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Abstract

Linear actuators are used throughout the world in many applications. Microelectrome-

chanical Systems (MEMS) linear actuators use semiconductor fabrication processes that are

capable of producing small feature sizes and high precision movements. This dissertation will

examine two types of mesoscale linear actuators that exhibit a very large stroke compared to

the size in addition to high precision positioning. These MEMS linear actuators are designed

as building blocks that can act as a stage for numerous possible applications. In addition to

the linear actuators, two interconnect designs will be examined. Molybdenum is an intrigu-

ing material for use as interposers due to the close match to silicon of thermal conductivity

and coefficient of thermal expansion. For molybdenum to be used as an interposer, through

molybdenum vias (TMVs) would be required and is the first interconnect examined in this dis-

sertation. The second is superconducting flip-chip bumps consisting of tin-lead and indium.

These superconducting bumps or pillars can be fabricated at heights that allow for physical

isolation between the substrates without the extra loss due to the superconducting material that

make up the pillars.
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Chapter 1

Introduction

Actuators are found throughout the world in almost every aspect of our lives. Simply put, actua-

tors are devices that produce mechanical motion from an input energy source. The input energy

can be in many forms, such as hydraulic, electrical current, electrical potential, piezoelectric,

thermal, and others [1, 2, 3, 4, 5]. Different types of actuators are better suited for certain

applications, such as hydraulic actuators being used to generate extremely large forces [1] or

micro-grippers used for manipulation of small objects with diameters 10s of �m or smaller [6].

There are many metrics that determine which actuation principles are useful for a given appli-

cation such as size, weight, stroke, positional resolution, force, etc. The motion of actuation can

be rotary, linear, or a combination of the two [7]. The Stewart platform is used in many flight

simulators as it allows for six degrees of freedom (DOF) which is linear motion in all three

dimensions and rotations around these three axes. This stage is able to generate the movement

by using six linear actuators to drive the stage [8]. By using different connection techniques,

linear motion can be derived from rotary actuators and rotary motion can be derived from linear

actuators. This dissertation aims to describe the design and fabrication of linear actuators that

have a small profile in the mesoscale, can be used as a stage, exhibit precise and small step

resolution, and a large stroke preferably much larger than the size of the stage. The size of the

stage does not have to be a specific size as the application will determine this to a degree, but

the aim is on the order of a square inch to allow for numerous applications. Another goal of

the actuators in this dissertation is to utilize the microelectronic fabrication techniques so it is

possible to integrate circuitry on to the stage that might be needed for a specific application.
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Certain actuator designs are discussed in detail later in this Chapter for a better understanding

on which type of actuators fit the aim of this dissertation.

In addition to the work on the large stroke, high precision linear actuators, this disserta-

tion examines different electrical interconnect designs that could prove beneficial. The first of

interconnect design is through molybdenum vias (TMVs). Through silicon vias are fabricated

to get electrical signals from one side of a silicon wafer to the other. Some of the applications

are 3D chip stacking and interposers[9]. Interposers are used to route signals between multi-

ple chips. The larger the interposer size, the greater the chance of failure due to mechanical

stresses. Molybdenum could alleviate some of the issues from the mechanical stress since it is

not a brittle material like silicon. Certain material properties of molybdenum, such as thermal

conductivity and coefficient of thermal expansion, are close enough to silicon that molybdenum

could be used as an interposer for multiple silicon chips. To do this, through molybdenum vias

will be beneficial for an interposer design.

The second interconnect design is superconducting flip chip bonding pillars for physical

isolation of the chip from a bottom substrate. Flip chip bonding is a technique that bonds

two chips together. Both chips have the same bonding bumps and the top chip is flipped and

aligned to the bottom chip. Increasing the height of the pillars allows for greater isolation from

any interference with the bottom chip specifically when dealing with qubits, but will increase

the resistance in the electrical path if the material acts as a normal conductor. Pillars can be

made of many different materials, but using superconducting materials will reduce any loss in

the signal path and negates the issues of taller pillars creating more resistance. The bumps will

use a combination of 60/40 tin lead and indium. The theoretical superconducting transition

temperature of 60/40 tin lead is approximately 7 K and 3.4 K for indium [10] allowing for

the entire pillar to superconduct. This allows for indium to indium bonding without elevated

temperatures that could damage any circuitry on the chips [11].

The remaining sections of Chapter 1 contain background information for work performed

in this dissertation. This includes, forces, effects, and fabrication processes that will be utilized

in this dissertation. Also included in this Chapter is a brief overview of actuator types to give

insight into why the actuator designs in Chapters 2 and 3 were chosen.

2



1.1 Background Information on Forces, Effects, and Fabrication Processes

There a multiple designs that are incorporated in this dissertation, but can be broken into two

main parts: actuators and interconnects. There is some overlap between the two due to the fab-

rication of both are performed using microelectronic processing techniques. Actuators that gen-

erate motion from input forces can be derived from multiple different physical phenomenons.

The actuator designs presented in the next two chapters are mesoscale in size that can be used

as a stage. In this section, forces that pertain to certain actuator designs are discussed including

electromagnetism, piezoelectric effect, and friction. Superconductivity is also briefly discussed

which pertains to one of the interconnect designs. In addition, Deep Reactive Ion Etching

(DRIE) will be discussed as it is used in the fabrication of the designs in Chapters 2 and 3.

1.1.1 Forces of Electromagnetism

Electromagnetic forces are used in a variety of different motor types of all sizes. The different

types all have their own operating principle depending on the need of application and these

types will be discussed later in Section 1.3. Even though the types are different, the forces

generated are described by the Lorentz force,

fFg = q(fEg+ fvg � fBg) (1.1)

which describes the force exerted on a charge due to electric and magnetic fields. F is the force

exerted on the charge, q is the value of charge, E is the electric field intensity, fvg� fBg is the

cross product of the velocity of the charge, v, and the magnetic flux density, B [12]. It can be

seen that this equation essentially has two parts

fFg = qfEg (1.2)

and

fFg = q(fvg � fBg) (1.3)

3



where Equation 1.2 describes the electrostatic force and Equation 1.3 describes the magnetic

force. Looking at the electrostatic force, it can be seen that the electric field is what determines

the force on a charge. To get an understanding of what the electric field looks like, Coloumb’s

law shows the force between two charged particles, like charges repelling and opposite charges

attracting each other. Coloumb’s law is described by

F =
1

4��0

jq1jjq2j
r2

(1.4)

where q1 and q2 are the values of the charges, �0 the permittivity of free space, and r is the

distance between the two charges [12]. Knowing the relationship between the force and electric

field from Equation 1.2, the electric field between two charges will be

E =
1

4��0

jqj
r2

(1.5)

with the electric field lines leaving the positive charge and going into the negative charge [12].

This shows that the electrostatic force is an inverse square law, which means the force is in-

versely proportional to the distance between the two charges squared. But in general there are

many charges present that will impact the electric field so examining at a parallel plate capacitor

will give more insight in how electrostatic forces are used in actuators.

A parallel plate capacitor accurately represents the electrodes of many electrostatic actu-

ators, which consists of two plates that hold opposite charges separated by a distance. The

capacitance, C, is described by

C =
Q

V
(1.6)

, where Q is the stored charge and V is the electrostatic potential. The energy stored, U, is

described by

U =
1

2
CV 2 (1.7)

Since the capacitance is equal to �A
d

, the stored energy can then be written as

U =
1

2

�A

d
V 2 (1.8)
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Figure 1.1: Interdigitated finger or comb drive actuator

When an electric potential is applied across both plates, an electrostatic force is generated

between the plates and the magnitude of the force is then,

Felectrostatic =
1

2

�A

d2
V 2 (1.9)

with � equal to �0 (permittivity of free space) times �r (relative permittivity of the material

between the plates) [3]. For an ideal parallel plate capacitor, the electric field between the

plates is the same across the length of the plates due to the equal charge distribution on each

plate. But in reality the charge density at the edge of the plates is higher than the middle due

to the like charges trying to repel each other. This higher charge concentration creates fringing

fields which increases the magnitude of the electric field and in turn force applied in those areas

[12]. This is important when the parallel plates are not perfectly lined up with one another and

will change the magnitude and vector of the electrostatic force.

Parallel plate capacitors are used in some electrostatic actuators, but many times the geom-

etry of the two plates are that of interdigitated fingers as shown in Figure 1.1. This allows for

the capacitance, and therefore electrostatic force, to increase without changing the total width

of the plates in the physical layout. In doing this, the stroke of the actuator would be limited to

the the length of overlap between the interdigitaged fingers. These are commonly referred to

as comb-drive actuators [3].

Looking at the second part of the Lorentz force in Equation 1.3 will allow us to understand

how magnetic forces are generated on a charge moving through a magnetic field. The cross

product describes that there is no force when the velocity moves parallel with the magnetic

5



field and the maximum force when the velocity is perpendicular to the magnetic field and the

force is generated in the direction based on the right hand rule [12]. This is utilized in AC and

DC electric motors that turn a rotor based on the current moving between magnetic fields in a

stator. In addition to a moving charge being influenced while moving through a magnetic field,

current moving through a wire creates a magnetic field, and is described by Ampere’s law

˛
~B � d~s = �0Ithrough (1.10)

Ampere’s law describes the magnetic field of the total current passing through an area of a

closed curve. The magnetic field is generated by any moving current, and in the case of many

actuators and motors, loops of wire known as solenoids are used to generated magnetic fields.

The magnetic field of a solenoid is

B =
�0NI

l
(1.11)

, where N is the number of turns, l is the length of the loop, and I is the current moving through

the wire. The magnetic field of the solenoid that leaves the coil is known as the north pole of

the solenoid and the end the magnetic field enters is known as the south pole of the solenoid

[12]. Each solenoid or permanent magnet has a magnetic moment associated with them that

describes the direction and intensity of the magnetic field they produce with the magnetic field

leaving as the north end and the end the magnetic field returns as the south end. The magnetic

dipole moment, ~�, of a solenoid is described by

~� = AI (1.12)

, where A is the area of the loop and I is the current passing through the loop. It is known that

the two like ends of magnets repel each other while two opposite ends attract. This is due to

the magnetic fields of each magnet lining up with each other and the torque of this is described

by

~� = ~�� ~B (1.13)
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This shows that the magnetic moment, of a permanent magnet or magnetic field created from a

solenoid, aligns itself with the magnetic field and then becomes zero when the magnetic dipole

moment is parallel with the magnetic field [12]. This torque is the force that moves the rotor in

many actuators and motors that will be briefly discussed later in this Chapter.

Looking at the magnetic force between two poles, it can be seen that the B field, and

thereby magnetic torque, is dependent on the volume of the magnet or solenoid coil. In Equa-

tion 1.12, the B field is proportional to the length of the coil, number of turns, and area of the

loop. So as the size of the magnet or solenoid is decreased, the size of the B field and therefore

magnetic torque is decreased proportional to the volume. In the electrostatic force equation for

a parallel plate capacitor, Equation 1.9, the force is proportional to the area of the electrode and

inversely proportional to the gap between the plates. Comparing the electrostatic force to the

magnetic force as the size is scaled smaller, the magnetic force will decrease faster than than

the electrostatic force. Many large scale electric motors use magnetic fields for movement, but

if the size is decreased far enough then electrostatic forces can be larger than their magnetic

counterparts.

1.1.2 Piezoelectric Effect

The piezoelectric effect occurs is certain materials that have a noncentrosymmectric lattice

morphology. These materials generate an electric charge when the material is stressed by an

outside force, called the direct piezoelectric effect. For some piezoelectric materials that are

man-made, or have an amorphous structure, the material must be poled to exhibit the piezoelec-

tric effect. If the structure is amorphous, each of the orientations will act in different directions

in a bulk material and will exhibit the piezoelectric effect in all directions and essentially can-

cel each other out. Poling the bulk material is performed by applying a strong electric field at

a higher temperature for a duration of time. During the poling, the different domains in the

material will align together in the direction of the electric field so that when the electric field is

removed the domains will stay mostly aligned. Even though the domains will not be perfectly

aligned together due to relaxation, they will be close and therefore not cancel each other out

resulting in the bulk material exhibiting the piezoelectric effect. If the piezoelectric material
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is elevated to a high enough temperature, called the curie point, the material can depolarize.

This depolarization can also occur if a strong enough electric field is applied in the opposite

direction of poling [3]. The direct piezoelectric effect is described by

fDg = [d]fTg+ ["]E (1.14)

, where D is the electrical polarization vector, T is the mechanical stress vector, E is the electric

field vector, " is the permittivity matrix, and d is the piezoelectric coefficient matrix. This can

also be written in matrix form as

8>>>><>>>>:
D1

D2

D3

9>>>>=>>>>; =

266664
d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36

377775

8>>>>>>>>>>>>>><>>>>>>>>>>>>>>:

T1

T2

T3

T4

T5

T6

9>>>>>>>>>>>>>>=>>>>>>>>>>>>>>;

+

266664
"11 "12 "13

"21 "22 "23

"31 "32 "33

377775
8>>>><>>>>:
E1

E2

E3

9>>>>=>>>>; (1.15)

Conversely, the inverse piezoelectric effect is exhibited when an electric field is applied

the material mechanical deforms [3].

fsg = [S]fTg+ [dt]fEg (1.16)

, where s is the strain vector and S is the compliance matrix and shown in matrix form as

8>>>>>>>>>>>>>><>>>>>>>>>>>>>>:

s1

s2

s3

s4

s5

s6

9>>>>>>>>>>>>>>=>>>>>>>>>>>>>>;

=

2666666666666664

S11 S12 S13 S14 S15 S16

S21 S22 S23 S24 S25 S26

S31 S32 S33 S34 S35 S36

S41 S42 S43 S44 S45 S46

S51 S52 S53 S54 S55 S56

S61 S62 S63 S64 S65 S66

3777777777777775

8>>>>>>>>>>>>>><>>>>>>>>>>>>>>:

T1

T2

T3

T4

T5

T6

9>>>>>>>>>>>>>>=>>>>>>>>>>>>>>;

+

2666666666666664

d11 d21 d31

d12 d22 d32

d13 d23 d33

d14 d24 d34

d15 d25 d35

d16 d26 d36

3777777777777775

8>>>><>>>>:
E1

E2

E3

9>>>>=>>>>; (1.17)
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The piezoelectric coefficient matrix, d, is the same for the direct piezoelectric effect con-

necting the polarization to the stress as the inverse piezoelectric effect connecting the strain to

the applied field [3]. The coefficient dij is based on the three axes and three rotations shown in

Figure 1.2. The i term of the coefficient is correlated to the axis the voltage is applied across

for the inverse piezoelectric effect or the axis that the voltage is generated across for the direct

piezoelectric effect. The j term is correlated to the stress across the axis or rotation around the

axis. This piezoelectric coefficient matrix is different for every piezoelectric material and the

strain is very small per unit length of the piezoelectric material. Section 1.3.3 discusses certain

piezoelectric actuators and will contain more information on how the piezoelectric effect is

used in actuators.

Figure 1.2: Graphical description of piezoelectric axes

1.1.3 Friction and Van der Wall forces

When two surfaces are in contact with each other, the forces that restrict the surfaces from

moving across each other and are generally known as frictional forces. If a force is applied to

the top of the two surfaces, shown in Figure 1.3, the force can be viewed as the force in the

direction of movement, Fx, and the force normal to the surface, Fy. The frictional force resists

the force in the direction of movement and the top piece will move once Fx is greater than Ff .

The frictional force, Ff is described by
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Figure 1.3: Frictional force from applied force

Ff = �fFy (1.18)

, where Fy is the force normal to the surface and �f is the coefficient of friction between

the two surfaces. Fy in Figure 1.3 is described by

Fy = Fsin(�) (1.19)

and additional forces due to gravity will be added to this.

When the top piece is at rest, the friction has a static coefficient of friction whereas if the

piece was already moving it would be a kinetic coefficient of friction. The static coefficient of

friction is larger than the kinetic coefficient of friction which means the piece will continue to

move after it has started if the applied force is kept the same [12].

This type of friction force is what generally comes to mind when thinking about what

restricts objects from sliding across one another and different materials having different coef-

ficients of friction when in contact with each other. This friction is viewed as a force in the

macroscopic world, but as sizes decrease other forces that inhibit movement arise such as Van

der Waals forces. Van der Waals forces are the interaction forces between atoms or molecules

and quickly diminishes as the distance between the atoms increases. These forces can become

significant as the size of area decreases and for very smooth surfaces.

10



1.1.4 Superconductivity

Superconductivity is a phenomenon where the electrical (dc) resistance of certain materials and

elements go to zero if below a certain temperature called the critical temperature, Tc. This prop-

erty was initially discovered in 1911 by Kammerlingh Onnes. In the following decades, more

materials were observed that exhibited superconductivity in metals and metallic compounds

with a critical temperature up to 23.2K. In 1986, superconductivity was discovered in complex

layered oxide compounds in which the critical temperature was significantly higher than the

previously examined metallic superconductors referred to as low temperature superconductors

(LTS). These new materials were named high temperature superconductors (HTS) and have can

have critical temperatures as high as 132 K, much higher than the metallic superconductors. Su-

perconductors can be broken into two types, Type 1 and Type 2 superconductors. Type 1 are

usually pure metals which superconduct at lower temperatures and expel all magnetic fields

within the material. This expulsion of the magnetic fields is known as the Meissner Effect.

Type 2 superconductors are usually alloys that have a higher critical temperature and can have

some magnetic fields in the material while still operating in the superconducting state [13].

While there are no widely accepted theories for the layered oxide based high temperature

superconductors, there are multiple theories to explain metallic superconductivity with one of

the main theories coming from Bardeen, Cooper, and Schrieffer. The BCS theory states that

below the critical temperature, electrons will form pairs that move through the material lattice

without loss. It is also generally agreed that electron pairs form in HTS, but in a different way

than the metallic superconductors described by BCS theory. Twenty-five elements exhibit the

superconducting phenomena, but only 6 of these have a critical temperature above 4.2 K which

is the boiling point of liquid He. Nb is one of the more widely used elements in superconducting

electronics as it has a critical temperature of 9.2 K which is over twice the temperature of liquid

helium. Operating at or below half of the critical temperature is advisable to ensure most of the

benefit from the superconducting state [13].
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1.1.5 Deep Reactive Ion Etching

Etching silicon is needed for many applications and can be performed by either wet or dry

etching techniques. There are numerous chemical solutions used to etch silicon with some

etching isotropically, or equally in all directions such as HNA which is a mixtrue of hy-

droflouric acid, nitric acid, and acetic acid. Other wet etchants, such as potassium hydroxide

(KOH), have different etch rates for the different planes of silicon. KOH solutions can achieve

<100>:<110>:<111> plane selectivity of 400:600:1 [14]. This means that the <100> plane

will etch 400 times faster than the<111> plane and the<110> plane will etch 600 times faster

than the <111> plane. Depending on the etch profile required, the silicon wafer needs to be

the correct orientation to achieve the desired etch profile. In addition to wet etching techniques,

dry etching uses gases to etch silicon and allows for highly anisotropic etching. There are dif-

ferent dry etching techniques, but reactive ion etching is a very common type. In reactive ion

etching, a RF coil is used to ionize a particular gas into a plasma. A dc bias is applied to the

substrate which accelerates some of the ions towards the surface of the substrate. In the case

of silicon, SF6 and O2 is commonly used to etch silicon and the mixture of the two will affect

the directionality of the etch. Dry etching can be much more anisotropic than wet etching,

although there is some undercutting of the mask material etching silicon via reactive ion etch-

ing. This undercutting does not allow for very deep etches in silicon that are anisotropic. The

Bosch process, or deep reactive ion etching (DRIE), uses alternating etch and passivation steps

to achieve a generally anisotropic profile deep into the surface of the silicon, shown in Figure

1.4. During the etch step, SF6 and 02 gas flows into the chamber and a RF source initiates a

plasma. This etches the silicon isotropically for a short period of time. During the passivation

step, C4 F8 flows into chamber, that deposits a passivation layer covering the previously etched

area. During each etch step, some of the reactive ions in the plasma bombard the surface of the

sample at near 90 degrees along with etching the silicon. These ions break up the passivation

layer at the bottom of the etched area, but does not affect the passivation layer on the sidewalls.

Due to this only the bottom of the channel is etched with the SF6 gas isotropically during the

etch step [3, 15]. The sidewall of the etched area is not perfectly straight. Scallops are created
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Figure 1.4: Deep reactive ion etching fabrication steps.

at the interface of both etch steps. The size of the scallops depend on the duration of the etch

and passivation steps and become smaller with shorter steps, but increases the process time.

Along with the scallops, the sidewall angle may not be exactly 90� and process optimization is

required to get as close as possible to 90� [16].

1.2 Types of Linear Actuators

Actuators and motors have an output of mechanical motion from some input energy. The

input energy can be from any number of sources including fossil fuels for internal combustion

engines, hydraulic energy, pneumatic energy, electrical energy, thermal energy, etc. The goal of

this research is to develop a linear actuator of mesoscale size, with very precise movements, and

a large stroke compared to the size of the actuator. The actuator is desired to act as a stage to
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carry components for alignment or other applications. Based on theses actuator requirements,

certain types of actuators or motors do not apply to this scale such as engines, hydraulic, and

pneumatic actuators. The rest of this section with discuss actuators and motors that have been

fabricated based on the forces discussed in Chapter 1 and the advantages and disadvantages for

the aim of this dissertation.

1.2.1 Electromagnetic Actuators

Electric motors are very common across many industries and are generally of a few types: AC

motors, DC motors, and stepper motors. AC and DC motors usually consist of a stator that does

not move and a rotor that rotates inside the stator, although there are some other configurations

have the rotor outside of the stator. As the names imply, AC motors use alternating current

while DC motors use direct current. AC motors have the alternating current windings, in many

cases three phases with each offset 120� from each other. When these three phases are applied

to the coils in the stator, this produces a magnetic field that rotates around the inside of the stator

with a constant magnitude. The rotor, which has its own magnetic dipole moment from either

permanent magnets or a field created by electromagnets, then follows the magnetic field as it

rotates through the stator. The higher the frequency of the AC signal, the faster the magnetic

field rotates and in turn the speed of the rotor. Higher currents produce a larger magnitude of

the magnetic field and therefore a greater torque. These AC motors are used in applications

where constant speed, large forces and imprecise movement is required [2], which is not in the

scope of this dissertation.

DC motors differ from AC motors in that the supply is direct current instead of alternating

current. There are two main types of DC motors, brushed and brushless. Brushed DC motors

supply the direct current to the rotor that has a constant magnetic field from the stator. As the

current flows through the wire, the force turns the coil through the magnetic field and the force

is in different directions depending on which pole of the magnet the current is flowing past.

Due to this, the polarity of the current through the loop in the rotor must be changed at specific

times to keep a continuous rotation and are done so by commutators and brushes. Hence why

these motors are referred to as brushed DC motors. These commutators and brushes must be
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(a) Starting Point (b) Rotate Right (c) Rotate Left

Figure 1.5: Brushless dc motor operation

precise so as not to short out the motor and experience wear that reduces the lifetime of the

motor. There are also dc motors that do not use the brushes to reverse the current and are

referred to as brushless DC motors. Generally brushless DC motors have permanent magnets

in the rotor and multiple windings in the stator. Current is supplied to a winding that causes

the permanent magnet to rotate and align with that particular field, then the current is supplied

to the next winding for the next step and the direction of rotation is dependent on the order in

which stator electromagnets are turned on. Figure 1.5 shows the movement operation and it

should be noted that the current can flow either direction through the coil allowing it to attract

either the north or south pole of the permanent magnet. The position of the rotor is fed back

to the control electronics which in turn controls when current is supplied to each winding of

the stator, and can be thought of as electric commutators [2]. These motors are able to stop the

position of the rotor much easier than AC motors and are better used for positioning.

When positioning is the main goal, a stepper motor is the ideal choice. A stepper motor

is a type of brushless DC motor designed to have a large number of steps per rotation of the

rotor to increase the precision. The rotor can consist of permanent magnets, as is in Figure 1.5,

or the rotor can be made of a ferromagnetic material with teeth that operate on the principle

of variable reluctance. There are also hybrid stepper motors that use both permanent magnets

and variable reluctance. The more poles that the rotor has correlates to a smaller individual

step since the distance the rotor travels each step is decreased. [2]. Some commercial stepping

motors a step angle as small as 0.9�.
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Common DC motors in production are too large to be applicable for the linear actuators

in this design and would need the rotary motion translated to linear motion. There have been

brushless DC motors that have been fabricated at a much smaller scale. A brushless DC motor,

from [17], uses a axially polarized permanent magnet with 12 poles and a diameter of 4 mm as

the rotor. The stator is fabricated in silicon and has 9 coils and three phases to move the rotor

and the coils are made of layers of deposited and electroplated copper. This miniaturization of

the standard brushless DC motor is planar, but does not produce much force and the motion

would need to be translated.

There have been linear electromagnetic actuators fabricated in a similar manner to [17]

with a slider containing permanent magnets and a stator containing the electromagnets in the

form of coils of copper lines fabricated on silicon in [18, 19]. This work has lines of permanent

magnets in the slider that were fabricated by thinning a magnet, bonding it to a substrate,

dicing the magnet to make the linear magnets, then magnetization of the magnets. The size and

stroke of the actuators in [18, 19] are smaller than the goal for this dissertation, but it could be

fabricated at a larger size to meet the needs. A potential issue with this type of linear actuator

is the position resolution. The position resolution is dependent on the width of the magnets in

the slider and are created by a dicing saw and the minimum width is 100 �m which might not

allow for the step resolution desired without additional techniques such as microstepping.

1.2.2 Electrostatic Actuators

As discussed previously, electromagnetic actuators and motors are generally large and take up

a mostly three dimensional volume due to the electromagnets and permanent magnets that gen-

erate forces are dependent on volume. Since electrostatic forces are determined by the surface

area instead of volume, linear actuators that use electrostatic forces are generally much smaller,

more planar, and produce smaller forces compared to the electromagnetic actuators. This sub-

section will give an overview of certain types of electrostatic actuators and their capabilities.

Electrostatic actuators that utilize parallel plate capacitors or comb drives are used in many

applications that require precise positioning to move a suspended stage. These applications

include accelerometers [20], gyroscopes [21], and scanning mirrors [22] among others. Due to
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the comb drive arrangement, these can produce extremely precise movements with a relatively

small applied voltage. It is also easy to arrange multiple sets of comb drive actuators that

move a stage in multiple degrees of freedom including X-Y stages, X-Y stages with rotation

[23, 24, 25], and purely rotary actuators for precise rotations [26]. Where these actuators are

limited is in the total stroke and force that can be produced. The stroke of the actuators is

partially determined by how far the interdigitated fingers overlap which is much less than the

desired stroke for the actuator design of this work. The stages of the comb drive actuators are

also held in place by flexure beams that resist the movement and also limit the stroke.

Even though the stroke is limited for an individual pull-in or comb drive actuator, multiple

of these can be arranged and driven in sequence to move a shuttle [27, 28, 29, 30]. This

inchworm movement, which is similar to the movement of the shuffle motors discussed in the

next paragraph, requires multiple comb drive or gap closing actuators acting as clamps and

actuators that move each clamp and therefore the shuttle in the desired direction. The clamping

actuators engage the shuttle followed by the stepping actuators moving the shuttle while the

clamping actuator stays engaged. The next set of clamping actuators will engage the shuttle

which allows the first set of stepping and clamping actuators to relax. Alternating between

the two sets of clamping and stepping actuators allows the shuttle to move in multiple steps

to achieve a larger stroke. These inchworm actuators that utilize the pull-in or comb drive

actuators can move a shuttle for as long as the shuttle is allowed to move along the track or as

long as the clamping actuators can engage the shuttle. However since these actuators require

tight tolerance for the pull-in or comb drive actuators to generate their force, the overall size,

stroke, and force exerted by these inchworm actuators are on the smaller end of what is desired.

The fabrication for these types of actuators involves suspending the slider with flexure beams

which also limits the stroke of the actuator.

The inchworm movement is used in other electrostatic actuators called shuffle motors

[31, 32, 33]. Shuffle motors consist of voltage controlled clamps and an actuation plate that

use the electrostatic force between the clamp and the bottom surface that is grounded. There

is an insulation layer on the bottom of the clamps that electrically isolate the clamp electrode

from the substrate so the electrical potential can be applied. This insulation material also slides
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Figure 1.6: Shuffle motor inchworm movement sequence.

across the substrate during movement and needs to be wear resistant so to not lose electrical

isolation over time. Figure 1.6 shows the shuffle motor actuation sequence and the color of

the clamp of actuation plate is red when the voltage is applied. Voltage is applied to the right

clamp that fixes it to the grounded surface by the electrostatic force created. Voltage is then

applied to the actuation plate that deforms the plate and pulls the left clamp across the surface.

Once the left clamp has moved, voltage is applied to it that fixes it to the surface. The voltage

is then removed from the right clamp allowing it to move and it slides across the surface after

the voltage is removed from the actuation plate causing it to return to its original shape. This

concludes a single step for the shuffle motor and can be performed again for additional steps as

long as the surface has a grounded potential. These motors exhibit precise movements and have

been fabricated with four clamps that allow for bidirectional movement [34]. While in theory

the movement could have a long stroke, many of shuffle motors fabricated have a stroke much

smaller than desired for the actuators in this dissertation. Also the deformation of the actuation

plate would make it difficult for using the shuffle motor as a stage.

The inchworm movements that were previously discussed are generically considered step-

per motors due to the movement of the actuator being in individual steps. The electromagnetic
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Figure 1.7: Three phase electrostatic stepper motor.

stepper motors that were discussed previously have fixed spots on the stator that the rotor will

align with during operation, which differs from the electrostatic inchworm motors. Some elec-

trostatic stepper motors mimic the arrangement of the electromagnetic stepper motors as they

have fixed electrodes in the stator that the slider electrodes align to when the electrical potential

is applied [35]. Like the electromagnetic stepper motor, the stator has three phases or every

third electrode electrically connected while the shuttle that moves is grounded. As the voltages

are changed from one phase to the next, the electrostatic force exerted between the teeth will

move the shuttle to align with the stator teeth that have the voltage applied (applied voltage in

red), as shown in Figure 1.7. The movement shown is linear motion although rotary electro-

static stepper motors like this have also been demonstrated [36, 37]. This is a view from the top

and the shuttle is suspended by flexure beams like many of the stages that use comb-drives for

movement. These flexure beams limit the stroke and the electrostatic forces are smaller than

desired since the area between the teeth is limited.

Surface drive actuators [38, 39] behave similarly to the three phase electrostatic stepper

motors just discussed, but the electrodes are on top of each other instead of side to side on the
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same plane. Figure 1.8 shows the illustration of the surface drive actuator with the lengths of the

electrodes extending into the page. Some designs use electrostatic induction to apply charges

to the slider before the stator voltages are switched to move the slider [40, 41]. This does not

require electrodes in the slider although the induced charges will not last overtime. Having

the electrodes aligned on top of each other allows for a higher force compared to electrostatic

three phase stepper motor discussed previously since the added length of the electrodes creates

a greater capacitance between the electrodes. A drawback of this design is due to the stator

and slider being on top of each other which causes friction to be an issue, although some

have been fabricated with the slider being suspended from flexure beams that limit the stroke

[42, 43]. Due to this, it is very common to have small glass beads between the stator and slider

to minimize the friction acting on the slider. The glass beads also keep the desired gap between

the stator and slider especially when they are fabricated as films. These surface drive actuators

have been fabricated in many different configurations. Figure 1.8 shows the linear version but

surface drive actuators can exhibit rotary motion as well [44, 45]. The force can be increased

by fabricating multiple layers on top of each other and have been shown to exhibit forces up

to 10 N [46, 47]. By changing the electrode patterns, movement in two directions [48] can

be achieved as well as reducing the force ripple during operation [49]. There have even been

surface drive actuators that loop the stator and slider together allowing for continuous motion

and the ability to climb walls by having the stator induce charges on the wall while the actuator

is in operation [50].

Surface drive actuators can be driven by DC or AC voltage excitation. When using DC

voltages, the surface drive will move to the next electrode with voltages are switched which can

then be repeated for continued movement. This emulates the electromagnetic stepper motor as

it moves one step at a time when the next set of voltages are applied in sequence. AC voltages

can be used where the sets of electrodes have a phase difference between each electrode; if

there are three sets of electrodes then each electrode will have a phase offset of 120� from the

next electrode. The AC voltages form potential waves on the surface and will produce thrust

on the slider when the slider and stator have opposite phase sequence [48].
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Figure 1.8: Surface drive actuator.

Surface drive actuators are able to achieve a large stroke that is determined by how far the

stator electrodes extend along the movement path. The resolution that they can achieve is based

on the stator and slider configuration and ultimately the width of the electrodes. The electrodes

can be defined by microelectronic fabrication processes that allows small feature sizes and in

turn small step resolution. Many of the surface drive actuators cited previously used films as

the stator and slider which would be hard to use as a stage. Due to these characteristics, the

desired linear actuator for this dissertation can be based off of surface drive actuators, but will

be fabricated from silicon substrates so the slider can be used as a stage. The silicon slider

would also allow for additional circuitry to be built into the top of the stage.

1.2.3 Piezoelectric Actuators

Piezoelectric materials are used in numerous applications including sensors and actuators and

this subsection will only discuss the actuator applications due to the relevance to this disserta-

tion. Direct piezoelectric actuators are simply a bulk piece of the piezoelectric material which

can achieve extremely fine step sizes and fast response times [51, 52, 53, 54]. The deformation

depends on the axis that the electrical potential is applied across and the piezoelectric coeffi-

cients of the material. A common type of piezoelectric material is lead zirconate titanate, or

PZT. There are different varieties of PZT that all have slightly different piezoelectric coeffi-

cients, but the piezoelectric coefficients of Pb(Zr0:40,Ti0:60)TiO3 [3] is
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dij =

266664
0 0 0 0 293 0

0 0 0 293 0 0

�44:2 �44:2 223 0 0 0

377775 pC=N (1.20)

If a positive voltage is applied across the 3 axis, then there will be a positive displacement

in the 3 axis with a negative displacement in the 1 axis and 2 axis. It can be seen that the units

for the piezoelectric coefficients are in pC
N

, which is equal to pm
V

. Assuming no mechanical

stress is applied to the piezoelectric material, strain (�L
L

) is equal to the d coefficient (pm
V

)

times the electric field ( V
m

). Based on the units of the d coefficient, the strain will be very

small even with a large electric field. Increasing the length of the piezoelectric material would

increase the deformation, but would also require an increase in voltage by the same proportion

to keep the same electric field the same. Stacking smaller pieces together that all act in the

same axis achieves a longer deformation without needing to increase the voltage, and these are

referred to as piezoelectric stack actuators. Direct piezoelectric actuators use bulk material or

stack actuators to achieve nanometer resolution [51, 55]. Large forces can be achieved with

direct piezoelectric actuators, but this is proportional to the cross-sectional area perpendicular

to the axis of the electric field. While the movements of the direct piezoelectric actuators are

extremely precise, the overall stoke is very limited and dependent on the size of the actuators

even when flexible amplification is used [51]. Other design types, such as inertial actuators,

utilize the precise movements for individual steps that can be repeated over and over to achieve

a much longer stroke than the piezoelectric material can achieve by itself. There are multiple

inertial actuators, including but not limited to impact drive actuators and stick-slip actuators

[51, 52, 55, 56].

A piezoelectric impact drive actuator consists of three main parts, the piezoelectric ma-

terial, main body, and an inertial mass. These are driven by a sawtooth waveform that slowly

ramps during the deformation of the piezoelectric material and a fast ramp back to the original

state. During the slow ramp, the inertial mass is moved while the main body stays in place due

to friction. The fast ramp back to the relaxed state breaks the friction of the main body which
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moves forward towards the inertial mass producing a single step that can be repeated. Stick-

slip actuators are another form of piezoelectric inertial actuators based on the same principle as

the impact drive actuators. The piezoelectric actuator in contact with a slider or rotor extends

slowly moving the slider or rotor and quickly retreats breaking the friction so the slider or rotor

stays in place resulting in a single step. In the stick-slip actuators, the piezoelectric material is

in contact with and moves a slider or rotor but the piezoelectric material itself does not move as

it does in the impact drive actuator [51, 52, 55]. Figure 1.9 shows the movements of the impact

drive and stick-slip actuators.

Stepping actuators are similar to inertial actuators in that they use repeated steps to in-

crease the stroke of the actuator past the deformation of the piezoelectric material itself. The

piezoelectric inchworm actuator is one type of stepping actuator and uses multiple piezoelectric

stack actuators driven in a particular sequence to achieve movement. There are many different

types of inchworm actuators, such as the walker, pusher, and walker-pusher actuators and can

exhibit linear or rotary motion [57, 58, 59, 60, 61]. In the walker inchworm design, three piezo-

electric actuators are needed for movement, two clamping actuators and one stepping actuator.

The stack actuators are inside a frame that moves back and forth through a channel and the

sequence of operation is shown in Figure 1.10. The direction of movement can be reversed by

switching the clamping actuators in the sequence. The pusher design uses a similar sequence

as the walker design to achieve movement, but the piezoelectric actuators do not move through

a channel as the piezoelectric actuators push a shuttle back and forth [51, 55, 57]. The piezo-

electric inchworm actuators are capable of large strokes, precise resolution, and the forces are

determined by the cross-sectional area of the piezoelectric actuators. The walker design allows

for the frame to lock in place anywhere throughout the channel, which would be beneficial if

the stage is required to be fixed during the operation.

While inertial and stepping actuators are operated at a frequency below resonance, piezo-

electric ultrasonic actuators operate at the resonant frequency. One type of ultrasonic device is

the surface acoustic wave actuator [62]. Piezoelectric material is deposited across the surface

with interdigitated transducers at each end. A Rayleigh wave is generated by the end trans-

ducers that creates a surface particle elliptical motion. This is similar to other traveling wave
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(a) Impact drive actuator

(b) Stick-slip actuator

Figure 1.9: Piezoelectric impact drive and stick-slip actuator movement.
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(a) Both clamps actuators extended.

(b) Right clamp actuator relaxed.

(c) Step actuator extended.

(d) Right clamp actuator extended.

(e) Left clamp actuator relaxed.

(f) Step actuator relaxed.

(g) Left clamp actuator extended.

Figure 1.10: Inchworm movement sequence.
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ultrasonic motors. The slider is moved by this elliptical motion of the piezoelectric material.

These surface acoustic wave actuators can generate high speeds on the order of m
s

. Pre-loading

the slider to the stator is required for some of the piezoelectric ultrasonic actuators which is not

applicable for the aim of this dissertation. Also when the slider is at rest, there isn’t a locking

mechanism for any operations performed at that location.
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Chapter 2

Piezoelectric Inchworm Actuator Using Silicon as the Mechanical Material

The first design for the large stroke, high precision linear actuator is the piezoelectric inchworm

walker type actuator. This design was discussed in Chapter 1 and most of the actuators previ-

ously fabricated use metal for the frame and channel as well as being larger than desired for this

actuator. The main inchworm actuator presented in this chapter will use silicon as the frame

and channel which is advantageous in a few ways. Using silicon as the mechanical material

allows for miniaturization of the actuator and allows for batch processing by using standard

microelectronic fabrication processes. The precision of these processes allows for tight toler-

ances between the frame and channel therefore reducing the size of the piezoelectric material

placed in the frame. Microelectronic fabrication would also allow for the integration of the

electrical wiring for the piezoelectric stack actuators into the frame. The proposed inchworm

actuator uses two piezoelectric stack actuators for the step deflection as well as the normal two

piezoelectric stack actuators for the clamps placed in the frame, which is shown in Figure 2.1.

The reason for two step actuators is so a stage can be attached to the middle of frame and

avoid stresses applied to the stage during operation which would reduce the step deflection and

potentially damage the stage or anything attached to it. The piezoelectric stack actuators were

acquired from a third party manufacturer, CTS Corporation, and were ordered for the size of

the locations of the designed frame. The following sections in this chapter will discuss the

design and fabrication of an aluminum prototype as well as the final piezoelectric inchworm

actuator that uses silicon as the mechanical material for the frame and channel.
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Figure 2.1: Inchworm frame model.

2.1 Aluminum Piezoelectric Inchworm Actuator

A piezoelectric inchworm actuator was fabricated out of aluminum as a prototype before the

fabrication of the silicon frame and channel. For the piezoelectric inchworm actuator to oper-

ate, both the frame and channel must be fabricated so that the gap between the outside of the

frame and inside of the channel is small enough so that they come into contact when the piezo-

electric stack actuators are extended. The initial prototype was fabricated out of aluminum

with approximately a 1 mil (25.4 �m) tolerance. Due to the tolerance being known, the stack

actuators were sourced to deflect enough for operation of the design. The stack actuators for

the aluminum prototype, shown in Figure 2.2 are from the NAC2012 family that has a 3 mm x

3 mm cross-sectional area. The length of the clamp and step actuators are 28.7 mm and 12.3

mm respectively that includes the end hemisphere end pieces. The clamp actuators have a free

stroke of 37.6 �m while the step actuators have a free stroke of 12.5 �m. The stack actuators

were placed in the frame and bonded to the frame with super glue. The size of the aluminum

frame is 70 mm x 31 mm x 6.254 mm which is significantly decreased for the silicon version
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Figure 2.2: Piezoelectric stack actuators for the aluminum PIA.

discussed later in this Chapter. The aluminum prototype was intended to determine if the de-

sign was valid and to give insights into the next version. The following subsections discuss the

drive circuity and testing of the aluminum piezoelectric inchworm actuator.

2.1.1 Inchworm Drive Circuitry

The movement of the piezoelectric inchworm actuator, discussed in Chapter 1, is due to the

actuation of the individual stack actuators. The stacks act electrically as a capacitor and will

have an associated capacitance that is dependant on the size. The stack actuator needs to be

charged while limiting the current so to not damage the stack. A simple way to of limiting the

current while charging the stack is to use a resistor in series with the capacitor. The charge and

discharge equations of a capacitor through a resistor are respectively defined by the equations,

V (t) = V0(1� e
−t
τ ) (2.1)

V (t) = V0(e
−t
τ ) (2.2)

where � is the time constant and described by

� = RC (2.3)

29



Figure 2.3: Drive circuitry for the piezoelectric inchworm actuator.

The time chosen for the drive circuitry to fully charge or discharge each stack actuator is

5� since this is > 99% charged or discharged. The drive circuitry must be able to charge and

discharge each of the step actuators independently and the circuitry for an individual piezo-

electric stack actuator is shown in Figure 2.3. Each of the stack actuators can use the same

supply voltage as long as the total current draw does not exceed the power supply’s capability.

There are two sections of the drive circuitry, one that controls the charge/discharge of the stack

actuator and one that controls the voltage supply to the stack actuator. Both of these sections

work in tandem together so the stack actuator can be charged/discharged with the same time

constant for both while also limiting excess current draw from the supply. The left side of the

circuitry controls the supply voltage to the stack actuator. When the PWM signal to the NMOS

is low, the PMOS is turned off and the voltage is not supplied to the stack actuator. When the

PWM signal is high, the current flows through resistors R1 and R2 which gives a voltage drop

across R1 that turns the PMOS on so the voltage is applied the stack actuator. The resistors R1

and R2 can be selected to have a large enough resistance so the current that flows through these

resistors is very small. The right NMOS is used to charge and discharge the capacitor through

the series resistor RS. When the PWM signal is low, the NMOS is turned off and the stack

actuator is charged. When the PWM signal is high, the stack actuator will discharge through

RS to ground. The voltage supply must be turned off during this period so that the only current

flowing through the NMOS is from the stack actuator.

30



2.1.2 Results of The Aluminum Piezoelectric Inchworm Actuator

The piezoelectric inchworm actuator with the aluminum frame was tested for step resolution

at different voltages applied to the step actuators. For testing, the voltage applied to the clamp

actuators is 140V for all measurements and the voltage applied to the step actuators are 148V

and 20V increments from 20V to 140V. A 1 k
 resistor was used as the current limiting resistor

for all tests. The OptoNCDT 2300 interferometer by Micro-Epsilon is used to measure the step

resolution of the actuator. A ceramic piece is attached to the edge of the inchworm frame as the

surface the sensor measured and is shown in Figure 2.4. The area that is measured is higher than

the inchworm frame and this ceramic piece has vibration during the movement of the frame that

is not indicative of the actuator movement. Because of this, the step measurements have a 1 s

pause between each step to allow the vibration of the ceramic piece to settle out. Figure 2.5

shows the aluminum inchworm actuator step measurements at different voltages along with the

mean and standard deviation of the step sizes. The step measurements show the vibration of

the ceramic piece is larger with the higher voltage applied to the step actuator. To calculate the

mean step size and standard deviation, the data is taken 0.25 s before the start of the next step

when the vibration has settled out. The standard deviation of the steps is low and the mean step

size shows good linearity across the different voltages applied.

2.2 Silicon Piezoelectric Inchworm Actuator

The aluminum piezoelectric inchworm actuator shows high precision while capable of a large

possible stroke. The size of the aluminum actuator is larger than desired and a second version

is fabricated with the minimization of size in mind. Since the piezoelectric stack actuators are

sourced from a third party and are the source of the deformation within the frame, the size of

the silicon frame is dependent on them. The stack actuators were sourced from CTS Corp sim-

ilar to the ones in the Aluminum PIA, but are from the NAC2011 family with a cross-sectional

area of 2 mm by 2 mm. This was the smallest cross-sectional area that was offered in the stack

actuators. These stack actuators are shown in Figure 2.6 and do not have the end caps like the

stack actuators used in the aluminum frame. By reducing the size of the stack actuators, the
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Figure 2.4: Testing of aluminum PIA with ceramic attached to frame.

force exerted on the channel is also reduced as well as the clamp deflection. Due to this the

fabrication tolerance of the frame and channel must be tighter. While metal fabrication tech-

niques such as wire EDM are capable of very tight tolerances, these require long and expensive

fabrication process that are serially produced [64]. Instead of using a metal as the frame and

channel material, silicon was chosen to leverage the extremely high resolution of semiconduc-

tor processes. The modulus of elasticity for bulk silicon is higher than aluminum, but it is a

brittle material that will catastrophically fail if stressed too far. Structural simulations were

preformed to ensure the stresses are low enough for the silicon frame to operate as expected.

2.2.1 Simulation of the Silicon Piezoelectric Inchworm Actuator

The silicon piezoelectric inchworm actuator is simulated using Ansys Workbench to examine

multiple factors. The first is to determine the clamp deflection based on the piezoelectric stack

actuators that determines the required tolerance. The step resolution is also simulated to get an

approximation for the maximum step size. Additionally the stress in the silicon frame needs

to be kept below the fracture stress of single crystal silicon. The geometry of the frame and

piezoelectric stack were created as a single part instead of multiple parts. This forces the nodes
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(a) Steps at different voltages

(b) Standard deviation

Figure 2.5: Aluminum PIA step resolution data.
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Figure 2.6: Piezoelectric stack actuators for the silicon PIA.

at the interface between the stacks and frame to line up and bonds them without a contact

element. A command script was written to change the material properties of the solids to that of

the desired piezoelectric material, including the density, compliance matrix, piezoelectric strain

constants, and dielectric constants. The parameters used for the piezoelectric material is shown

in Table 2.1. A different command script was written to select the elements of the piezoelectric

material and change the solid185 elements and solid186 elements to solid226 and solid187 to

solid227. The new solid elements allow for the direct and converse piezoelectric effects with

the KEYOPT 1001. The material properties are also loaded into the elements that were defined

in the command script of the geometry with any compliance and piezoelectric coefficients not

listed in Table 2.1 set to zero. The parameters for the d31 and d33 are slightly less than the

values given by the manufacturer of the stack actuators, which would make the deformation

less per electric field intensity and may alter the force exerted by the stack actuator. This would

be important if the applied voltage was intended to be simulated exactly, but the model is of

a single piezoelectric material with the voltages applied to each end. To approximate the free

stroke of the actuator, the voltage is adjusted until the free stroke matched the measured data

reported by the manufacturer of the piezoelectric stack actuators. The clamp actuators have

a measured free stroke of 13.20 �m and 13.80 �m while the step actuators have a measured

free stroke of 5.60 �m and 5.90 �m. The free stroke of the simulated piezoelectric material

is chosen as the lower of the two values and is shown in Figure 2.7. The blocking force of

the piezoelectric stack actuators is not given but the family of actuators has a value of 168
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Table 2.1: Piezoelectric material properties for Ansys simulations.

Material Property Value Units
S11 16.4e-12 m2

N

S22 16.4e-12 m2

N

S33 20.65e-12 m2

N

S12 -5.74e-12 m2

N

S13 -7.22e-12 m2

N

S23 -7.22e-12 m2

N

S44 47.5e-12 m2

N

S55 47.5e-12 m2

N

S66 47.5e-12 m2

N

d15 584e-12 C
N

d31 -171e-12 C
N

d33 374e-12 C
N

d32 -171e-12 C
N

d24 0 C
N

�11 1730
�22 1730
�33 1700

N � 20%. Both actuators in the simulation are simulated with the clamp actuators and step

actuators having a blocking force of 183.76 N and 167.09 N respectively, which are both within

the tolerances from the manufacturer.

Once the piezoelectric material in the model matches the stack actuators from the manu-

facturers, these are simulated in the frame starting with the deflections of the clamp and step

actuators shown in Figure 2.8. The frame in these simulations consist of a single piece of

silicon, which is different form the fabricated silicon frame that has multiple pieces bonded

together for the total thickness. The clamp deflection shows a deflection slightly larger than

6.3 �m for each side of the clamp. The step deflection shows a step size of 2.87 �m that was

calculated by taking the average deflection of the end of each clamp actuator since these are the

areas that make contact with the channel. After the simulations of the silicon frame, the size of

the frame is 36.5 mm x 15 mm x 2.5 mm. This is approximately one-quarter of the size of the

aluminum frame.

The thin flexure points of the silicon frame will have the largest stress and the simulated

Von-Mises stress is also shown in Figure 2.8. The largest stress in clamp and step flexures

35



(a) Clamp actuator

(b) Step actuator

Figure 2.7: Simulated free stroke for piezoelectric stack actuators.
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(a) Deflection in direction of clamp actuator.

(b) Deflection in direction of step actuator.
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(c) Von-Mises stress on clamp flexure.

(d) Von-Mises stress on step flexure.

Figure 2.8: Silicon PIA stress and deflection simulations.
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are 222 MPa and 186 MPa respectively which is lower than the fracture strength of single

crystal silicon at the millimeter scale from [65]. These static simulations give a good indication

that the piezoelectric stack actuators do not exert enough force to damage the frame by simply

extending when the full voltage is applied. The frame will be operated in the sequence shown in

Figure 1.10 and the frequency of operation could cause stress issues. The inchworm frame was

simulated for the modal frequencies to determine which natural frequencies of the frame should

be avoided during operation. The first four modes of the frame with no boundary conditions

are shown in Figure 2.9. The lowest modal frequency is slightly below 6 kHz and each of

the modal deflections will be limited by the channel in some way. The frequency of operation

below the first modal frequency should not cause any additional stress that would damage the

silicon frame.

2.2.2 Fabrication of the Silicon Piezoelectric Inchworm Actuator

Silicon wafers are used to fabricate the frame and channel due to the extremely precise toler-

ances of the semiconductor industry as well as the ability for batch processing. The thickness

of the silicon frame and channel is 2.5 mm which fully fits the stack actuator while also hav-

ing an area on the bottom for the stack actuators to sit. Using 500 �m thick silicon wafers

requires five pieces to be bonded to complete a single silicon frame and channel. Multiple

frame pieces can be fabricated out of a single wafer, but the channels take up an entire wafer

so five wafers are needed for the channel. The fabrication starts with cleaning the double sided

polished silicon wafers using RCA clean step 1 followed by a 300 nm thermal oxidation. Next

the pattern of the frame of channel is created onto the top of the wafer using Az 9245 pho-

toresist and a protective layer of photoresist is applied to backside of the wafer before the top

layer of photoresist is patterned. Then the wafer is bonded to a oxidized backing wafer using

Dynatex WaferGrip to support pieces during the etching process. The wafer is then fully etched

using the DRIE process discussed in Chapter 1. After the complete etching of the top wafer,

the pieces are released, cleaned, and the thermal oxide is etched away leaving the bare silicon

frame and channel pieces. Figure 2.10 shows the top and bottom of a frame pieces after etching

and cleaning. The top side shows sharp straight edges while the bottom shows more rounding

39



(a) Mode 1

(b) Mode 2
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(c) Mode 3

(d) Mode 4

Figure 2.9: Modal frequencies of unbounded silicon frame.
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at corners as well as a more jagged edge. The rounding is most likely due to the sidewall an-

gle not being90� , while the jagged edges are likely due to the interaction of the reactive ions

and etching gasses at the bonding interface during the DRIE process. Additional process opti-

mization should be able to achieve a reduction in the jagged edges and rounded corners. After

the frame and channel pieces are etched, they are bonded together using Dynatex WaferGrip.

The frame pieces are aligned using the FC-150 �ip chip bonder, while the channel pieces are

aligned with mechanical clamps. During the bonding process, excess WaferGrip is on the sides

of the frame and channel, which is carefully removed after it is softened by acetone and iso-

propyl alcohol. Figure 2.11 shows the fully bonded frame and channel of the PIA and Figure

2.12 shows the edge pro�le of the bonded frame. The sidewall angle is not exactly90� and

the bonding tolerance could be improved some, but overall the fabricated device is acceptable.

The last part in the fabrication of the silicon frame is to attach the piezoelectric stack actua-

tors. They are placed on the ”feet” of the bottom frame piece and are attached at the ends with

adhesive. The electrodes of the stack actuators are also wrapped with Kapton tape to prevent

any electrical arching although this step is probably unnecessary. Figure 2.13 shows the fully

fabricated silicon inchworm frame.

2.2.3 Testing of the Silicon Piezoelectric Inchworm Actuator

The testing of silicon PIA starts with testing the quality of the fabrication processes. The chan-

nel wafer has three different sized channels, 15� m, 20� m, and 25� m larger than the frame in

the dimensions of the photolithography masks. The only channel that the PIA operated in is the

channel 15� m larger, which shows the good fabrication and bonding tolerances. The simulated

clamp de�ection of 12.7� m is slightly smaller than the intended gap between the frame and

channel. The bonding tolerance, fabrication tolerance, and potential errors in the simulation

make up for the difference between the intended tolerance and simulated de�ection so the PIA

operates. By improving the fabrication processes, it is possible to decrease the tolerance for

a better operation. At the very beginning of the testing, silicon ”dust” was observed to start,

which would imply some of the sharper edges of the silicon pieces being broken off. Quickly

after the �rst operation, these silicon particles are no longer seen throughout operation. The

42



(a) Top side

(b) Bottom side

Figure 2.10: Silicon edges after DRIE of frame piece.
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(a) Silicon frame

(b) Silicon channel

Figure 2.11: Fully bonded pieces of silicon PIA.
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Figure 2.12: Bonding tolerance of silicon frame bonding.

Figure 2.13: Fully assembled silicon PIA frame.
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drive circuitry used to test the silicon PIA is the same drive circuitry used with the aluminum

PIA. As discussed in that section, this drive circuitry operates by successfully charging and

discharging each stack actuator independently with a known rise and fall time to protect the

stack actuator from damage. However this circuitry requires a larger peak current as the veloc-

ity requirement increases due to the series resistor being smaller for a faster rise and fall time.

Better circuitry is available to drive the piezoelectric stacks such as a charge controller [66].

The silicon PIA was tested for both step resolution and velocity. These are measured using an

OptoNCDT 2300 interferometer by Micro-Epsilon. Since the frame sits completely inside the

channel that surrounds it from each side, a ceramic piece was attached to a side of the frame

to act as the surface for the interferometer to measure. Figure 2.14 shows the testing setup

including the ceramic added for measurement.

2.2.4 Results of Silicon Piezoelectric Inchworm Actuator

The silicon PIA is tested for both step resolution and velocity, but the velocity is limited by

the series resistor in the drive circuitry. There is a ceramic piece attached to the frame so the

measurements can be taken. This ceramic piece is essentially a cantilever beam and vibrates

when a single step occurs. Due to this, the step resolution is tested with a 1s delay between

each step giving the vibration of the ceramic time to settle out. The voltage applied to the

clamp actuators is 148V for all tests, which is slightly lower than the 150V maximum voltage

of the stack actuators. For the step resolution tests, the voltage applied to the step actuators is

148V as well 20V increments from 20V to 140V. A 10 k
 series resistor is used during the

testing of the step sizes to reduce the vibration of the ceramic during each step. Once the PIA

starts movement or changes direction, the step displacement varies but settles out after a few

steps. This variation may be due to friction in the channel and once the frame builds inertia in a

direction the effects of the friction even out with the continuing steps in that direction. Because

of this, the �rst steps were ignored in the step resolution data. Each voltage is tested twice

with 125 steps in the direction towards the sensor. The �rst 25 steps are ignored so the initial

variability of the steps would not be included in the data. During testing, the PIA has slightly

larger steps in the direction towards the sensor than away from it. The ceramic piece attached to
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(a) All components for testing

(b) Ceramic piece for measurements

Figure 2.14: PIA testing setup.
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the end of the frame could be part of the cause, but more likely is that one of the clamp actuator

exerts a larger force on the channel than the other one, which corresponds to the measured

free stroke by the manufacturer of each clamping actuator. Tests are also performed with the

ceramic piece attached to the other end of the frame and show similar results that one clamp

is more effective. Figure 2.15 shows the displacement data with (a) showing the displacement

data from the OptoNCDT 2300 interferometer and (b) showing the mean step sizes and the

standard deviation shown as error bars. The sensor measures data in the direction of the sensor

as negative values and that is how it is shown in Figure 2.15 (a). The data for the mean step

size and standard deviation is taken from the end of the 1s pause to negate the in�uence of the

ceramic vibration as much as possible. The mean value of the step size is reasonably linear as

the voltage increases especially at the higher voltages, which is what should occur. When the

step resolution was tested at 20V, there is more variation between steps than the other voltages

including a few steps that occurred in the wrong direction. It is believed that the variability

of the initial steps, as well as the inconsistency of the 20V steps, is due to the friction in the

channel. The mean step size at the maximum voltage is larger than the simulated step size,

which can be partly attributed to the actuators having a larger stroke than predicted in the

simulation.

Figure 2.16 shows the velocity tests of the silicon PIA. The velocity measurements are

tested with 148V applied to the step actuators and �ve different frequencies of operation are

tested. The velocity is tested at �ve different values of the series resistor, which are 10 k
 , 5

k
 , 1 k
 , 500 
 , and 100
 . This corresponds to a driving frequency of 16.6 Hz, 33.2 Hz,

165 Hz, 326 Hz, and 1.51 kHz respectively and each of these frequencies is lower than the �rst

modal frequency simulated in subsection 2.2.1. Each velocity test contains 250 steps in the

direction towards the sensor. The total distance covered with the different frequencies differs

slightly which is due to each step not being exactly equal, but the measured velocities are 0.065

mm/s, 0.13 mm/s, 0.63 mm/s, 1.23 mm/s, and 6.3 mm/s at their respective frequencies. During

the tests at the highest frequency, more slipping is observed than at any other frequency. This

frequency did not damage the silicon PIA, but may be too large for consistent steps.
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(a) Steps at different voltages

(b) Mean and standard deviation

Figure 2.15: Silicon PIA step resolution data.
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Figure 2.16: Silicon PIA velocity data

2.3 Conclusion

The piezoelectric inchworm actuator that uses silicon as the frame and channel is successful in

the fabrication and testing. The size is greatly reduced from the aluminum design and is shown

in Figure 2.17. The step sizes are much smaller in the silicon frame, but the standard deviation

of the step size is larger. This is likely due to friction between the silicon frame and channel.

Optimizing the fabrication processes should reduce this friction to some degree. Even with this

friction, the silicon frame exhibits sub-micron resolution when the step actuators are driven at

40 V and below. Besides the tight tolerances of silicon processing techniques, batch processing

can be used that is more ef�cient than the serial nature of metal fabrication techniques such as

Wire EDM. Silicon also allows for the possibility of incorporating the electrical connections

into the frame.
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Figure 2.17: Size comparison of aluminum and silicon inchworm frames.
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Chapter 3

Electrostatic Linear Stepper Actuator

The second actuator examined is an electrostatic linear stepper actuator. As discussed in the

Introduction, a stepper motor will move one step when the excitation is changed, which could

be based on many operating principles. This stepper motor uses electrostatic forces by ap-

plying voltages to the actuator electrodes. The design consists of a stator and a slider, both

patterned with the electrodes so that the slider will move across the stator when the voltages

of the electrodes are changed. While there have been surface drive actuators developed using

�exible PCB fabrication techniques, this electrostatic linear motor will be fabricated on silicon

wafers using the high precision of the microelectronic industry. The slider electrodes face the

stator which allows the other side of the slider to act as a stage. This allows for circuitry to be

integrated onto the top of the stage for numerous possible applications. The surface drive actua-

tors discussed in the section about electrostatic actuators, which this electrostatic linear stepper

actuator emulates, has variants mainly on the number of slider electrodes to stator electrodes

and AC vs DC drive circuitry.

The main electrode con�gurations examined consist of three slider electrodes to three

stator electrodes or four slider electrodes to three stator electrodes. Figure 3.1 shows these two

layouts and the step of each when moving to the right. This comparison has the same electrode

width for both the stator and slider and the same stator pitch for each electrode con�guration.

The electrodes are numbered, shown in blue, and the same numbered electrodes in their piece

are electrically connected. The stator pitch shown in Figure 3.1 is twice the electrode width with

the gap between the electrodes shown in green. For the 3:3 electrode con�guration, the slider

pitch is the same as the stator pitch. For a single step to the right, electrode “1” in the slider will
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(a) 3:3 Electrode Con�guration - Aligned

(b) 3:3 Electrode Con�guration - Step to Right

(c) 4:3 Electrode Con�guration - Aligned

(d) 4:3 Electrode Con�guration - Step to Right

Figure 3.1: Possible stator and slider electrode con�gurations

move over to line up with electrode “2” of the slider resulting in an individual step equaling the

electrode pitch of the stator and slider. In the case for the 4:3 electrode con�guration, the slider

pitch of the electrodes is smaller than the stator pitch and is equal to3� StatorP itch
4 . For a single

step, the slider electrode “2” moves to line up with the stator electrode “2” resulting in a much

smaller step size than for that of the 3:3 electrode con�guration. The step size, calculated as

SliderP itch
3 , is therefore1

4 of the size of the 3:3 electrode con�guration for the same electrode

width and pitch of the stator. Due to this reduction in step size, the 4:3 electrode con�guration

was chosen for the electrostatic linear stepper motor discussed in this Chapter. The following

will discuss the design, simulation, and fabrication of the actuator that should act as a building

block for the possible change to the size depending on application.

3.1 Simulation of Electrostatic Forces

The force that moves the slider across the stator are due to the electrostatic forces between

the electrodes in the stator and slider. Equation 1.9 shows the force between a parallel plate

capacitor is useful to understand how the forces will change with voltage, dielectric constant,

area of electrode, etc., but the magnitude of the force and the vector will change depending on

53



Figure 3.2: Simulation geometry in Ansys Workbench

Table 3.1: Simulated electrode voltage patterns

Pattern # Stator 1 Stator 2 Stator 3 Slider 1 Slider 2 Slider 3 Slider 4
1 Ground Ground Ground Ground Positive Ground Ground
2 Ground Ground Positive Ground Positive Ground Positive
3 Positive Ground Ground Positive Positive Ground Ground
4 Positive Ground Positive Positive Positive Ground Positive

how offset the slider and stator electrodes are to each other. The vector of the force is important

since it will determine how much of the force is in the direction of movement versus how much

of the force is normal to the slider. The additional normal force will increase the frictional

force that the slider will have to overcome. The electrostatic forces are simulated using Ansys

Workbench with the PiezoAndMEMS.act extension. This extensions easily allows a body to be

assigned the element type that allows for the forces that are desired, and in this case SOLID227

elements. In the simulation, only the electrodes are in the model and it does not include any

connections on the top layer. The electrodes are separated by a dielectric that consists of the

SOLID227 element that the electric �eld travels through. Fixed supports are applied to the top

of the slider and the bottom of the stator. A force reaction probe on the slider gives the reactant

force on the �xed support and is the equal and opposite of the force generated by the voltages

applied to the electrodes. Unless speci�ed otherwise, the geometry contains four electrodes

on the slider and �ve electrodes on the stator that has one electrode off the side of each of the

outside slider electrodes as shown in Figure 3.2. The electrodes are shown in yellow.
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The analysis type used in these simulations is static-structural which only gives a force

reaction at the particular place the slider sits on top of the stator. To get an understanding

of the forces throughout the step, multiple simulations are run while moving the slider a small

distance in the direction of movement throughout one step. The geometry needs to be simulated

for numerous variables, but the �rst variable examined was the voltage pattern on the electrodes.

Four different voltage patterns were simulated to determine which offered the best force. The

voltage patterns are shown in Table 3.1 and some of the other parameters of the simulation

are: the applied voltage is 800 V, the dielectric constant of the polyimide is 3.3, the electrode

width of both stator and slider is 100� m, the electrode length is 400� m, and the gap between

stator and slider electrodes is 75� m. The voltage pattern was simulated for two different

stator pitches, 200� m and 300� m that corresponds to a slider pitch of 150� m and 225� m

respectively. The simulated forces are shown in Figure 3.4 showing the force in the direction

of movement, the force normal to movement, and the ratio of the force. The ratio of the force

in the direction of movement to the normal force is useful as it pertains to the frictional force

the slider will have to overcome. If the friction coef�cient is above this ratio, neglecting any

momentum, then the slider will not be able to overcome the friction to move. Each step is

simulated at 11 evenly spaced intervals across the step so each of the forces are plotted at the

percentage across the step to make it easier to compare the forces of different pitches. The

meshing of the model was adjusted through various simulations to decrease the size of the

elements for better accuracy, but the volume of the polyimide did not allow for decreasing the

size of each element too far as this caused unreasonable run times if the simulation completed

at all. A maximum element size of 7.5� m with a re�nement of 2 at each of the electrode faces

is used for all the simulations. A mesh for the the model with these parameters is shown in

Figure 3.3.

It can be seen that the plots in Figure 3.4 are not very smooth which indicates some error

in the simulations due to the meshing of the geometry. The plots show that the voltage pattern

1 has a much smaller force and a lower force ratio than the other three voltage patterns due to

having fewer voltages involved in creating the forces. This voltage pattern has a force in the

direction of movement of 0 N at the end of the step which could be useful when stopping the
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Figure 3.3: Mesh of geometry in Ansys Workbench

slider is required. The other three voltage patterns have forces in the direction of movement

reasonably close together, but the plot of the force ratio gives us a better indication of which is

better. Voltage patterns 3 and 4 have a higher ratio than voltage pattern 2 which would allow

for a larger friction coef�cient between the stator and slider.

The pitch of the stator and slider electrodes has an impact on the forces and more pitches

were simulated. These plots of various stator pitches are shown in Figure 3.5. Voltage pattern

3 and 4 show similar forces in the simulations, but the following simulations only use voltage

pattern 4. The forces in the direction of movement decrease as the stator pitch increases and

the force ratio appears to increase as the stator pitch decreases with the exception of the 150

� m pitch. The error of the the plots can be seen as the line is not smooth but all of the force

ratios are above 0.25.

The last variable simulated in Ansys Workbench is the gap between the electrodes. Figure

3.6 shows the data for the electrode gaps varying from 30� m to 100� m in 10 � m intervals.

The forces show what we knew from the electrostatic force equation, both the direction of

movement and normal to movement are exponentially greater as the gap between the electrodes

is decreased. However, the force ratio decreases as the gap between electrodes decreases. This

shows there is a trade-off to generating more force if the frictional force increases large enough

that the slider is unable to move. These simulations give us an idea of how the geometry of the

electrodes will affect the force generated. The friction coef�cient between the stator and slider

will also have a massive impact on how the electrostatic linear stepper actuator performs. The

next section will discuss the design of this actuator taking into account the force simulations.
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(a) y = x

(b) y = 3sinx

3.2 Design of Electrostatic Linear Stepper Actuator

As previously discussed, the electrostatic linear stepper actuator will contain two different parts,

the stator and slider. Both of the parts use copper as the conducting material and HD 4110
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(c) y = 5=x

Figure 3.4: Voltage pattern simulations of electrostatic force in Ansys Workbench.

polyimide, from HD Microsystems, as the dielectric. HD 4110 is a photo-de�nable polyimide

that has a dielectric constant of 3.36 which closely matches with the dielectric constant of the

simulated body between the electrodes. Since both sets of electrodes require voltages applied

to them, the slider will contain through silicon vias (TSVs) to get electrical connection from

the top of the slider to the electrodes facing the stator. This requires the slider substrate to be

silicon whereas a borosilicate glass substrate was chosen for the stator. The simulation forces

discussed in the previous section are only a fraction of the total force since there are only

four slider electrodes that are 400� m long. The total force can be extrapolated based on the

electrostatic force equation since the added length will proportionally increase the area of the

electrodes. The electrode length, for the 100� m wide electrodes, of this design was chosen

as 25 mm which is 62.5 times larger than 400� m. In addition to the longer electrodes, the

design will have 24 sets of the four slider electrodes, which equates to a multiplying factor of

1500 for the forces simulated (62.5 times 24). In addition to the multiplier, frictional forces

are also taken into account along with an estimated size of the slider to calculate the mass that

will be added to the normal force from the simulations. Equation 3.1 was used to calculate the

58



(a) Force in Direction of Movement

(b) Force Normal

force in the direction of movement at based on the simulated forces and the friction coef�cient

whereFT is the total force in the direction of movement,FMS is the simulated force in the

direction of movement,FNS is the simulated normal force,FSM is the force due to the mass of

the slider, andmult is the multiplier used to scale up the simulated forces to the desired size.
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(c) Force Ratio

Figure 3.5: Ansys Workbench electrostatic force simulation results of different stator pitches.

The estimated size of the slider in these calculations is 30 mm x 30 mm x 0.6 mm comprised

of only silicon. Using this equation, Figure 3.7 shows the force across the step for various

dielectric gaps with different friction coef�cients at a stator pitch of 200� m and Figure 3.8

has the data for the 300� m stator pitch. The minimum value of the force shown is 0 N and

any negative values are cut off of the plot since the electrostatic force cannot overcome that

particular friction coef�cient. It should be noted that these plots do not take into account any

inertia which would help with the movement of the slider.

FT = FMS � mult � ((FNS � mult ) + FSM ) � � f (3.1)

The calculated forces at various friction coef�cients show that a smaller dielectric gap

generates more force at a lower friction coef�cients and that a friction coef�cient above 0.25 is

too large for movement across the entire step. As the friction coef�cient increases, the dielectric

gap needs to increase to maintain a positive force across the step to somewhere around 60-

80% of the electrode width. The forces of the 200� m and 300� m stator pitch are similar to
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(a) Force in Direction of Movement - Stator Pitch = 200� m

(b) Force in Direction of Movement - Stator Pitch = 300� m

each other at the various friction coef�cients based on the Ansys Workbench simulations. The

chosen design is a stator pitch 3 times the electrode width with a dielectric gap approximately

70% of the electrode width that could generate forces in the tens of mN. This pitch was chosen

to allow more room for the vias in the polyimide to make the fabrication easier. Increasing the
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(c) Force Normal - Stator Pitch = 200� m

(d) Force Normal - Stator Pitch = 300� m
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(e) Force Ratio - Stator Pitch = 200� m

(f) Force Ratio - Stator Pitch = 300� m

Figure 3.6: Ansys Workbench electrostatic force simulation results of different dielectric gaps.
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(a) Stator Pitch = 200� m; � f = 0.1

(b) Stator Pitch = 200� m; � f = 0.15

voltage, electrode length, or number of electrode sets will increase the total force that could be

generated if the slider is unable to move or if larger forces are desired. The mask designs for

both the stator and slider contain electrode widths of three different sizes. There are 60� m, 80

� m, and 100� m electrode width parts on each the stator and slider, although the length of the
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(c) Stator Pitch = 200� m; � f = 0.2

(d) Stator Pitch = 200� m; � f = 0.25
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(e) Stator Pitch = 200� m; � f = 0.3

(f) Stator Pitch = 200� m; � f = 0.35

Figure 3.7: Calculated force vs. dielectric gap at different friction coef�cients with a 200� m
stator pitch.
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(a) Stator Pitch = 300� m; � f = 0.1

(b) Stator Pitch = 300� m; � f = 0.15
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(c) Stator Pitch = 300� m; � f = 0.2

(d) Stator Pitch = 300� m; � f = 0.25
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(e) Stator Pitch = 300� m; � f = 0.3

(f) Stator Pitch = 300� m; � f = 0.35

Figure 3.8: Calculated force vs. dielectric gap at different friction coef�cients with a 300� m
stator pitch.
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(a) Entire slider piece (b) Zoomed in on electrodes

Figure 3.9: Mask layout of slider containing four electrodes per set.

60 � m and 80� m electrode pitch is 20 mm long instead of the 25 mm length of the 100� m

electrode width. The slider design has the same three, but also has a 100� m electrode width in

the 3:3 slider to stator electrode con�guration with the goal of a comparison.

Every third electrode in the stator and every fourth electrode in the slider require electrical

connection so these electrodes sets are connected to the same pad that will be connected to the

outside circuitry. Two of the electrodes on both the stator and slider can be connected out to the

side of each other at the top metal layer, while the other connections are made a layer below

and require vias. Figure 3.9 shows this via connection of the mask design of the 100� m slider.

Figure 3.9 (a) shows the entire slider with the electrodes on the left side, the TSVs on the right

side, and (b) shows a close-up of the electrodes and connections. The electrodes are shown in

green, the vias in yellow, and the connection of the vias shown in brown.

3.3 Fabrication of Electrostatic Linear Stepper Actuator

The fabrication of the electrostatic linear stepper motor consists of two main parts, the stator

and slider. The substrate of the stator is a 150 mm borosilicate glass wafer and the slider sub-

strate is a 500� m thick, 100 mm diameter silicon wafer. The fabrication stack-up is shown in

Figure 3.10. The stack-up is similar for both pieces with the exception of the through silicon
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(a) Stator

vias that are required in the slider to get electrical connection to the top side of the slider. Metal

deposition layers of 50 nm Ti and 500 nm Cu and dielectric layers of HD 4110 photode�n-

able polyimide were used to route electrical connection from input locations to the electrode

metal layer. Vias in the polyimide were electroplated with copper to route electrical connection

through the dielectric.

The stator fabrication starts with a clean using the RCA clean step 1 to remove any organic

contaminants. The �rst metal layer is patterned using Az 9245 photoresist followed by the

metal deposition of 50 nm Ti and 500 nm Cu. Liftoff is performed in acetone before the �rst

polyimide layer is deposited, exposed, developed, and cured. Copper is then electroplated

through the vias to the surface of the polyimide layer before the next metal layer is patterned

and deposited. This second metal layer contains the electrodes that is then insulated by another
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(b) Slider

Figure 3.10: Fabrication stack-up for stator and slider.
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(a) Electrodes after second metal deposition(b) Stator wafer before dicing to remove electro-
plating pad

Figure 3.11: Stator fabrication at various processing steps.

polyimide layer. This second polyimide layer contains openings for the electrical connections

from the drive circuitry. Copper is electroplated in these openings to the surface of the second

polyimide layer to make electrical connection more accessible. Additional polyimide layers

were added to build up the thickness of the dielectric to achieve the desired gap between the

electrodes based on the simulations. Each metal layer was routed to a copper pad at the edge

of the wafer for electroplating through the vias in the polyimide. Following the last polyimide

layer, this copper pad was diced using a Disco 3220 Dicing Saw to isolate each electrode

connection from each other. Figure 3.11 shows images of the stator during fabrication.

The slider fabrication starts with the fabrication of the TSVs. The wafers are cleaned using

the RCA clean step 1 to remove any contaminants and then a 300 nm thermal oxide was grown.

The TSVs are then patterned in Az 9245 photoresist and the exposed oxide is etched in buffered

oxide etch to expose the silicon. The wafer is then bonded to a backing wafer before the DRIE

process for mechanical support during etching. The TSVs are then fully etched through the

wafer using DRIE in a STS Advanced Silicon Etcher. After the etching is completed, the

slider wafer is separated from the backing wafer, cleaned again using the RCA clean step 1,

and the oxide is etched using BOE. A thick thermal oxide of 1� m is then grown to serve as

the electrical insulation between the TSVs. A copper backing wafer is prepared by cleaning,
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thermally oxidizing, spinning a solid layer of photoresist across the wafer, and a blanket 500

nm copper layer is deposited to �nish the copper backing wafer. Photoresist is then spun onto

the backing wafer and the slider wafer, with etched and oxidized TSVs, is then attached to

backing wafer before the softbake of the photoresist. The photoresist is then exposed and

developed revealing the copper at the bottom of the TSVs. Next copper is electroplated using a

DC current supply at a current density around 10mA
cm2 . Once the TSVs are electroplated above

the surface of the wafer, the wafer is placed in acetone to release the slider wafer from the

backing wafer. After the release, the copper bumps on both sides of the wafer are sanded down

using a grinding wheel and 1000 grit paper so that they are �at with the surface of the wafer,

�nishing fabrication of the TSVs. Using the grinding wheel to polish down the overburdened

copper is not ideal and using chemical mechanical polishing (CMP) would be much better. The

grinding wheel did leave some scratches in the thermal oxide. The front side of the wafer is

then fabricated in the same manner as the stator with the two metal and two polyimide layers.

The second polyimide layer of the slider wafer is not patterned since there isn't a need for

any openings on that side. After the fabrication of the front side is �nished, a metal layer is

patterned and deposited on the back side for pads for the electrical connection to the drive

circuitry. And �nally, the slider pieces are diced from the wafer. Figure 3.12 shows images of

the stator during fabrication.

3.4 Testing of Electrostatic Linear Stepper Actuator

Following the fabrication of the stator and slider, wires were connected to the the pads using a

silver epoxy. These wires were fed into the drive circuity board to supply each electrode with

the necessary voltage. The drive circuitry, shown in Figure 3.13 for a single electrode, is used

to independently control the voltage of each electrode, which has seven voltage outputs in total.

The drive circuitry is similar to that used for the piezoelectric inchworm actuator, with the dif-

ference being that the voltage rail is not cut off during discharging. This is because the resistor

values used are much higher than were used for the inchworm drive circuitry and the excess

current draw when the voltages are grounded can easily be supplied by the power supply. A
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(a) After TSV fabrication (b) After electrode metal deposition

(c) Fabricated slider wafer (d) Diced slider pieces

Figure 3.12: Slider fabrication at various processing steps.
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Figure 3.13: Drive circuitry for electrostatic linear stepper actuator

PWM signal from an Arduino MEGA 2560 controls the NMOS transistor which in turn con-

trols the voltage supplied to the electrodes. When the PWM signal is low the NMOS transistor

is off which makes the electrode voltage that of the supply voltage. And when the PWM signal

is high, the NMOS transistor is on which grounds the electrode. The supply voltage generated

by a Keithley 2260B-800-1 DC power supply and is used for all of the electrodes.

The electrostatic linear stepper actuator is tested �rst using 26 gauge wire and it was

noticed that the stiffness of the wires had a large impact on where the slider would sit on the

stator. Due to this, smaller 32 gauge wire replaced the larger ones for the testing. During the

tests, the slider was not able to move down the stator with the voltage sequence applied, but

did exhibit a good attractive force to the stator during certain tests. The stator wafer was able

to be turned180� and the slider was able to stay attached to the stator through the electrostatic

force while upside down, as shown in Figure 3.14. Since there is no movement down the stator

in the desired direction of movement, other attempts were made to help the movement. First

new stator wafers were fabricated with larger electrode widths at the same pitch so there is

more overlap between the slider electrode and the stator electrode of each step, which did not

alleviate the issue. Te�on spray was also coated on the stator wafers to try and reduce the

friction coef�cient, but this also did not work. Throughout the testing it was also noticed that
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(a) Right-side up (b) Up-side up

Figure 3.14: Electrostatic linear stepper actuator testing

while the stiffness of the smaller gauge wire is much less than the larger gauge wire, it still has

a large impact on how the slider moves. At this point the �exible cables were fabricated and

attached to the slider pieces. The electrostatic linear stepper actuator was not able to be tested

with the �exible cables because by this time the electrical isolation between the electrodes had

broken down to a few hundred
 s. This occurred on all of the sliders pieces that had been

fabricated. Throughout testing, it appears that the breakdown occurred in the isolating thermal

oxide layer in the TSVs. This likely occurred due to the electroplated copper diffusing into

the oxide by a combination of thermal diffusion and ion drift. Since the sliders at this point

were unusable and did not work as intended initially, the electrostatic linear stepper actuator

was redesigned and the second version is discussed in the following section.
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After breakdown, tests were run on the friction of the polyimide surfaces. To crudely get

an idea of the friction coef�cient, the stator was placed on a stage with a hinge that could raise

one end of the stator. The slider was placed on the stator and the stage would raise until the

slider broke friction and moved down the stator. The angle that the slider breaks the friction

and moves is the coef�cient of friction, which can be derived from Equations 1.18 and 1.19.

This friction coef�cient was tested �ve times and averaged with different loads on the top of the

slider. The loading was performed in increments of 2.5g up to 12.5 g. After these measurements

were taken, the surface of the stator was lightly roughened with 800 grit sand paper and the

measurements were taken again. Figure 3.15 shows the friction coef�cient before and after

roughening the surface of the stator wafer. It can be seen that without any load, as was tested,

the friction coef�cient is much larger than can overcome the forces based on the simulations.

Roughening the surface does reduce the friction coef�cient some as well as increasing the load

on the stator.

3.5 Version 2 of the Electrostatic Linear Stepper Actuator

Version 1 of the electrostatic linear stepper motor gave insight to multiple issues affecting

the movement. First, the friction between the polyimide surfaces was fairly large and needed

roughening and some load on the slider to decrease it to a reasonable level based on the simu-

lations. Having small glass beads is an option to reduce the friction and is used in most of the

surface drive actuators discussed in Chapter 1, although this is not desired as it could be an is-

sue during certain applications. Second, the dielectric breakdown between electrodes was only

observed in the slider wafer and not the stator wafers. It is likely that the dielectric breakdown

occurred in the TSVs, but also could have occurred on the surface at the location of the pads for

bonding the external wires to the slider. Either case requires a barrier layer between the thermal

oxide and the electroplated copper or pads for electrical connection. These are the large issues

that need addressing for version 2 of the electrostatic linear actuator, but other changes were

made to the layout as well. The slider was diced through the polyimide layers as there were not

any dicing lanes that did not contain polyimide. While this was not a big issue at �rst, after the

testing the polyimide starts to peel up at the edge of the slider, which is shown in Figure 3.16 at
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(a)

Figure 3.15: Friction coef�cients of slider and stator
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