the deflection characteristic equations and boundary conditions are

ρAẅ0 + EIw′′′′0 + kBV
′′
H = 0, (4.44)

kBVH + EIw′′0 = 0 at x = L, (4.45)

kBV
′
H + EIw′′′0 = 0 at x = L, (4.46)

w0 = 0 at x = 0, (4.47)

w′0 = 0 at x = 0. (4.48)

Static deflection and rotation of the tube

Set the dynamic term to zero and start integrating the differential equation in (4.44)

EIw′′′′0 + kBV
′′
H = 0, (4.49)

EIw′′′0 + kBV
′
H + c1 = 0, (4.50)

EIw′′0 + kBVH + c1x+ c2 = 0. (4.51)

The constants of integration c1 = 0 and c2 = 0 due to the boundary conditions in (4.45) and (4.46).
Next substitute in the expression for VH

EIw′′0 + kBVy − 2kBVyH
(
z − L

2

)
= 0 (4.52)

EIw′0 + kBVyz − 2kBVy

(
z − L

2

)
H
(
z − L

2

)
+ c3 = 0 (4.53)

EIw0 + 1
2kBVyz

2 − kBVy
(
z − L

2

)2
H
(
z − L

2

)
+c3x+ c4 = 0

(4.54)

Due to the essential boundary conditions in (4.47) and (4.48), the constants of integration c3 = 0 and
c4 = 0. Therefore the deflection and rotation of the beam is

w′0(z) =
kBVy
EI

(
−z + 2

(
z − L

2

)
H
(
z − L

2

))
, (4.55)

w0(z) =
kBVy
EI

(
−1

2z
2 +

(
z − L

2

)2
H
(
z − L

2

))
. (4.56)

The deflection and rotation at the end of the tube (z = L) are

w′0(L) = φ = 0, (4.57)

w0(L) = δy = −kBL
2

4EI
Vy. (4.58)

Evaluating the deflection at the free-end of the tube with parameters in (4.1), and e31 = Ed31, the
deflection sensitivity of the tube is 54.153 nm/V. At V = 200 V, the deflection δy of the tube is 10.831
µm.
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4.3 Finite-Element-Analysis
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Figure 4.4: (a) FE simulated deflection (in µm) and tilt angle (in µrad) of an eight-electrode (a1 & b1),
the conventional (a2 & b2) and the full length (a3 & b3) piezoelectric tube actuators.

The maximum scan ranges (δx, δz), and cross-coupling from δx to φ and from δx to δz are simu-
lated and compared for the cases of the conventional tube, the eight-electrode tube and the proposed
full-length tube. All the three tubes are made of PZT-5H piezoelectric ceramic material having length
50.8 mm, thickness 0.66 mm and outer diameter 9.5 mm. ANSYS workbench is used to conduct the
finite-element (FE) modeling in static mode as shown in Figure 4.4. For the conventional tube, the
length of the outer circumferential Z-electrode is half of that of the quartered X and Y electrodes. An
aluminium holder which serves as a sensor target in experiments is also modeled. The piezoelectric
property of the tube is modeled using the ANSYS PiezoAndMEMS Application Customization Toolkit
extension. Table 2.1 lists the piezoelectric coefficients in stress form (e), the relatively permittivity εS/εo
and the piezoelectric constant d31. A cylindrical coordinate system is used to define the polarization vec-
tor of the actuator in the model and is radially inwards. Input voltages are applied to the conventional
and the eight-electrode tube as illustrated in Figure 4.1(a) and (b). For the full-length tube, the actuation
configuration can be found in Figure 3.1. Table 4.2 shows the driving configuration for all the three tube
models.

FE results for the eight-electrode tube in Table 4.3 indicate a decrease in the lateral scan range by
49% and 57% compared to that of the conventional and full-length tube respectively. This is expected
due to the decrease in the electrode length. However, the eight-electrode tube shows negligible vertical
cross-coupling motion and tilt angle compared to the other two tubes. The vertical scan range of the
eight-electrode tube is also increased by 52% compared to the conventional tube due to the used of the
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Table 4.2: Voltages applied to simulate the lateral and vertical deflections.

Tube Def. VX+/− VY+/− Vi Vz

Eight-electrode δx ±200 0 0 N/A
Eight-electrode δz 0 0 −200 N/A
Conventional δx ±200 0 0 0
Conventional δz 0 0 0 ±200
Full-length δx ±200 0 0 N/A
Full-length δz 0 0 −200 N/A

Table 4.3: Comparisons of maximum deflections and cross-coupling of the eight-electrode, conven-
tional and full-length piezoelectric tube actuators.

Axis Deflection FE Simulated Results
Driven Eight-electrode Conventional Full-length

δx (µm) ±7.52 ±14.69 ±17.4
X φ (µrad) ±0.67 ±372.67 ±572.67

φ/δx (rad/m) 0.09 25.4 32.9
δz (µm) -0.000058 0.00015 -0.0044

Z δz (µm) −2.8 ±0.92 −2.8
Axis Deflection Experimental Results

Driven Eight-electrode Conventional Full-length
δx (µm) ±14.73 ±26.24 ±42.4

X φ (µrad) ±17.1 ±740.6 ±1486.7
φ/δx (rad/m) 1.16 28.22 35.06
δz (µm) -0.006 -0.0188 -0.0635

δz/δx (×10−4) 4.07 7.16 14.97
Z δz (µm) −5.22 ±1.81 −6.77

larger inner electrode.

4.4 Experiments

Figure 4.5 shows the experiment setup for the eight-electrode tube actuator. Two MicroSense 6810 ca-
pacitive sensors are used to measure the vertical displacement δz and the tilt angle φ. A MicroSense
4810 capacitive sensor is used to measure the lateral deflection δx. All three sensors have a sensitiv-
ity of 10 µm/V. PiezoDrive TD250 high-voltage amplifier with a gain of 25 V/V is used to drive the
piezoelectric tube actuators. A dSPACE MicroLabBox prototyping system is used to generate input
references and record the sensor measurements. Driving configurations of the three piezoelectric tube
actuators can be found in Table 4.2. To generate X-displacement, a 1-Hz sinusoidal reference of ±8 V
is amplified to ±200 V and drives the tubes. For both the eight-electrode and full-length tube actuators,
negative voltages in the range of −200 V to 0 V are applied to their inner electrodes to produce vertical
displacements. For the conventional tube, the circumferential Z-electrode is driven with ±200 V while
keeping the internal electrode at ground to produce Z-displacement.

Note that all experiments were conducted at low frequencies. High-frequency applications are be-
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Figure 4.5: Experimental setup for deflection measurements of the eight-electrode piezoelectric tube
actuator.

yond the scope of this thesis.

4.5 Results and Comparisons

The measured displacements and tilt angles of the three tubes are summarized in Table 4.3. Experimental
results are plotted in Figure 4.6. The lateral scan range δx of the eight-electrode actuator is 44% and 65%
less than that of the conventional tube and the full-length tube actuators respectively. This is expected
because of the shorter electrode length used in the eight-electrode tube. However, the normalised tilting
φ/δx is reduced by 96% and 97% respectively. The normalised vertical cross-coupling δz/δx is also
reduced by 43% and 73% respectively. The proposed actuation method increases the δz range by 44%
compared to that of the conventional tube actuator. Although the eight-electrode tube has the same
length as that of the full-length tube, there is a discrepancy in the measured δz due to different inner
electrode length caused by manufacturing imperfections.

The hysteresis exhibited in the X-axis is 17.5%, 20.4% and 13.5% of the full scan range for the eight-
electrode, conventional and full-length actuators respectively. The hysteresis exhibited in the Z-axis is
14.7%, 22% and 15.8% respectively.

The discrepancies between the simulated and experimental results are partially due to uncertainty
in d31. Piezoelectric constants are estimated for small-signals. Due to non-linearity of the piezoelectric
material (as observed in Figure 4.6), significant differences in d31 values are found when the full voltage
range is applied [47]. During experiments on the full-length tube, the d31 is found to increase from
305 pm/V to 440 pm/V when the tube is driven at -10 V and -200 V respectively.
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Chapter 5

Conclusions and Future Work

The thesis describes new methods for increasing the scan range and reducing unwanted motion in piezo-
electric tube actuators. Contributions of this thesis are summarised as follows.

Chapter 1 introduces the piezoelectric effect and the constitutive equations of piezoelectric actuators.
The piezoelectric tube actuator and its applications are described. The limitations are also discussed in
detail, which include: low scan range, vertical cross-coupling, and tilting.

Chapter 2 analyzes the effect of varying the electrode length on the lateral deflection and tilting. The
percentage of reduction in lateral deflection (δx) and tilt angle (φ) are simulated in ANSYS workbench.
The analysis identifies a trade-off between the tilt angle and scan range. Tilting can be reduced by 40%
without compromising the lateral deflection by more than 22.6%.

Chapter 3 proposed a new electrical configuration for increasing the lateral and vertical scan range
of piezoelectric tube actuators. By driving the internal electrode rather than connecting it to ground,
the need for a circumferential electrode is eliminated. This results in longer quadrant electrodes which
produce larger lateral deflections. FE models were constructed in ANSYS workbench to simulate the
lateral and vertical scan range, as well as the tilting and the vertical cross-coupling. Experimental results
show a 62% increase in lateral scan range and an 86% increase in the vertical scan range.

Chapter 4 proposed a new electrical configuration for piezoelectric tube actuators which eliminated
the tilting and vertical cross-coupling at the moving end, and significantly increases the vertical scan
range. The piezoelectric tube actuator has an upper and a lower quartered-electrode. When applying
voltages with the same magnitude on the X- or Y-electrode but with opposite polarity at the two halves,
the tube bends in a sigmoid shape which eliminates the tilting. To increase the vertical deflection, nega-
tive voltages were applied to the internal electrode. FE models were constructed in ANSYS workbench
to simulate the lateral and vertical scan range, as well as the tilting and the vertical cross-coupling. Ex-
perimental results showed that the vertical scan range of the eight-electrode tube was increased by 44%
compared to that of the conventional tube. The tilting and vertical cross-coupling was reduced by 96%
and 43% respectively. However, the lateral scan range was 44% less than the conventional tube due to
the shorter electrode length used.

Future extension of this work could focus on a number of areas to optimize the performance of
piezoelectric tube actuators. The first topic worthy of attention is the mechanical geometry of the tube,

32
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which is presently chosen using an ad-hoc method. An alternative would be to optimize the diameter
and length to minimize the resonance frequency whilst achieving a desired scan-range.

Although this thesis is primarily concerned with passive methods for performance improvement,
there is also sufficient scope for active compensation methods. A significant literature has developed on
the control of piezoelectric tube scanners; however, these methods require the addition of sensors which
may be significantly larger or more costly than the tube itself. By incorporating resistive strain sensors,
or piezoresistive strain sensors, onto the tube surface, compact and low-cost closed-loop control could
be realized.
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