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ABSTRACT

This thesis studies on the electrostatic force generation and position feedback control for
high performance of an electrostatically controlled linear actuator (ECLIA). The ECLIA
consisting of a piezoactuator (PZT), driving and holding electrodes, and sliders provides
precise motion and large stroke. In literature, novel technologies have been studied for
improvements of the actuator. Among these, a micro-potentiometer using a probe
dipped in upool (PDP) was proposed and employed to detect position of the slider. As a
development stage, this thesis reports on the following issues aiming higher
performance of the ECLIA: (1) Introducing a flexible electrode with a sandwich
structure for higher electrostatic-force generation, (2) Increasing the pushing force using
a fishbone structure mounted on the flexible slider, and (3) Position feedback control
using a micro-potentiometer and microcontroller.

This thesis consists of six chapters. The first chapter introduces the background,
and objective of the study. In chapter 2, the structure and working principle of the
ECLIA are described. Chapter 3 presents the flexible electrode having a conductive
layer sandwiched between insulating layers. The flexible electrode could deform and fit
to the contact electrode for higher efficiency of electrostatic-force generation.
Therefore, the flexible electrode exhibited a significant improvement in the electrostatic
clutching force in comparison with the Si electrode. In chapter 4, a design of the
fishbone structure for improving the longitudinal stiffness of the flexible slider is
presented. The fishbone slider showed a higher performance in terms of the pushing
force than that of the Si slider. Chapter 5 describes the design and implementation of a
position feedback controller using a micro-potentiometer and a microcontroller. It was
indicated that the feedback control with tuning gains performed a significant
improvement compared to that without tuning gains. The final chapter summarizes this
thesis.
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Chapter 1

INTRODUCTION

1.1. Research background

Micro-actuators have been widely used in microelectromechanical systems (MEMS)
fields. The actuators are operated by using different actuating principles such as
electrostatic [1-3], thermal [4,5], piezoelectric [6-9], magnetic [10-12], and pneumatic
actuations [13-15]. A piezoelectric actuator can provide precise motion and a large
force. Actuators based on electrostatic effect generate a small displacement. However,
electrostatically controlled stepwise motion can convert short-range actuation into long-
range travel/ large stroke. Actuators using a stepwise motion method present precise
motion and a large stroke for micro-system applications [6,16]. A high-precision
positioning technology has played an important role in engineering fields such as optical
positioning, biomedical manipulation, etc. [17-20]. Various types of MEMS actuators
are being used as a positioner with high accuracy [16,21-23]. In addition, a large travel
range is also important for tracking in a wide area [24].

An electrostatically controlled linear actuator (ECLIA) has been proposed and
developed at the Konishi laboratory in order to obtain parallel, precise motion, a large
stroke and force generation [6]. The ECLIA comprises a PZT actuator, multiple sliders,
driving and holding electrodes. A driving control system generates control signals for
the ECLIA. The working principle of the ECLIA utilizes the stepwise motion that is
driven by the PZT actuator combined with an electrostatic clutch mechanism. The PZT
expands and pushes the driving electrode that carries the slider by/using the electrostatic
clutch mechanism. The PZT actuator provides a fine motion in the order of nanometers;
the electrostatic clutch mechanism is formed by applying electrical signal to the driving,
holding electrodes and sliders independently. Consequently, the ECLIA can be applied
for an optical dynamics gain equalizer (DGEQ) to distribute optical attenuation for
wavelength division multiplexing (WDM) signals [25], micro-syringe pumps for
picoliter-scale liquid manipulation [26], micro-grippers, etc.

15



Chapter 1 Introduction

An output force is an important factor of MEMS actuators. The output force was
required to exert external objects for micro transportation systems or gripper
applications [27,28]. A micro-gripper using electrostatic actuation produced a grasping
force of 3 mN for optical fiber and transporting polymer objects [28]. The electrostatic
actuators using inchworm motion reported a pushing force of +0.45 mN [2]. In the
micro-syringe pumps application of the ECLIA, the pushing force was estimated as 3.85
mN [26]. In the ECLIA, the PZT expands and pushes the driving electrode together with
the slider using the electrostatic clutch mechanism. The pushing force of the slider is
transmitted by the generated force from the PZT actuator combined with the
electrostatic clutch mechanism. The non-coplanar of the PZT and the driving electrode
causes the bending deformation of the driving electrode. This deformation creates a
larger air gap between the Si slider and the driving/holding electrodes. The air gap
decreases the electrostatic clutching force, and thus reduces the pushing force of the
slider. The relative sliding of the electrostatic clutch mechanism also reduces the
precision of position control. Hence, the pushing force and position control of the
ECLIA need to be improved.

In recent years, polymeric material has been widely used in MEMS field due to
the simple and low-cost process compared to Si. A flexible electrode that is made by a
conductive polymer coated on a polymeric thin film was proposed by Ito and Konishi
[29]. The flexible electrode can deform and fit to the opposite electrode in order to
reduce the air gap and to improve electrostatic-force generation for the ECLIA. A probe
dipped in ppool (PDP) connection was proposed at Konishi laboratory [30]. The PDP
connection uses a probe to supply electrical signal for a moving object through a ppool
filled with ionic liquid. Hence, the moving object has only the physical resistance of
liquid. This PDP connection overcomes the mechanical restriction comparing to a
conventional wiring connection. A micro-potentiometer using PDP technology was also
developed for detecting position of the slider with low physical restriction and
resolution in micro-meter range [31]. The micro-potentiometer mounted on a slider is
utilized to detect the slider displacement. This is an important factor for the next step in
control aspect of the ECLIA. Microcontrollers with attractive characteristics such as
compactness, mobility, and familiar programing languages have been employed in
control systems [32,33]. A microcontroller computes and generates control signals for
the ECLIA. Proportional—integral—-derivative (PID) controllers have been commonly
used in many feedback control systems owing to their simple structure and adaptability
[34-36]. The PID controller has three control parameters called proportional, integral
and derivative gains (K, K; and Kg). In order to trade-off between financial efficiency
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Chapter 1 Introduction

and acceptable overall quality, many applications require only one or two control
parameters to provide the appropriate control system. The Pl, PD or P controller is
chosen depending on the specific system and desired operation.

1.2. Research purposes

As mentioned in previous section, the ECLIA has attractive characteristics such as
parallel, precise motion, and a large stroke for applications such as micro-syringe
pumps, an optical DGEQ, etc. Nevertheless, the larger air gap due to the bending
deformation of the driving electrode reduces the clutching force and thus causes
reduction in the pushing force. Reducing the air gap is an important issue to obtain the
higher pushing force. The relative sliding of the electrostatic clutching mechanism also
causes inequality of the stepwise motion, this results the difficulty in determination of
the slider displacement. Using the position sensor and feedback control can improve
position control of the ECLIA. As our development stage, this dissertation focuses on
improving the pushing force by reducing the air gap. We also consider the position
feedback control to achieve higher performance for the ECLIA.

The flexible slider can deform and fit to the opposite electrode to reduce the air
gap for having efficient electrostatic-force generation. However, the flexible slider has a
low longitudinal stiffness and a small buckling force (0.03 mN). An increase in the
longitudinal stiffness of the flexible slider needs to be improved to enhance the pushing
force. In previous study, a flexible electrode with a conductive polymer coated on a
polymer base film was proposed by Ito and Konishi [29]. A backbone structure was
proposed to improve the longitudinal stiffness of a thin film Si slider by Saika [37]. In
this research, we present a polymer slider that comprises a conductive layer sandwiched
between insulating layers. The bottom insulating layer is fabricated in thin thickness for
efficient electrostatic-force generation. A slider consisting of the fishbone structure
mounted on the flexible polymer film is proposed to enhance the pushing force. The
fishbone structure only occupies a small area of the slider surface; therefore, the
fishbone structure has a minor reduction in the flexibility of the slider. The fishbone
slider is expected to obtain higher performance of pushing-force generation.

A position control is required for ECLIA applications. We propose a position
feedback control utilizing a micro-potentiometer and microcontroller. The micro-
potentiometer mounted on the slider allows detecting the slider displacement without
mechanical binding. The control parameters are tuned and investigated to choose their
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Chapter 1 Introduction

optimal values. The position feedback control aims to reduce control time, overshoot,
oscillation, and steady-state error for higher performance of ECLIA applications.

18



Chapter 2

ELECTROSTATICALLY CONTROLLED LINEAR ACTUATOR

2.1. Overview

This chapter introduces the configuration, working principle, and stepwise motion
characteristics of an electrostatically controlled linear actuator (ECLIA). The stepwise
motion, which is produced by the PZT actuation combined with an electrostatic clutch
mechanism, allows parallel, precise motion, and a large stroke of sliders. The bending
deformation of the driving electrode creates an air gap between the slider and the
electrodes. A slider and a contact electrode with an insulating layer form a capacitor. If
the thickness of the insulating layer decreases, the capacitance increases, and therefore
the electrostatic-force generation will be improved for higher electrostatic clutching
force. This aims an improvement of the pushing force. We will consider the
capacitance, electrostatic clutching force and pushing force in this chapter. Furthermore,
the inequality of the stepwise motion caused by the relative sliding of the electrostatic
clutch mechanism is also evaluated using a dynamic model of the ECLIA.

Driving control : Multilayer
system

piezoactuator

; » Base
""" p ; frame

Driving

Sliders electrode

Holding electrode

Slider system |- — - - Drive system |~ ~

Figure 2.1. Schematic diagram of the ECLIA [6].
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Figure 2.2. Drive control signals of the ECLIA for: (a) Drive system and (b) slider
system [6].

2.2. System configuration

Figure 2.1 shows the composition of the ECLIA that consists of the drive, slider, and
driving control systems. The drive system comprises a PZT actuator, driving and
holding electrodes. The driving electrode is supported by a double parallel beams hinge
at the side edges. The PZT actuator is mounted on a base frame at one end, and the other
is tied with the driving electrode using an epoxy resin. The holding electrode is fixed to
the base frame. The slider system comprises multiple sliders which are arranged in
parallel on the driving and holding electrodes. An insulating layer isolates electrical
signal between each slider and the electrodes. A guide structure employs sliders in their
straight motion. The driving control system generates control signals to the ECLIA. The
electrical signals supply to the slider and electrodes to produce an electrostatic clutching
force and thus to form an electrostatic clutch mechanism. The PZT actuator, sliders,
driving and holding electrodes are supplied appropriate electrical signals to operate
multiple sliders independently. The working principle of ELCIA will be described in the
following section.
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Figure 2.3. ECLIA: (a) cross section, (b) wave form of drive control signal for forward
Working principle

motion of the slider, and (c) output motion of the actuator [6].
This section describes the detail of electrical forms that are employed for the ECLIA to

yield the stepwise motion of the sliders. The electrostatic clutching force creates the

2.3.



Chapter 2 ECLIA

electrostatic clutch mechanism between the slider and the driving/holding electrodes.
The stepwise motion of the slider is operated by the PZT actuator and the electrostatic
clutch mechanism. Wave forms of the control signals introducing to the ECLIA are
shown in Figure 2.2. Figure 2.2(a) describes the pattern of electrical signals applied to
the driving system (the PZT actuator, driving and holding electrodes). The forms of
electrical signals supplied to a slider for the forward, backward motion and stop are
shown in Figure 2.2(b). Moreover, every slider is isolated electrical signal to each other
that can be possible to drive multiple sliders in parallel motion. To describe the working
principle of the ECLIA, an example in forward motion of the slider is presented.

Figure 2.3(a) shows a cross section of the ECLIA corresponding to an example of
electrical signals (Figure 2.3(b)) that are supplied to the PZT actuator, the driving,
holding electrodes, and the slider. One step forward motion of the slider can be divided
into four steps:

(1) The electrostatic clutch mechanism is yielded between the slider and the driving
electrode owing to the different sign of electrical signals.

(2) The PZT actuator expands at the rising edge of the supplied signal to push the
driving electrode together with the slider moving forward a step.

(3) The drive signal of the slider is switched to a negative value such that the slider
releases the suction with the driving electrode and grasps to the holding electrode.

(4) The PZT actuator shrinks at the falling edge of the signal and thus pulls the driving
electrode to the initial position. In the meanwhile, the slider is still grasped to the
holding electrode.

A large displacement of the slider can be obtained by repeating steps (1) through
(4) as many times as necessary (Figure 2.3(c)).

2.4. Electrostatic clutch mechanism

2.4.1. Capacitance

A capacitor is formed by the slider with an insulating layer and the driving/holding
electrode. Additionally, the bending deformation of driving electrode creates an air gap
between the slider and the electrode (see Figure 2.4(a)). Consequently, they can be
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Insulating layer Slider Electrode

Air gap Qd

G, s
____iq|____

(b)

Figure 2.4. Schematic diagram of (a) the slider and the opposite
electrode, and (b) an equivalent capacitor.

expressed by the series capacitors C; (insulating layer) and C, (air gap) as shown in
Figure 2.4(b). The equivalent capacitance Cgq is calculated using

_ CiCa

= 2.1
g e @)

The theoretical capacitance C between two parallel electrodes with a dielectric
layer is well known as

C=A- (2.2)

where A is the overlap area of the two electrodes, and & and d are the permittivity and
thickness of the dielectric layer, respectively.

If the thickness of the insulating layer and air gap decrease, the capacitance
increases.

2.4.2. Electrostatic clutching force

When a voltage is applied to the slider and electrode, the electrostatic force is generated
and thus producing the electrostatic clutching force (see Figure 2.5). This clutching
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Electrostatic Slider

clutching
force, F.

Electrostatic force, F;

Electrode Insulating layer ~ Electrostatic clutch mechanism '

Figure 2.5. Electrostatic clutching force between the slider and the opposite
electrode.

force forms the electrostatic clutch mechanism between the slider and the electrode. The
electrostatic force Fe is calculated using

Fo=—"Yv (2.3)

where V is the applied voltage.
The electrostatic clutching force F. is defined as
F = pR (2.4)
where p is the frictional coefficient between the slider and the electrode.

If the insulating layer and air gap decrease, the electrostatic clutching force will
increase. In this research, we propose a method to reduce the insulating layer and air
gap for improving the performance of the ECLIA in term of the electrostatic-force
generation. Figure 2.6 shows the apparatus for measuring the electrostatic clutching
force using a load cell (KYOWA, LVS-200GA, Japan). A driving voltage is applied to
the slider and Si electrode by a dc voltage source.

2.5. Characteristics of stepping actuation

Previous section describes the structure and characteristics of the electrostatic clutch
mechanism. This clutch mechanism causes a relative sliding between the slider and the
opposite electrode, resulting in inequality of the stepwise motion. In this section, the
ECLIA is modeled to investigate these features of the stepping actuation.
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Figure 2.6. Apparatus for measuring the electrostatic clutching force (F).

Figure 2.7(a) shows a cross section of the ECLIA. The driving electrode
supported by a double layer parallel beam hinges is directly driven by the PZT actuator
(see Figure 2.7(b), top view). According to the schematic in Figure 2.7(b), a model of
the driving system is shown in Figure 2.7(c). The PZT actuator can be described as a
spring model with stiffness k,. The multiple parallel beams can be modeled as a spring
with stiffness ky, and a damper with damping constant d. The driving electrode mass is
denoted as m. The input displacement of the driving electrode x is the output
displacement of the PZT actuator. The output displacement of the driving electrode and
the slider are y and z, respectively. The instability of electrostatic clutch mechanism that
causes an undesired sliding between the slider and the driving, holding electrodes can be
expressed as a sliding coefficient, 2 (< 1) in this research. The force-balance equation
can be deduced as below

my+d y+ (k, +Ky)y =K. (2.5)
z=1y (2.6)

Using Laplace transform with initial conditions: y(0) = 0 and Y(0)=0, the solution of
(2.5) is deduced as follows:

ka
Ky + Ky

y(t) = X(t) 2.7)

25



Chapter 2 ECLIA

Electrostatic
clutching force  F, . F,
PZT — Slider —r B
[—
ma + |
I
| Desired
Driving electrode Holding electrode position
\ Slider (@) Current position | -
\ ad Y oz
PZT ’—> d_l
T
i — k, 1]
/ I
~ A
Beams NONN NN
@ ©

Figure 2.7. ECLIA: (a) cross section, (b) schematic diagram in top view and (c) model
of the driving system.

Substituting (2.7) into (2.6), we obtain

ka
Ky +kp

2(t) =4 X(t) (2.8)

The deformation of a cantilever beam o6 can be expressed as [38]

3 3
s_PL_4pL

_EZW (2.9)

where P is the force exerted on the beam; E is the material elastic modulus, and L, b and
h are the length, width and height of the beam, respectively.

Then, the spring stiffness of n parallel beams can be given as

« _nP Ebh?
b=ng=nw (2.10)

Table 2.1. Parameters of the ECLIA.

m (kg) L(m) | b(m) h (m) n | ENm™ | ka(Nm™)

1.01x10™* | 0.0005 | 0.0001 0.0002 18 165x10° 22x10°
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Figure 2.8. Schematic diagram of the ECLIA with force generation.

The parameters of the ECLIA are summarized in Table 2.1. Substituting the
determined values into (2.10), we calculate k, = 4.752x10° N m™. Hence, the stepping
motion of the slider with respect to the output motion of the PZT is shown as follows:

2(t) = 0.8221x(t) (2.11)

This equation indicates that the stepwise motion of the slider z is smaller than the
output motion of the PZT actuator x. In addition, the inherent hysteresis and creep
behaviors of the PZT actuator cause inequality in stepping motion of the slider at
different driving frequencies. The stepwise motion also depends on the relative sliding
characteristic of the electrostatic clutch mechanism. The sliding coefficient 4 is variable
in each stepping motion, and thus the stepping displacement of the slider varies in each
step. Therefore, it is difficult to calculate the displacement of the slider on the basis of
the number of steps. The position sensor and feedback control will be considered to
overcome this challenge.

2.6. Pushing force

The PZT actuator is bonded directly with the driving electrode using an epoxy resin. It
is difficult to adjust the PZT actuator and the electrode in coplanar. This causes the
bending deformation of the driving electrode when the PZT expands and pushes the
electrode moving forward as shown in Figure 2.8. This bending phenomenon produces a
larger air gap between the slider and the electrodes. The air gap reduces the electrostatic
force and the electrostatic clutching force.

The ECLIA provides the pushing force F, that is transmitted from the PZT
actuator based on the electrostatic clutch mechanism (see Figure 2.8). The slider should
not be buckled when applying the pushing force. It means that the pushing force should
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be smaller than the buckling force of the slider Fp. The electrostatic clutch mechanism
occurs the relative sliding when the pushing force is larger than the clutching force F..
The generated force from the PZT (max 200 N, PZT actuator AE0203D08F, NEC
Corporation, Japan) is much larger than the electrostatic clutching force and the
buckling one (in the range of mN). If the buckling force is larger than the clutching
force (Fy > F¢), the pushing force cannot exceed the clutching force (Fp < F¢) due to the
relative sliding of the clutch mechanism. In the contrast, if the buckling force is smaller
than the clutching force (F, < F.), the pushing force cannot exceed the buckling force
(Fp < Fp) because of the buckling phenomenon of the slider. The maximum value of the
pushing force Fp, max Can be determined as

Fo_max = Min(Fy, ) (2.12)

or

Fo max =k +1-K)F; (2.13)

where, k=1ifF,<F¢ k=0if F, > F,

2.7. Summary and discussion

In this chapter, we have presented the configuration, working principle, and stepwise
motion characteristics of the ECLIA. The ECLIA can achieve parallel motion with
nanometer order accuracy and millimeter order stroke of multiple sliders. The stepwise
motion of the slider manipulated by the PZT actuator combined with the electrostatic
clutch mechanism was evaluated using a dynamic model of the ECLIA. According to
(2.2) and (2.3), a smaller air gap corresponds to a higher capacitance and a larger
electrostatic force, and thus the electrostatic clutching force is larger. The bending
deformation of the driving electrode produces a larger air gap. This causes the reduction
in the pushing force of the slider. In the following chapter, the flexible electrode is
mentioned for higher efficiency of electrostatic-force generation.
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FLEXIBLE ELECTRODE FOR EFFICIENT ELECTROSTATIC-

FORCE GENERATION

3.1. Overview

This chapter proposes a flexible electrode with sandwich structure for higher efficiency
of electrostatic-force generation for ECLIAs. As mentioned in the previous chapter, an
insulating layer and undesired air gap decrease the electrostatic-force generation. The
hard contact surfaces of Si bulk electrodes create a larger air gap because of the bending
deformation of the driving electrode. It is important to reduce the air gap for improving
performance in force generation of the actuator. Thus, the flexible electrode, which can
deform and fit to the opposite electrode, is proposed for this purpose.

The thickness of the flexible electrode is also an important factor. The thinner
electrode requires the lower driven voltage, but it has challenges such as warping and
high sticking phenomena. Hence, the requirement of the flexible electrode is enough
thickness while remaining low applied voltage. The flexible electrode, which comprises
a conductive layer sandwiched between two insulating layers, is proposed to satisfy the
above requirement. The fabrication method, production results and characteristics of the
flexible electrode will be described in this chapter. This flexible electrode can be served
as the flexible slider for high performance in force generation aspect of the ECLIA.
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Conductive epoxy  Electrical wire

Figure 3.1. Image of the Si electrode.

3.2. Conventional rigid electrode

In this section, we describe and compare the physical features of a Si bulk electrode and
a flexible one. The rigid electrode was fabricated using a Si wafer with a 150 pum
thickness in this research. The rectangular shape (25 mm length and 5 mm width) of the
Si bulk electrode was diced using a dicing machine (DAD 522, DISCO Corporation,
Japan). A 1 um thick insulating parylene layer was formed using a specialty coating
systems (Rabokota PDS 2010, SCS, America) for this investigation. Additionally, a Cu
wire (0.2 mm diameter) was bonded using a conductive epoxy to supply electrical signal

Conductive layer

Si electrode Flexible electrode :
I

Si electrode  Insulating layer Si electrode

Electrostatic force ‘ Electrostatic force

Air gap | Deform and fit
(@) (b)

Figure 3.2. Schematic diagram of (a) the Si electrode and (b) the
flexible one contact to the Si electrodes.
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to the electrode. Figure 3.1 shows the fabricated Si electrode.

As previously discussed, the air gap causes a reduction in the electrostatic force.
The bending deformation of the driving electrode creates a large air gap between two Si
electrodes (see Figure 3.2(a)). In this research, the flexible electrode that can deform
and fit to the contact electrode is proposed in order to reduce the air gap, and thus
improves the efficient electrostatic-force generation (Figure 3.2(b)). The physical
features of the Si bulk and flexible electrodes are listed and compared in Table 3.1.

3.3. Design of flexible electrode

In this section, we mention a flexible electrode [29] with the design that comprises a
conductive polymer layer sandwiched between two insulating layers. The properties of
different conductive and insulating polymers are evaluated to optimize the selection of
materials for the flexible electrode. We also consider the fabrication method, warping
and sticking phenomena of the flexible electrode.

The flexible electrode can obtain a better fit to the contact electrode under the
electrostatic clutching force. A simple flexible electrode consists of an insulating layer
and a conductive layer as shown in Figure 3.2(b). If the electrode is thinner, it has more
flexibility and requires the lower applied voltage for electrostatic-force generation.
However, a thin electrode has drawbacks in fabrication, difficulty in moving due to low
longitudinal stiffness and sticking with the contact surface. To overcome the mentioned

Table 3.1. Physical features of the rigid and flexible electrodes.

Features Conventional rigid New flexible polymer
electrode electrode
Material Si bulk Polymer material
(Parylene, PEDOT)
Mechanical stiffness | Hard Flexible
Longitudinal High Low
stiffness

Clutch mechanism

Cannot deform and fit to
the opposite electrode
—> Large air gap

Deform and fit to the
opposite electrode
-> Reducing the air gap

Voltages

High

Low
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Table 3.2. Properties of different polymer films [39-43].

Characteristics Parylene Pl (polyimide) Aramid
Elastic modulus [GPa] | 3.2 3 10
Permittivity [F/m] 2.3x10™ 3.01x10* 3.27x10™
Tensile strength

1 4
[MPa] 69 50 80
Density [g/cm?] 1.29 1.42 1.44

drawbacks, the flexible electrode is designed with three layers that are composed of a
conductive layer sandwiched between two insulating layers. This structure allows
obtaining a thin bottom layer, and a desired thickness for the strength and flatness of the
electrode.

Thermal treatment in the fabrication process produces the residual stress. This
stress induces the bending of the flexible electrode. A conductive layer for the flexible
electrode can be served as a metal thin film or a conductive polymer layer. The metal
film can be fabricated using the vacuum deposition process while the conductive
polymer layer can be formed by the spin-coating method. An insulating layer can be
found in a conventional polymer film with a certain thickness that depends on the
commercial production. Moreover, the insulating layer can be fabricated using the
deposition method. The deposition and spin-coating methods allow controlling the
thickness of the layer. But, these methods use thermal treatment in the process that
causes the residual stress in the film, and therefore induces warping problem, especially
with a thin metal film. We investigate characteristics of different materials that can be
employed for the flexible electrode in following sections.

3.3.1. Insulating layer

In this section, we introduce several candidates for the insulating layer of the flexible
electrode. The insulating layer should have thin thickness and high flexibility for better
fit to the opposite electrode.
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Table 3.3. Properties of different conductive polymers [29,44-47].

Characteristics PEDOT:PSS Polyaniline Polypyrrole
Conductivity [S/cm] 200-600 0.001-10 0.001-100
Color Colorless Dark green Urban
- High - Stable - Conductivity
transparency conductivity without
eatures Conductivity - Powaer type dependence
- Heat and light | Wear - Good stability
resistance resistance over time

An insulating layer, which has flexible characterization, can be found in popular
polymer materials in MEMS fields such as parylene, polyimide (PI), aramid, etc. (Table
3.2) [39-43]. The high flexibility of the polymer electrode can be achieved by low
elastic modulus of the polymer materials. Further, it is important that the thickness of
the electrode is controllable to obtain the desired thickness. A commercial aramid film
(TORAY, Japan) has several thicknesses such as 12, 4.4, or 3.6 um. A surface
roughness (RMS) of the aramid film measured by atomic force microscopy (AFM)
measurement was 12.152 nm. The warping phenomenon of this aramid film is small,
but the film thickness is large and cannot be controlled. The 3.6 um thick aramid film
also has sticking problem with the contact electrode that causes a difficulty in relative
sliding between them. A PI film is formed by a spin-coating method and a thermal
treatment at high temperature (150 °C). This process causes thermal stress that reduces
the flatness of the electrode. On the other hand, the thickness of a parylene film formed
by vacuum deposition at temperature less than 50 °C can be controlled by the weight of
the dimer. Hence, we employ the parylene film as an insulating layer of the flexible
electrode in this study.
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Figure 3.3. Image of the flexible electrode with an Au film on a
parylene film substrate.

3.3.2. Conductive layer

A conductive layer serves as an electrode for the flexible electrode. As mentioned
above, a metal thin film or a conductive polymer layer can be employed as an electrode.
However, the residual stress inside a metal film causes a severe influence on the flatness
(warping/ buckling) of the flexible electrode. Figure 3.3 shows the fabricated Au film
with a thickness of 120 nm mounted on a 5 um thick parylene layer using the
evaporation method. We can observe a large warping problem of the Au thin film
electrode in this situation. It indicates that a metal film is not an appropriate candidate
for the flexible electrode.

A conductive polymer that combines the flexibility of organic compounds and the
conductive inorganic conductors is expected to have applications in various fields such
as solar cell, solid electrolytic capacitor, touch panel, etc. The characteristics of several
conductive polymers are summarized in Table 3.3 [29,44-47]. Among these, poly (3, 4 -
ethylenedioxythiophene) (PEDOT) has good electrical conductivity and transparency,
higher flexibility and durability, and suffers from less cracking than metal electrodes.
PEDOT also has a higher conductivity than other conductive polymers such as
polyaniline and polypyrrole. In general, PEDOT is insoluble and it is dispersed in an
aqueous solution with the presence of polystyrene sulfonic acid (PSS). Therefore,
PEDOT:PSS thin film can be formed by heating to evaporate the solvent. In this study,
PEDOT:PSS is spin-coated and baked at a low temperature (75 °C). Accordingly, the
influence of the residual stress on this conductive layer is low for better flatness of the
flexible electrode.
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In this thesis, we consider and evaluate the flexible electrode that is composed of a
conductive PEDOT layer sandwiched between insulating parylene layers, called a
PEDOT—parylene electrode. The desired thickness of the electrode is controlled by the
vacuum deposition process for the insulating parylene layer and the spin-coating
process for the conductive PEDOT layer.

3.4. Fabrication method of flexible electrode

This section describes a method for fabricating the flexible PEDOT—parylene electrode.
As mentioned in previous section, we use the deposition method to form insulating
parylene layers and spin-coating method to fabricate the conductive PEDOT layer. The
surface roughness of the bottom surface depends on the Si substrate owing to the
fabrication method (step (1), Figure 3.4). Figure 3.4 shows the fabrication process of the
PEDOT—parylene electrode. The fabricated condition is illustrated in Table 3.4. The
flow steps corresponding with expression in Table 3.4 are described in detail blow:

(1) The bottom parylene layer of the electrode is deposited on the Si substrate.

(2-5) An Au layer as a protecting layer for the later RIE etching parylene process is
deposited and patterned.

(6) The PEDOT layer is formed by a spin-coating process and then baked to evaporate
the solvent.

(7) The top parylene layer is deposited to obtain desired thickness of the electrode.

(8-9) An AZ-4620 photoresist (Clariant Corporation, America) mask is patterned for the
RIE etching parylene.

(10) The AZ-4620 photoresist mask is removed.

(11-13) The electrodes are separated by a laser cutting machine; electrical Cu wire is
bonded to each electrode using conductive epoxy. Then, the electrodes are peeled off
the substrate.
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Figure 3.4. Schematic diagram of the fabrication process of PEDOT—parylene
electrodes.
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Table 3.4. Fabrication process conditions of the PEDOT—parylene electrode.

No Process steps Egrlgfergsent/ Conditions
Insulating layer Parylene Dimer Parylene C
1 q - deposition -
eposition apparatus Dimer amount 1.71¢g
Sample Au
Vacuum Thickness 1200 A
2 Au deposition evaporation
P ssstem Vacuum 1.0x10° Torr
Current value 60 A
Resist AZ-4620 (54 cP)
) ] ) 1st 500 rpm/10 sec
Spin coater Spin coating
AZ mask for wet 2nd 3000 rpm/30 sec
3, | etehing (for RIE Hot plate Pre-baking 110°C/90 sec
(8) | etching parylene) Mikasa Exposure |  EXposure time 40 sec
Photolithography Machine UV intensity 9.2 ml/cm?
sollﬁ?c::]el(?\llol:;lge) Development 90 sec
Hot plate Post baking 110°C/5 min
A Al etchi Etchant Au etchant
u etchin
g Time About 1 min
5 Resist removal Acetone Time 5 min
Thickness 160 nm
. 1st 500 rpm/5 sec
6 | PEDOT deposition Spin coater Spin coating ;
2nd 1500 rpm/35 sec
Hot plate Baking 75°C/20 min
Insulating layer Parylene Dimer Parylene C
7 L deposition -
deposition apparatus Dimer amount 3.42(6.84) g
. . Power 200w
9 RIE etching RIE machine . ;
Time 2 (4) min
Remover Time 5 min
10 Resist removal
Acetone Time 5 min
11 Laser cutting Excimer laser Output 4.8 mJ
Conductive epoxy
12 Wire bonding
Hot plate Baking 80°C/5 min
13

Mechanical peel off
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Table 3.5. Characterization of the flexible electrodes in thickness.

Thin electrode Thick electrode
+ Low applied voltages — High applied voltages
— Difficult peel-off process + Easy peel-off process

— Difficult in forward motion due to
low longitudinal stiffness + Easy movement

— High sticking force + Low sticking force

3.5. Fabrication results of flexible electrode

As discussed above, we expect a thin electrode for efficient electrostatic-force
generation. However, a thinner electrode has higher sticking phenomenon, difficulty in
peel-off process, and restriction in relative movement due to its lower longitudinal
stiffness. The characterization of the flexible electrode is summarized in Table 3.5 in
terms of thickness. The thickness is investigated to determine the optimal value. It is
difficult to define the sticking phenomenon and geometric roughness of the Si surface
that have effects on the peel-off process in fabrication of the electrode. We first
fabricated a sample PEDOT—parylene electrode with an approximate thickness of 3 um
that consists of a 1 um thick parylene bottom layer, a 160 nm thick PEDOT layer, and a
2 um thick parylene top layer. The length and width of the electrode are 25 and 5 mm,
respectively. The results show that the large warping nature of the fabricated electrode
is affected by the mechanical peel-off process (Figure 3.5(a)). This result indicates that
the thickness needs to be increased to improve the strength and flatness of the electrode.
We then fabricated a thicker PEDOT—parylene electrode with approximate 5 pum
thickness. This electrode has a 4 um thickness of the parylene top layer, and the other
sizes are similar with that of the 3 um thick electrode. The result shows that the 5 um
thick PEDOT—parylene electrode has better flatness and lower warping (Figure 3.5(b)).
We will investigate characteristics of this electrode in the following section.
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Figure 3.5. Images of PEDOT—parylene electrodes with the thickness
of (&) 3 um and (b) 5 um.

3.6. Characteristics and application of flexible electrode

In this section, we evaluate the performance of the 5 pum thick PEDOT—parylene
electrode. The important characteristics of the PEDOT—parylene electrode such as
capacitance, air gap and electrostatic clutching force are investigated and compared to
that of the Si bulk electrode.

3.6.1. Capacitance

As mentioned above, two opposite electrodes form the series capacitors with the
dimensions of 25 mm length, 5 mm width, and insulating layers as a 1 um thick
parylene layer and an air gap. The parameters of the capacitors are summarized in Table
3.6. We evaluate the relationship between the capacitance and the air gap that crucially
influence the efficiency of electrostatic-force generation in the ECLIA. If the insulating
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Figure 3.6. Calculated capacitance with respect to air gap.

layer and air gap are thinner, the capacitance is larger. Thus, the electrostatic force is
higher when a voltage is applied to the opposite electrodes.

The equivalent capacitance is calculated using equation (2.1). From equation (2.2)

we obtain the capacitances with insulating layers of parylene (C;) and an air gap (C,) as
follows:

c - &A (3.1)
d;

c, =& (3.2)
da

where ¢, and di, are the permittivity and thickness of the insulating parylene layer
(subscript i) and the air gap layer (subscript a), respectively; A is the overlap area of the

opposite electrodes.

A=Ib (3.3)

Table 3.6. Parameters of the capacitors.

| (m) b (m) d; (m) & (Fm™) | & (Fm™)

0.025 0.005 10 2.3x10" | 8.85x10™2
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Figure 3.7. Measurement results of the capacitance between the
PEDOT—parylene and Si electrodes (blue curve) and that between two
Si electrodes (red curve).

where | and b are the length and width of the electrode, respectively.
Substituting (3.1), (3.2) and (3.3) into (2.1) we obtain

ge.lb
cCd )=—"12—
(d2) gd, +¢&,0;

(3.4)

Substituting the determined values (see Table 3.6) into (3.4), we calculate the
capacitance C with respect to the variable air gap da,. Figure 3.6 shows the calculated
capacitance versus the air gap. The results illustrate that the capacitance reduces
remarkably when the undesired air gap increases from 0 to 5 um. This indicates that the
electrostatic-force generation improves significantly when the air gap is less than 5 um.

The efficient electrostatic-force generation of electrodes can be evaluated by
measuring the capacitance. We compared the capacitances between two Si bulk
electrodes and that between the PEDOT—parylene and Si electrodes at the similar
conditions. The capacitance was measured using a LCR meter (4284A, Agilent,
Germany). Figure 3.7 shows the measured capacitances between two Si electrodes (the
red curve) and those between the PEDOT—parylene and Si electrodes (the blue curve) at
different applied voltages. The results show that the capacitance between the
PEDOT-parylene and Si electrodes was much larger than that between two Si

41



Chapter 3 Flexible electrode for efficient electrostatic-force generation

electrodes due to the smaller air gap, resulting from the better fit to the contact
electrode. The capacitance between two Si electrodes increased slightly from 58 pF to
77 pF (~ 33 %) when the applied voltages changed from 10 to 50 V, which
corresponded to a 0.475 pF V1. This result indicates that the air gap decreased slightly
due to hard contact surfaces of the Si electrodes. On the other hand, the capacitance
between the flexible and Si electrodes increased remarkably from 91 to 157 pF (~ 73%)
when the applied voltages changed from 10 to 25 V, corresponding to a 4.4 pF V",
When the applied voltages changed from 25 to 50 V, the capacitance increased slightly
from 157 to 196 pF (~ 25%), corresponding to a 1.56 pF V. It indicates the larger
reduction in air gap at lower voltages of 25 V comparing with that at higher voltages of
25 V. The calculated value of the air gap is considered in the following section.

3.6.2. Airgap

It is difficult to measure an air gap between two contact electrodes. The air gap is
inversely proportional to the capacitance (see equation (2.2)). In this section, we
estimate the air gap d, using the measured capacitance C mentioned in previous section.
From the equivalent capacitance equation (2.1), we obtain

CC,
C.=—7_ 3.5
e (35)
Substituting (3.2) into (3.5) we obtain
&,A(C -C)
d =222~ =/ 3.6
=t (36)

Substituting the determined values (see Table 3.6) into (3.6), we calculate the
estimated air gap d, at various applied voltages V. Figure 3.8 shows the estimated air
gap between two Si electrodes (the red curve), and that between the PEDOT—parylene
and Si electrodes (the blue curve). The results indicate that the air gap between the
PEDOT—parylene and Si electrodes was smaller than that between two Si electrodes due
to the better fit to the contact electrode of the flexible electrode. The air gap between the
flexible and Si electrodes was smaller than that between two Si electrodes
approximately —37 % at the applied voltage of 10 V. However, the changing is
approximately —59 % at 25 V. The air gap between two Si electrodes decreased slightly
from 19 to 14 um (~ —26 %) when the applied voltages increased from 10 to 50 V,
which corresponded to a —0.125 pm V. On the other hand, the air gap between the
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Figure 3.8. Air gap estimated from capacitance between the
PEDOT—parylene and Si electrodes (blue curve), and that between
two Si electrodes (red curve).

flexible and Si electrodes decreased remarkably from 12 to 6.7 um (~ —44%) when the
applied voltages increased from 10 to 25 V, corresponding to a —0.353 pm V' *. When
the applied voltages changed from 25 to 50 V, the air gap decreased slightly from 6.7 to
5.3 um (~ —21%), corresponding to a —~0.056 um V. It is indicated that the air gap
decreased sharply owing to larger deformation of the flexible electrode when the
applied voltages reached to 25 V. The air gap reduced slightly when the applied
voltages were larger than 25 V because of the better fit at higher voltages. Therefore,
the flexible electrode is expected to obtain efficient electrostatic-force generation to
improve the performance of the electrostatic clutch mechanism at higher voltages of 25
V. The larger air gaps at lower voltages of 25 V results in lower efficiency of
electrostatic-force generation.

3.6.3. Electrostatic clutching force

In this section, we investigate and compare the electrostatic clutching force between the
PEDOT—parylene electrode and the Si one. The apparatus for measuring the
electrostatic clutching force was shown in Figure 2.6.
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Figure 3.9. Measurement results of the electrostatic clutching force
acting on (@) the Si electrode and (b) the PEDOT—parylene electrode.

As previously discussed, the air gap increases the distance between the contact Si
electrodes, resulting in a reduction in the electrostatic force. Figure 3.9(a) shows the
measurement of the electrostatic clutching force acting on the Si electrode. A clutching
force of 16 mN is generated by the applied voltage of 100 V. The change in the
clutching force in terms of the applied voltages is approximately 0.28 mN V', The
efficiency of electrostatic-force generation is rather low in this situation.
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Figure 3.9(b) shows the measurements for the electrostatic clutching force acting
on the PEDOT—parylene electrode. We found that this force increased slightly at
voltages less than 20 V. When the applied voltage was larger than 20 V, the electrostatic
clutching force increased rapidly, indicating that the air gap decreased sharply in this
situation. The electrostatic clutching force acting on the flexible electrode at 30 V (15
mN) was nearly equal to that on the Si electrode at 100 V (see Figure 3.9(a)). It is
indicated that the flexible PEDOT—parylene electrode with thinner insulating layer
forms a smaller air gap, resulting in an improvement in the electrostatic clutching force
compared to the Si electrode.

3.6.4. Flexible slider for ECLIA

The flexible electrode has been proposed for efficient electrostatic-force generation.
This flexible electrode is employed as the flexible slider for the ECLIA. The flexible
slider has low longitudinal stiffness, resulting in small pushing-force generation. This
slider can be used for optical applications that do not require high pushing force. An
improvement of the longitudinal stiffness will be considered to obtain higher pushing
force in the next chapter.

3.7. Summary and discussion

In this chapter, we have explored the flexible PEDOT—parylene electrode that consists
of a conductive PEDOT layer sandwiched between the parylene insulating films. This
structure allows thinner bottom layer and desired thickness for better strength and less
warping/ bending of the electrode. The flexible electrode could deform and fit to the
contact electrode for decreasing the air gap and thus improving the electrostatic
clutching force. The air gap, capacitance and electrostatic clutching force between the
flexible and Si electrodes were evaluated and compared to those between two Si
electrodes. The electrostatic clutching force acting on the flexible electrode at 30 V was
nearly equal to that on the Si electrode at 100 V. The flexible electrode was employed
as the flexible slider to obtain efficient electrostatic-force generation for the ECLIA.
Nevertheless, the low longitudinal stiffness of the flexible slider results in small
pushing-force generation. A fishbone structure will be introduced to improve the
pushing force in the following chapter.
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Chapter 4

FISHBONE SLIDER FOR HIGHER PUSHING-FORCE

GENERATION

4.1. Overview

This chapter describes a method for improving longitudinal stiffness and flatness of the
flexible slider in order to enhance the pushing force of ECLIAs. The pushing force is
transmitted by the generated force from the PZT actuator incorporated with the
electrostatic clutch mechanism. As mentioned in previous chapter, the flexible slider
could deform and fit to the opposite electrode in order to reduce the air gap and to
improve electrostatic clutching force. But, the flexible slider has low longitudinal
stiffness, resulting in small buckling force. In this chapter, we propose a fishbone
structure mounted on the flexible slider to have an improvement of the longitudinal
stiffness. The fishbone structure only occupies a small area of the slider surface;
therefore, the fishbone slider is expected to have a minor reduction in the flexibility by
this structure for obtaining higher pushing-force generation. Design, fabrication,
production result and characteristics of the proposed sliders are described in this
chapter.

4.2. Design of fishbone structure

As mentioned above, the flexible slider can deform and fit to the contact electrode to
achieve highly efficient electrostatic forces. However, the flexible slider has a low
longitudinal stiffness (0.03 mN of buckling force) and thus generates a low pushing
force. A pushing force is required for applications such as micro-syringe pumps [26].
The longitudinal stiffness needs to be increased to enhance the pushing force of the
flexible slider. In this research, a single bone and a fishbone structure mounted on the
flexible sliders have been introduced and investigated for this purpose. The experiments
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Figure 4.1. Diagram of (a) the force on the slider in the ECLIA and (b) the buckling-
force calculation.

were carried out to evaluate characteristics of these sliders. The fishbone slider
exhibited a better flatness than the single bone slider owing to the effect of
perpendicular branches along the central ridge. The fishbone structure consists of a
central ridge (backbone) with perpendicular branches (ribs) along it, as in Figure 4.2.
The backbone improves the longitudinal stiffness and the ribs enhance the flatness of
the slider. The flexibility of the slider is reduced by the fishbone structure, resulting in a
decrease in the electrostatic clutching force. Nevertheless, the fishbone slider is
expected to obtain higher pushing-force generation.

4.2.1. Backbone of fishbone structure

In this research, we first calculated the sizes of the backbone on the basis of the
pushing-force requirement F,. We then discussed and did experiments to find the
optimal dimensions of the fishbone (backbone and ribs) structure.

Figure 4.1(a) shows the external force of the slider in the longitudinal direction,
where F, is the pushing force of the slider. The electrostatic clutching force F is
calculated using equation (2.4). The frictional force F; between the slider and the
holding electrode can be neglected owing to its minor influence. The slider should not
be buckled when applying the pushing force, meaning that the critical buckling force Fy
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of the slider should be larger than the pushing force. Figure 4.1(b) shows a diagram of
the buckling-force calculation. The buckling force yields a bending moment M and
deflection y. From the schematic diagram, the moment balance equation is expressed as

XM =M+yFR =0 (4.1)
Using the bending-moment equation for a small deflection, we obtain

M Ib
”_ = 4.3

y'+—2y=0 (4.4)

where E is the elastic modulus, and | is the inertial moment of the backbone.
We define

_h

k=
El

(4.5)

Substituting the new expression in equation (7), we obtain
Yy +k?y =0 (4.6)
The solution to this equation is of the form
y = Asin(kx) + B cos(kx) 4.7
where A and B are found from the boundary conditions, which are
y(0)=0->B=0
y(L)=0=Asin(kL) > A=0 or kL=nzr (4.8)

If A =0, we have the seemingly trivial case where there is no deflection. The other
solution is
nz

k="7n=123.. (4.9)

Substituting (4.9) into equation (4.5) we obtain
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2
a:{ﬂfj5| (4.10)
L
The slider will be buckled if the longitudinal force is larger than Fy. The critical load Fy

increases as n increases; therefore, the lowest critical load is given by n =1 as follows:

2
ﬁ:(szl (4.11)
L

The range of output force the MEMS actuator commonly exhibits is sub-mN [1-
3]. The micro-actuators based electrostatic inchworm motion can produce an output
force of £0.11 mN [1] or £0.45 mN [2]. In this research, we design the critical buckling
force of the fishbone slider as 5 mN, corresponding to the maximum pushing force that
the slider can generate. The longitudinal stiffness of the fishbone slider is approximately
166 times greater than that of the flexible slider (0.03 mN). The designed fishbone
slider is expected to improve the pushing force compared to conventional MEMS
actuators. The length of buckling part L is 7 mm, depending on our fabricated ECLIA.
The cross-sectional area (b x h) of the backbone was investigated on the basis of the
residual stress that is influenced by different thermal coefficients. In the fabrication
process of SU-8 3050, we determined that the thickness of the backbone h is 80 um at a
1500 rpm spin-coating speed. The elastic modulus of SU-8 is 2 x 10° N m 2. Finally, we
obtain the width of the backbone from (4.11) as

_12R 12

b=
Ex’h®

(4.12)

Substituting the determined values into equation (4.12), we calculate b = 300 pm.

4.2.2. Ribs of fishbone structure

The fabrication process may cause the thin flexible slider to curve and bend, which is
undesirable because the flatness of the flexible slider is lowered. If the slider stiffness is
low, many ribs will be required to improve the slider flatness. However, it is difficult to
exactly determine the slider flexibility. On the basis of these explanations, we carried
out experiments to determine the rib length and the number of ribs.
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4.3. Fabrication method of fishbone slider

This section describes a method for fabricating the fishbone slider that is composed of
an SU-8 fishbone structure mounted on the flexible PEDOT—parylene slider. Figure 4.2
shows the fabrication process of the fishbone slider. The condition of the fabrication
process is illustrated in Table 4.1. The flow steps corresponding with expression in
Table 4.1 are described in detail below:

(1) The bottom parylene layer of the slider is deposited on the Si substrate.

(2-5) An Au electrode as a protecting layer for the later RIE etching parylene process is
deposited and patterned.

(6) The PEDOT electrode layer is formed by a spin-coating process and then baked to
evaporate the solvent.

(7) The top parylene layer is deposited to obtain desired thickness of the slider.
(8-9) An AZ-4620 photoresist mask is patterned for the RIE parylene process.
(10) The AZ-4620 photoresist mask is removed.

(11) The SU-8 3050 (MicroChem Corporation, America) photoresist is patterned for the
fishbone structure.

(12-14) The sliders are separated by a laser cutting machine; electrical Cu wire is
bonded to each slider using conductive epoxy. Then, the sliders are peeled off the
substrate.
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Figure 4.2. Schematic diagram of the fabrication process of the fishbone slider.
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Table 4.1. Fabrication process conditions of the fishbone slider.

No Process steps Eglilfergsent/ Conditions
deposition b Dimer amount 1.71
apparatus (19
Sample Au
Vacuum Thickness 1200 A
2 Au deposition evaporation
P sSstem Vacuum 1.0x10"° Torr
Current value 60 A
Resist AZ-4620 (54 cP)
) ) ) 1st 500 rpm/10 sec
Spin coater Spin coating
AZ mask for wet 2nd 3000 rpm/30 sec
3, | etching (for RIE Hot plate Pre-baking 110°C/90 sec
(8) | etching parylene) Mikasa Exposure |  EXposure time 40 sec
Photolithography Machine UV intensity 9.2 md/cm?
sollg?o\;el((l)\ﬂ:;l] 3_3) Development 90 sec
Hot plate Post baking 110°C/5 min
] Etchant Au etchant
4 Au etching : .
Time About 1 min
5 Resist removal Acetone Time 5 min
Thickness 160 nm
. 1st 500 rpm/5 sec
6 | PEDOT deposition Spin coater Spin coating P
2nd 1500 rpm/35 sec
Hot plate Baking 75°C/20 min
deposition apparatus Dimer amount 3.42 (6.84) g
Power 200 W
9 RIE etchin RIE machine Gas/ flow rate 0,/30 sccm
g Pressure 0.05 Torr
Time 2 (4) min
Remover Time 5 min
10 Resist removal
Acetone Time 5 min
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Table 4.1. Fabrication process conditions of the fishbone slider (continued).

No Process steps Equipment/ Conditions
process
Resist SU-8 3050
1% slope/10 sec
2" 1000 rpm/10 sec
Spin coater Spin coating ”
3" slope/10 sec
Fishbone structure 4™ 2000 rpm/70 sec
11 SU'8 S =
Hot plate Pre-bakin 65 C/5 min;
Photolithography P g 95°C/15 min
Mikasa E)fposure Exposure time 35 sec
Machine
Hot plate Post baking 95°C/15 min
Developing
solution Development 5 min
(SU-8 Developer)
Hot plate Hard baking 95°C/1 min
12 Laser cutting Excimer laser Output 4.8 mJ
Conductive epoxy
13 Wire bonding
Hot plate Baking 80°C/5 min
14 Mechanical peel off

4.4. Fabrication result of fishbone slider

In this research, the SU-8 fishbone structure mounted on the PEDOT—parylene slider
(25 mm length, 5 mm width, and 5 pum thickness) was designed. The dimensions of the
fishbone structure are b = 300 um and h = 80 um; the rib length and the distance
between two adjacent ribs are 3 mm and 4.5 mm, respectively. Figure 4.3 shows an
image of the fabricated slider. We will investigate characteristics of this slider in the
following section.

54




Chapter 4 Fishbone slider for higher pushing-force generation

5 mm

Figure 4.3. Image of the fishbone slider.

4.5. Characteristics of fishbone slider

In this section, we evaluate the performance of the fabricated fishbone slider. The
capacitance, air gap and electrostatic clutching force between the fishbone slider and the
Si electrode are investigated and compared to that between the PEDOT—parylene slider
and the Si electrode. The pushing force of the fishbone slider is compared with that of
the Si slider.

4.5.1. Capacitance and air gap

As mentioned above, the fishbone structure reduces the flexibility and increases the
bending/wrapping of the slider. These characteristics can be evaluated by measuring the
capacitance. We compare the capacitances of the flexible slider with and without the
fishbone structure at similar conditions. Figure 4.4(a) shows the measured capacitance
between the fishbone slider and the Si electrode (the purple curve), and that between the
PEDOT—parylene slider and the Si electrode (the blue curve) at different applied
voltages. The result shows that the capacitance between the PEDOT—parylene slider
and the Si electrode was slightly larger than that between the fishbone slider and the Si
electrode. It indicates that the air gap between the fishbone slider and the Si electrode
was slightly larger than that between the PEDOT—parylene slider and the Si electrode
due to the fishbone structure (see Figure 4.4(b)). In other words, the fishbone structure
had minor influence to the slider bending.
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Figure 4.5. Measurement results of the electrostatic clutching force
acting on the fishbone slider (red curve) and the PEDOT—parylene
slider (blue curve).

4.5.2. Electrostatic clutching force

This section describes the properties of the electrostatic clutching force acting on the
fishbone slider. As discussed in previous section, the fishbone structure causes an
increase in the air gap. This phenomenon will decrease the generated electrostatic force.
The electrostatic clutching force acting on the fishbone slider was measured to evaluate
the performance in electrostatic-force generation (the red curve in Figure 4.5). The
results show that the measured force acting on the fishbone slider was smaller than that
on the flexible slider (the blue curve in Figure 4.5) by approximately 10% at an applied
voltage of 30 V. This indicates that the fishbone structure reduced the flexibility of the
fishbone slider. Nevertheless, it was expected to improve the pushing force.

4.5.3. Pushing force

In this section, the pushing force of the fishbone slider was investigated and compared
with that of a Si slider. If the applied voltage increases, the electrostatic-clutching force
increases, resulting in the better clutch mechanism. The electrostatic clutch mechanism
also depends on the driving frequency of the voltage signal. If the driving frequency is
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Figure 4.6. Photograph of the experimental measurement of the
pushing force generated by the fishbone slider.

smaller, the clutch mechanism is less relative sliding. The pushing force will be
measured at different conditions to evaluate the performance of the slider.

Figure 4.6 shows a photograph of the apparatus for measuring the pushing force
of the fishbone slider. Figure 4.7 shows the pushing forces of the Si and fishbone sliders
with respect to frequency. Various voltages (20, 30, and 50 V) were supplied to the PZT
actuator; 100 and 70 V were applied to the electrostatic clutch mechanism for the Si and
fishbone sliders. A higher frequency generated a lower pushing force. This
characterization indicated that the electrostatic clutch mechanism at a higher frequency
was less stable than that at a lower frequency. The pushing forces of the fishbone sliders
were larger than those of the Si sliders even at lower applied voltages. Therefore, the
fishbone slider considerably improves the pushing force. A decrease in the frequency
and an increase in the applied voltage result in an improvement in the pushing force.

The pushing force of the fishbone slider was also considered with respect to the
displacement at lower applied voltage (20 V) and higher frequency (20 Hz) that were
the severe conditions of pushing force mentioned above (the blue curve in Figure 4.8).
We also consider the pushing force at the higher voltage of 50 V and the similar
frequency of 20 Hz (the red curve in Figure 4.8). Figure 4.8 shows that the pushing
force decreased when the displacement of the slider increased. The pushing force at a
higher voltage was larger than that at a lower voltage. These results indicated that the
pushing force depended on the length of the cantilever, defined by the distance from the
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Figure 4.7. Measurement results of the pushing forces generated by
the fishbone and Si slider.

last contact point with the driving electrode to the tip of the slider. A longer cantilever
had a lower stiffness, resulting in lower pushing-force generation of the slider.

4.6. Summary and discussion

We have explored the fishbone slider consisting of the SU-8 fishbone structure mounted
on the PEDOT—parylene slider for an improvement in pushing-force generation of the
ECLIA. The buckling force of the fishbone slider is 5 mN that is 166 times larger than
that of the flexible slider (0.03 mN). The pushing force of the fishbone slider gives
greater improvement with three and four times larger than the Si slider and the
inchworm actuator [2], respectively. This pushing force is sufficient for most
applications of the ECLIA. We can conclude that the fishbone slider exhibited a

significant improvement in pushing-force generation for further applications of the
ECLIA.

In future work, a probe dipped in ppool (PDP) connection [31] will be utilized to
eliminate a mechanical restriction of the electrical wiring connection for the slider. This
improvement will further enhance the efficiency in pushing-force generation for the
ECLIA. In the next chapter, the PDP connection technology and micro-potentiometer
are applied for position feedback control of the ECLIA.
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Figure 4.8. Measurement results of the pushing forces generated by
the fishbone slider versus the displacement.
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Chapter 5

POSITION FEEDBACK CONTROL FOR ELECTROSTATICALLY

CONTROLLED LINEAR ACTUATOR

5.1. Overview

In this chapter, a position feedback controller using a micro-potentiometer and
microcontroller is introduced to obtain higher performance for the ECLIA. The tuning
parameters are investigated to choose their optimal values for adjusting the driving
signal for the ECLIA. A micro-potentiometer mounted on the slider is utilized to detect
the displacement without mechanical restriction of the slider. This is an important factor
for feedback control of the ECLIA. The real position detected using the micro-
potentiometer is converted to a digital value by an analog-to-digital converter (ADC)
module inside the microcontroller. The microcontroller program calculates the error,
which is defined as the difference between the reference and feedback values, to
generate a suitable control signal to the ECLIA. The feedback control system is
expected to reduce control time, overshoot, and steady-state error. The design,
implementation and results of the feedback controller are presented in this chapter.

5.2. Design and implementation of ECLIA feedback control
5.2.1. Proportional-integral (PI) controller

The slider was operated by the stepwise motion; a fine stepping displacement of the
slider in the order of nanometers is obtained by the PZT actuator that is driven by the
applied voltage. The velocity of the slider is proportional to frequency of the driving
voltage. Hence, we design a feedback controller that controls frequency of the voltage
supplied for the ECLIA. This control method aims to reduce control time and a fine-
precision approach to the desired position.

61



Chapter 5 Position feedback control for ECLIA

System o -
Input + Err u(t) output V. desired Il)c.)smon
—)O—) Controller > ECLIA > V. real position
Vy B y(t) Err: current error
e

e: setting error
4 U(?): control input
Position sensor [€ () system output

Figure 5.1. Block diagram of the ECLIA feedback control system.

Figure 5.1 shows a block diagram of the feedback control system. In this
configuration, the controller block computes and generates the control signal to the
system (ECLIA). The position sensor detects the real position of the slider V. The
current error Err is the difference between the real value V, and desired value Vq4. This
error signal is utilized by the controller to adjust the control input U(t) to allow the
system output y(t) to reach the desired position. This configuration has advantages such
as diminishing the effects of disturbance inputs, improving the response time of the
system output, and compensating the steady-state error.

A PID controller is employed for feedback control. The proportional term adjusts
a change of the system output that is proportional to the current error value. The integral
term added to the proportional term accelerates the movement of the process toward the
desired point. The derivative term slows the rate of change of the controller output to
reduce the magnitude of the overshoot. Among the three terms, the derivative term is
sensitive to measured noise, which can prompt an oscillation and instability of the
system. Control parameters are utilized to adjust control input for the system. For tuning
the control parameters, the control system can be performed as a mathematical model,
and the control parameters are evaluated and chosen on the basis of the dynamic model.
Otherwise, the real system is investigated to select the optimal values of control
parameters. We use the ECLIA system to directly investigate the control parameters for
this application.

In this study, the proportional term moves the slider to the set point with a
velocity that is proportional to the current error value. The integral term accelerates the
movement of the slider to the desired position by generating higher driving frequency.
The vibration of the slider caused by the stepping motion and electrostatic clutch
mechanism brings disturbance inputs or noise to the position sensor. The differentiation
of an error signal amplifies noise. Thus, the noise affects to the derivative term and
prompts instability of the system. The derivative term is removed from the controller.
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Table 5.1. Characteristics of an AT90S8535 microcontroller.

Features AT90S8535
Programmable 1/0 Lines 32
Data converter (ADC) 8 channels, 10 bits
Programmable Flash (bytes) 8K

We utilize a PI controller for the feedback control of the ECLIA system. The Pl
controller output is

u(t) = K, Err(t) +K; [ Err(t)dt (5.1)
where K and K; are the proportional and integral gains, respectively.

The standard form of the PI controller is discretized for implementing with a
microcontroller. We design an algorithm for the ECLIA system. At the step k™ of the
slider, the error value Err(t) is expressed as Err(ty). The integral term is calculated
using

[Err(t)dt = i Err(t;) (5.2)
=

Substituting the new expression into (5.1), we obtained the discrete PI controller u(ty) as
follows:

u(t,) = K Err(t) +K; i Err(t;) (5.3
j=1

As discussed previously, the stepwise motion of the slider is transmitted from the
motion of the PZT actuator combined with the clutch mechanism. We can use the
applied voltage to the PZT actuator for position control of the ECLIA. The higher
applied voltage to the PZT generates its larger motion for producing the larger stepwise
motion. The lower voltage is supplied to the PZT for the smaller stepwise motion and
thus better position control when the slider approaches to the desired position. However,
the higher voltage consumes higher power and might cause the damage of the
microcontroller circuit. The control system without tuning gains produces the constant
stepwise motion with larger value at higher voltages. Otherwise, the feedback control
using tuning gains allows reducing the applied voltage to generate the reduction in
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Figure 5.2. Feedback control of the ECLIA system: (a) block diagram of the control
scheme and (b) an analog signal for the PZT actuator.

stepwise motions. Multiple stepwise motions obtain the large motion of the slider. This
research also focuses on high-efficient electrostatic-force generation using the flexible
electrode as stated in chapter 3. We can reduce the voltage to avoid the above
mentioned drawback. We consider another solution using frequency control. This
control method utilizes a feedback signal to compute a driving voltage with a gradual
reduction of frequency by time. As the larger error signal, the higher driving frequency
IS generated to decrease the control time. When the error is smaller, the lower driving
frequency is produced for obtaining stable motion and a fine-precision approach to the
desired position. This control method aims to reduce control time, overshoot, and
oscillation.

The tuning gains are important factors that affect the control signal. The larger
tuning gains produce the higher driving frequency for reducing the response time.
Nevertheless, it might cause overshoot and oscillation. We adjust these tuning gains to
optimize the system output for the ECLIA with shorter response time, no overshoot, no
oscillation. The tuning parameters depend on stepwise motion of the slider because of
the instability of the clutch mechanism, and uncertainty of the slider movement. The
larger stepwise motion of the slider intends to the shorter response time, and allows
choosing the smaller tuning gains. The simple control system is first mentioned with
only proportional gain to investigate the system output. If overshoot occurs, the integral
gain will be adjusted while reducing the magnitude of the proportional gain to improve
the control quality.
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Figure 5.3. Schematic diagram of the ECLIA control system.

5.2.2. Electrical circuit for microcontroller

In this section, we design an electrical circuit that computes and generates control
signals for the ECLIA. A control unit is one of the most important parts of the electrical
circuit. We can find various candidates of control devices such as a microcontroller and
a programmable logic controller (PLC). Among these, a microcontroller is simple,
compact and mobile [48,49]. It can also be used with various programming languages
and control methods. Taking these considerations into account, we designed a numerical
feedback control system using an AT90S8535 microcontroller with the specifications
listed in Table 5.1. The 32-port programmable 1/O is sufficient for common peripheral
devices such as analog-to-digital converter (ADC) inputs, and digital-to-analog
converter (DAC) and LCD display outputs. This microcontroller has a 10-bit ADC
module that can convert analog signals from the position sensors. Its 8-KB
programmable flash memory meets the capacity requirement of the control program.
Figure 5.2(a) shows a block diagram of the control scheme, which comprises the
AT90S8535 microcontroller, a 12-bit DAC module MCP4822, an operational amplifier
(OPAMP) LM358N, a power stage, and the ECLIA. The feedback branch consists of a
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Figure 5.4. Images of the electrical circuit of the ECLIA control system.

micro-potentiometer and signal-collection module. This design incorporates LCD
monitors to display the actual and desired positions of the sliders in digital values.

The current position of the slider is detected using a micro-potentiometer. The
received signal is converted to a digital value V, by the ADC module. The
microcontroller program computes the current error Err and then compares it to the
setting error e. If the current error is larger than the setting error, a digital signal will be
generated and converted to an analog signal by a DAC module. The analog signal is
then amplified by a power stage to supply to the ECLIA for one stepping motion of the
slider. This loop is repeated as many times as necessary until the actual error is less than
or equal to the setting error. This indicates that the slider has already reached the desired
position. Figure 5.2(b) shows a wave form of an analog signal U(t) supplied to the PZT
actuator. The motion of the PZT actuator from periodic pulse T yields a stepwise motion
of the slider. At the step k™ of the slider, the digital voltage u; corresponding to the
analog voltage U; at the rising edge (Figure 5.2(b)) is calculated using

u; =iu(t,),i=0,1,..,n (5.4)

The maximal value of the digital voltage u; is 4096 (12-bit DAC module MCP
4822). Consequently, the number of steps n for the rising edge is

4096
n=

5.5
u(ty) (:3)

As the larger error signal Err, the PI controller output u(ty) is larger (see Eqg. (5.3))
and therefore the number of steps n is smaller. The control program requires shorter
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Au . Parylene

. SU-8 Conductive liquid

Figure 5.5. Micro-potentiometer using a PDP connection: (a) schematic
diagram and (b) modeling.

time to compute the output signal, and the higher driving frequency will be produced. In
contrast, the lower driving frequency will be generated.

Figure 5.3 shows a schematic diagram of the ECLIA control system. In this
design, two sliders are introduced, and their positions are displayed on two LCD
modules. Figure 5.4 shows images of the electrical circuit boards for the ECLIA control
system. The board on the left is the control unit containing the AT90S8535
microcontroller, whereas the board on the right holds the power supplies and sensor
signal collection modules. Together these boards provide the output stage to control the
ECLIA. The accuracy of the position control depends on the number of bits used in the
ADC module (10 bits). Each binary number from the ADC represents a certain voltage
level (certain slider position). Hence, the accuracy is defined by the smallest input
voltage (the smallest detected distance) that a digitizer can capture. The accuracy of the
position control is 4.88 mV (5000 mV / 1024), which corresponds to one increment of
the digital value under this condition.

5.2.3. Position sensor

A sensor for detecting the position of the slider is one of the most important parts in the
feedback control of the ECLIA system. The sensor should have a high resolution and
small physical restriction to the slider. A laser displacement meter using the triangle
measurement principle (Micro-epsilon ILD 2200-2LL) can detect the movement of an
object with nanometer resolution. Nevertheless, it requires a reflective surface and a
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large space to set up the measurement system. It is difficult to detect the position of
multiple sliders. A compact micro-potentiometer using a PDP connection with low
physical restriction and a resolution in micro-meter range has been developed to detect
the position of the slider [31]. We utilize the micro-potentiometer for the position
feedback control.

The micro-potentiometer mounted on the slider (Figure 5.5(a)) comprises two
probes dipped in two upools. The first upool having a thin Au bottom layer (120 nm in
thickness) is called the electrode ppool. The other one is called the sensing ppool. The
Au bottom layer of the electrode ppool connects to the sensing ppool at the end
electrode B. The length I; widths we and ws; and height h of the ppools are shown in
Figure 5.5(a). A conductive liquid (1-ethyl-3-methyl, conductivity: 10 mS cm™) is
injected into the two ppools to form an electrical-liquid connection and an ionic liquid
resistor. Two probes are dipped into two upools at Pg and Ps, resulting in non-
mechanical connections. The relative position of the probes and the slider can be
determined by the relative resistance of the ionic liquid measured between the two
probes. The micro-potentiometer can be modeled as a variable resistor shown in Figure
5.5(b). If the slider moves forward or backward, the relative resistance Z between the
two probes will change in direct proportion to the slider displacement. Consequently,
the micro-potentiometer can be utilized to detect the position without interfering motion
of the slider.

We also designed a ppool and probe as a PDP connection to supply an electrical
signal to the slider. Figure 5.6(a) shows the fabrication process of the micro-
potentiometer mounted on the flexible PEDOT—parylene slider. The condition of the
fabrication process is illustrated in Table 5.2. The flow steps corresponding with
expression in Table 5.2 are described in detail below:

(1) The bottom parylene layer of the slider is deposited on the Si substrate.
(2-5) An Au electrode is deposited and patterned.

(6) The PEDOT electrode layer is formed by a spin-coating process and then baked to
evaporate the solvent.

(7) The top parylene layer is deposited to obtain desired thickness of the slider.
(8-12) An Au layer is deposited and patterned for the RIE parylene process.

(13-15) An Au electrode of the micro-potentiometer is patterned.
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(16) The SU-8 3050 photoresist is patterned for the ppools.

(17-19) Sliders are separated by a laser cutting machine; conductive liquid is filled into
the ppools. Then, the sliders are peeled off the substrate.
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Figure 5.6. The micro-potentiometer using a PDP connection mounted on the
PEDOT-parylene slider: (a) schematic of the fabrication process in cross-sectional A-A
and (b) an image of the fabricated slider.
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Table 5.2. Fabrication process conditions of the micro-potentiometer mounted on the

flexible slider.
No Process steps Equipment/ Conditions
process
deposition apparatus Dimer amount 171g
Sample Au
Vacuum Thickness 1200 A
2,8 Au deposition evaporation :
system Vacuum 1.0x10™ Torr
Current value 60 A
Resist AZ-4620 (54 cP)
] ] ) 1st 500 rpm/10 sec
Spin coater Spin coating
2nd 3000 rpm/30 sec
AZ mask for wet -
313? etching Hot plate Pre-baking 110°C/90 sec
. Mikasa Exposure EXpOSUI’e tlme 40 sec
Photolithograph :
( graphy) Machine UV intensity 9.2 m/cm’
Developing
solution (NMD-3) Development 90 sec
Hot plate Post baking 110°C/5 min
4, Etchant Au etchant
10, Au etching . .
14 Time About 1 min
S5,
11, Resist removal Acetone Time 5 min
15
Thickness 160 nm
. . ] ) 1st 500 rpm/5 sec
6 | PEDOT deposition Spin coater Spin coating
2nd 1500 rpm/35 sec
Hot plate Baking 75°C/20 min
Insulating layer Parylene Dimer Parylene C
7 deposition deposition -
apparatus Dimer amount 3.42(6.84) ¢
Power 200 W
1 RIE etchi RIE hi Gas/ flow rate 0,/30 sccm
eiehing machine Pressure 0.05 Torr
Time 2 (4) min
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Table 5.2. Fabrication process conditions of the micro-potentiometer mounted on the
flexible slider (continued).

No Process steps Equipment/ Conditions
process
Resist SU-8 3050
1% slope/10 sec
2" 1000 rpm/10 sec
Spin coater Spin coating
3" slope /10 sec
upools structure 4™ 2000 rpm/70 sec
SuU-8 3 —
16 Hot plate Pre-baking 650C/5 m|r_1,
; 95°C/15 min
Photolithography -
Mikasa Exposure EXpOSUI‘e time 35 sec
Machine UV intensity 9.2 mJ/cm?
Hot plate Post baking 95°C/15 min
Developing
solution Development 5 min
(SU-8 Developer)
Hot plate Hard baking 95°C/1 min
17 Laser cutting Excimer laser Output 4.8 mJ
18 Conduc_:tl_ve liquid Syringe Conductive liquid
filling
19 Mechanical peel off

The fabricated slider is shown in Figure 5.6(b) with its dimensions listed in Table
5.3. We evaluated the sensitivity and resolution of the fabricated micro-potentiometer.
As mentioned above (Figure 5.5), the sensing principle of the micro-potentiometer
relied on the variability of the relative resistance Z between the two probes. The relative
resistance changes in direct proportion to the displacement of the slider. The micro-
potentiometer was mounted on the slider, and two probes were dipped into two ppools
filled with the ionic liquid. The relative resistance between two probes was measured at
different positions of the slider using a LCR meter. Figure 5.7 shows the resistance with

Table 5.3. Dimension of the fabricated micro-potentiometer.

L(mm)

W (mm)

H (um)

| (wm)

We (um)

Ws (um)

h (um)

25

5

5

3500

600

500

40
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Figure 5.7. The measured resistance of the micro-potentiometer using a
LCR meter at 10 kHz.

respect to the displacement of the slider in the forward and backward motion. The initial
resistance is determined by the resistance between the two probes at the initial position
of the slider. We calculated the sensitivity and resolution of the micro-potentiometer on
the basis of those measured values.

The sensitivity A is expressed as

A AZ

- (5.6)

where AZ is the change of the resistance of the micro-potentiometer in the travel range
of the slider AX.

The resolution B obtains by dividing the maximum standard deviation value Spax(X)
from the sensitivity A

_ Spax(X)
B= e (5.7)

The standard deviation value in each position of the slider is

2

s(x) =Jii(zi<x>—i<x>) (5.8)

Ni=1
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where Z;(x) is the output value of the micro-potentiometer at position i; n is the total

measured position; Z(x) is the average output value

Z(x) %izi () (5.9)

From the experimental results as shown in Figure 5.7, the sensitivity of the fabricated
micro-potentiometer was 62 Q um™, and the resolution was 6 pm. We also evaluated
the sensitivity of the micro-potentiometer corresponding to the ECLIA control system.
The sensitivity was 0.77 mV pm™" in this situation.

5.3. Results and discussions of ECLIA feedback control

5.3.1. Characteristics of stepwise motion

In this section, we investigate the stepwise motion of the slider. As mentioned above,
the slider motion was driven by the motion of the PZT actuator combined with an
electrostatic clutch mechanism. The stepping displacement depends on the applied
voltage and driving frequency. The higher voltage produces the larger displacement;
otherwise, the higher driving frequency generates the smaller displacement due to the
hysteresis and creep behaviors of the PZT actuator. The electrostatic clutch mechanism
is affected by the electrostatic force. The higher applied voltage performs the better
clutch; however, this electrostatic clutch structure may cause the relative sliding
between the slider and the contact electrode.

Experiments were carried out to investigate the characteristics of the slider
motion. The voltage applied to the PZT actuator and to the slider was 30 V at which the
electrostatic clutch mechanism worked properly. To demonstrate the stepwise
displacement, we operate the slider moving a displacement d of 110 um with certain
driving frequencies f of 1, 10, and 100 Hz. If the duration of control time corresponding
with each frequency is T, the number of steps n can be defined as

n=fT (5.10)

The mean value of the stepwise length s is calculated on the basis of the displacement d
and the number of steps n using

(5.11)

d
S=—
n
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Figure 5.8. Time courses of the slider displacements at different driving
frequencies.

The micro-potentiometer and corresponding data circuit were utilized to acquire
the slider position. Figure 5.8 shows the measured displacements of the slider at
different frequencies. The vertical axis represents the acquired voltage from the micro-
potentiometer that corresponds to the slider displacement; the horizontal axis is the time
course. Under this condition, the mean stepwise lengths of the slider at 1, 10, and 100
Hz were 3.67, 1.73, and 0.74 um, respectively. These results indicated that the
electrostatic clutch mechanism was unstable. The stepping displacement varied with
each step and decreased when the driving frequency increased.

5.3.2. Preliminary evaluation of tuning gains

As discussed in previous section, the stepwise motion of the slider varied with each step
and was affected by the applied voltages, driving frequency, clutch mechanism, etc.
These phenomena cause the difficulty in building a mathematical model of the ECLIA
system. Therefore, we use the ECLIA system to investigate the tuning gains for the
feedback controller. In this section, we evaluate the specific factors of the ECLIA that
influence the tuning gains.

The PI controller using the tuning parameters automatically adjusts the driving
frequency of applied voltage to the ECLIA. Tuning parameters affect the response time,
overshoot and steady state of the system. The stepwise motion of the slider is operated
by the motion of the PZT actuator combined with the electrostatic clutch mechanism
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Figure 5.9. Response times at different tuning gains K, and
applied voltages.

that is driven by applied voltages. Higher voltages generate larger stepwise motion of
the slider and allow choosing the smaller tuning gains. Additionally, the higher driving
frequency also causes larger relative sliding of the clutch mechanism. If the driving
frequency increases to a certain value, the motion of the PZT actuator cannot transfer to
the slider. Consequently, the applied voltages and driving frequency are important
factors that influence the stepwise motion of the slider and the selection of tuning gains.
These considerations are investigated in the following section.

5.3.3. System response

We developed a Pl feedback control system for the ECLIA, which was discussed above.
This feedback control was investigated to find reasonable tuning gains and to test the
performance of the ECLIA control system. Figure 5.10 shows the experimental control
responses with the forward motion of the slider at different tuning gains. The system
response without tuning gains was also investigated and compared to that with the Pl
feedback controller. The initial position had a digital value of 770 (3,760 mV), and the
reference position was 820 (4,004 mV), which corresponded to a 317 um ((4,004 mV —
3,760 mV) / 0.77 mV pum™) displacement of the slider under this condition.

The red curve in Figure 5.10 describes the ECLIA response without tuning gains
(Kp = 0 and K; = 0) at a frequency of 100 Hz. The control signal with this constant
frequency drives the slider with constant velocity. The results show that there was an
overshoot and oscillation with a peak of 21 um (338 um — 317 pum). The rise time is
rather short (4 s), whereas the settling time is approximately three times longer (11 s).
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This indicates that the high-frequency control signal at 100 Hz caused vibration in the
slider, resulting in the instability of the electrostatic clutch mechanism and taking a long
time to approach the steady state. As mentioned above, the feedback controller uses the
tuning gains to generate the driving voltage with the gradual reduction of frequency to
the ECLIA. This means that the velocity of the slider reduces gradually when
approaching to the target position. It intends to reduce control time, overshoot, and
oscillation.

A simple control system is first considered with only the proportional gain K (K;
= 0). The system response is investigated by changing tuning gain values. The ECLIA
system works properly at tens of hertz of the driving frequency. We selected K, = 1 at
which the initial driving frequency (at the starting time of the control process) was
approximately 15 Hz in this condition. As discussed above, a voltage of 30 V was
applied to the PZT actuator and the clutch mechanism. The blue curve in Figure 5.9
shows the response time with respect to the different tuning gains K,. The response
times decreased by approximately 70 %, from 30 to 11 s when K changed from 1 to 5.
However, it reduced by 35 %, from 11 to 7 s with the increase of K, from 5 to 10. It was
almost no additional decrease when K, changed from 10 to 15. These indicate that
relative sliding of the clutch mechanism caused the limited reduction of the response
time. The clutch mechanism was unstable when the driving frequency was higher than

Displacement
- Voltage (V
(um) (digit) , oep - V)

A

Overshoot 338] _ 4.020 |
- 2,010

Desired 317|X ~ .0007

3.950 A

3.900 A

3.850 A

3.800
Initial 0 770 3.760

point 3.750 +

Figure 5.10. ECLIA system response at different values of K, and at a frequency of 100 Hz
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Figure 5.11. Images of (a) ECLIA system, (b) output control signals for the PZT
actuator (1) and slider (2), and (c) LCD monitor to display the actual and desired
positions of the slider.

120 Hz in this situation. The higher applied voltage generated the larger motion of the
PZT actuator, and the better electrostatic clutch mechanism. Thus, the tuning gain K
was also considered at a voltage of 60 V. The red curve in Figure 5.9 shows that the
response times at various K, corresponding to 60 V reduced by approximately 50 %
comparing with that of 30 V. The changing rate of the response time was quite similar
in both cases, and the stepwise motion of the slider was proportional to the applied
voltage. Taking these considerations into account, K, can be chosen with the suitability
of the response time and applied voltages in practical use.

Figure 5.10 shows the system response at different tuning gains K, corresponding
to the voltage of 30 V. We can observe that there was no overshoot, oscillation, and the
steady state was stable in these situations. Hence, the adjustment of K in this condition
was not necessary. The steady-state error of the slider, which is defined as the difference
between the desired value V4 = 820 (4,004 mV) and the measured value (4,010 mV), is
approximately 8 um ((4,010 mV — 4,004 mV) / 0.77 mV um™) corresponding to 2.5 %
of the steady-state value. It is acceptable in practical use. This error is caused by the
sensitivity and resolution of the micro-potentiometer, and the accuracy of the ADC
module.
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5.3.4. Slider manipulation

By using the feedback control with selected tuning gain of K, = 10 for short control
time, Figure 5.11(a) shows the ECLIA system for operating a slider to the desired
position with a setting error e of 0. Probe #1 supplies an electrical signal to the slider.
Probe #2 and probe #3 are the sensing probes of the micro-potentiometer. An
oscilloscope was utilized to monitor the output analog signals for the PZT actuator (1)
and slider (2) (Figure 5.11(b)). An LCD monitor displayed the desired and actual
positions of the slider in digital values (Figure 5.11 (c)). The desired position of the
slider V4 was 820. The current position of the slider displayed on the upper monitor Vy,
was 770. The current error Erry (Erry = |820 — 770| = 50) was larger than the setting
error e. Therefore, output signals (Figure 5.11 (b)) were generated to control the forward
movement of the slider until the slider reached the desired position, with the lower
monitor in Figure 5.11 (c) (Err, = 0) showing that the actual position was equal to the
desired position. The slider was moved successfully to the desired position.

5.3.5. Discussions

In this chapter, a feedback control for the ECLIA was introduced and demonstrated. The
stepwise displacement of the slider varied with each step and also decreased as the
increase in driving frequency. These characteristics were caused by the inherent
hysteresis and creep phenomena of the PZT actuator, and the instability of the
electrostatic clutch mechanism. The tuning gains are evaluated on the basis of the
applied voltage, driving frequency, and clutch mechanism. The feedback control
exhibits no overshoot and oscillation when adjusting various tuning gains. The high
performance of the position feedback control aims future applications of the ECLIA.

The buckling force of the fishbone slider (cross section of the backbone as 300
um x 80 pum) of 5 mN could meet the pushing force requirement of micro-syringe
pumps that requires sub-mN for direct liquid manipulation [50]. The pushing force
requirement is the reaction force of liquid in the micro-channel that is estimated by
surface tension of liquid on the wall of micro-channel. The pushing force of 0.12 mN is
calculated from the cross section of the micro-channel (320 um x 100 um) and surface
tension of water of 71.97 mN m™. The feedback controller allows gradual decrease in
velocity of the slider that achieves several steps per second when approaching the
desired position. This characteristic allows the picoliter-per-second range of liquid
dispenser in the micro-channel that could satisfy the minimal overflow of liquid
manipulation for micro-syringe pumps application. The flow of liquid (118 pL s™) is
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estimated on the basis of the velocity of the slider at the driving frequency of 1 Hz (3.67
um s) as stated in the section 5.3.1.

5.4. Summary

We have successfully designed and implemented a feedback control using a micro-
potentiometer and microcontroller as a development stage for the ECLIA. The tuning
parameters, which were affected by the applied voltages, driving frequency and
stepwise motion, have been investigated. The system response at a higher driving
frequency of 100 Hz prompted an overshoot and oscillation. The feedback controller,
that automatically adjusts the frequency of the driving voltage, showed a significant
improvement compared to a closed-loop control without tuning gains. The slider was
moved successfully to the desired position with faster control time, no overshoot,
oscillation, and a steady-state error of 8 um (~ 2.5 %).

In future work, the ECLIA feedback control will be applied for micro-syringe
pumps. The characteristics of feedback control that mention in the discussions section
aim to improve the performance of micro-syringe pumps.
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CONCLUSIONS

In this thesis, we aim to improve the performance of an electrostatically controlled
linear actuator (ECLIA) as its development stage. The ECLIA generates precise
stepwise motion, large travel range and independence of multiple sliders via a PZT
actuator and an electrostatic clutch mechanism. However, the air gap causes lower
efficiency of the electrostatic and pushing-force generation of sliders. Relative sliding of
the electrostatic clutch mechanism affects the position control of the actuator. The main
objective of this research is to enhance electrostatic, pushing forces of the slider and
position feedback control for high performance of the ECLIA.

We evaluated the characteristics of stepwise motion on the basis of the ECLIA
model. The results show that the stepwise length of the slider is inequality due to the
instability of the electrostatic clutch mechanism, and the creep behavior and inherent
hysteresis of the PZT actuator. To reduce the air gap for improving electrostatic-force
generation, we proposed the flexible electrode that consists of a PEDOT conductive
layer sandwiched between insulating parylene layers. Different materials were evaluated
to optimize the selection of materials for the electrode. The characteristics such as air
gap, capacitance, and electrostatic force were investigated to compare the performance
between the PEDOT-parylene electrode and the Si electrode. The electrostatic clutching
force between the PEDOT-parylene and Si electrodes at 30 V was approximately that
between two Si electrodes at 100 V. The PEDOT-parylene electrode is employed as the
flexible slider for the ECLIA. The flexible slider achieved higher electrostatic force
generation. But, it has lower longitudinal stiffness and produces smaller pushing force.
We proposed a fishbone structure mounted on the PEDOT-parylene slider to improve
pushing-force generation for the slider. The buckling force of the fishbone slider was 5
mN that achieved much significantly with 166 times larger than that of the flexible
slider (0.03 mN). The pushing force of the fishbone slider performed higher
improvement with three times larger than the Si slider. This pushing force is sufficient
for most applications of the ECLIA. We also designed and implemented a position
feedback control using a micro-potentiometer and microcontroller for the
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ECLIA. The tuning gains were evaluated on the basis of the applied voltage, driving
frequency, and clutch mechanism. The system response prompted an overshoot and
oscillation at a higher driving frequency of 100 Hz. The feedback controller, that
automatically adjusts the frequency of the driving voltage, showed a significant
improvement compared to a closed-loop control without tuning gains. The slider was
moved successfully to the desired position with faster control time, no overshoot,
oscillation, and a steady-state error of 8 um (~ 2.5 %).

In future work, the fabrication method will be improved to obtain the thinner
slider for higher efficiency of electrostatic clutching force. The rigid of the fishbone
structure should be increased to have higher pushing-force generation. The ECLIA
feedback control will be applied for micro-syringe pumps. The characteristics of
feedback control aim to improve the performance of micro-syringe pumps.
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