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Abstract

Smart Cantilever Beams for Nanomanipulation
by

Yan Chen

A smart micro cantilever beam, consisting of an atomic force microscope probe bonded
with a piezoelectric actuator, is proposed to enhance the ability of mechbanical nanoma-
nipulation. A precise three-section Euler-Bernoulli beam model is developed to describe
the dynamics of the Beam. The forced vibration solution of this model with respect to
two independent inputs from the piezoelectric actuator and the base excitation is derived.
 Through the solution and the geometry relationship, the trajectory of the end of the tip
is obtained from the motion of the free end of the AFM probe. Based on the resonant
response from two harmonic inputs, nano-scale elliptical and> linear tip trajectories are
predicted at the second dynamic mode. Analytical and numerical studies show that the
characteristics of the resulting trajectories are influenced by the magnitudes of the two
inputs. The potential applications of the elliptical and linear trajectories for nanomanip-

ulation are proposed.
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Chapter 1

Introduction

Nanomanipulation, one important area in nanotechnology, has attracted more and more
attention recently [46, 15,48, 53, 52, 41]. Chronologically, nanomanipulation examples on
positioning atoms were first reported in the late 1980s [5, 17, 16], which usually happened
in a scanning tunnelling microscope (STM) system at a very low temperature. Along with
the development of microscopy, other instruments, such as the Zyvex S100 system and
atomic force microscope (AFM) system, have also been applied to push nano-spheres [34]
and nano-wires [53]. |

Although manipulation of nano-scale objects has been realized for almost twenty years,
there are a variety of definitions of nanomanipulation in the nanotechndlogy’ community.
Thus, different definitions of nanomanipulation are first discussed in Section 1.1. A gen-
eral definition of nanomanipulation is proposed and applied to explain the relationship
between nanomanufacturing and nanomachining. Next, different approaches and the main
tools of nanbmanipulation are introduced. Mechanicalinanomanipulation as one impor-
tant approach is emphasized and the basic configuration of a mechanical nanomanipulation
system is discussed. In the basic configuration, a micro-scale cantilever beam structure is
introduced as one key component to directly interact with nano—objects.

Section 1.2 presents how smart materials, like piezoelectric materials, can be applied
" to modify a micro-cantilever beam structure. Thus, the so-called smart micro cantilever
beam is expected to generate new dynamics due to the introduction of smart m’aterials.
The resulting new dynamics of the smart micro cantilever beam are anticipated to be

used in new nanomanipulation tasks. Following this idea, three different approaches are



explored to develop smart micro cantilever beams with smart materials in Section 1.3.
The main results and feasibility of each approach are discussed. Finally, the outline of this

thesis is shown in Section 1.4.

1.1 Nanomanipulation

In order to identify the scope of research in the area of nanomanipulation, the definition of
nanomanipulation must be specified first. However, although the first nanomanipulation
example was reported twenty year ago [5], there is no agreement in the literature regarding
the definition of nanomanipulation.

One definition of nanomanipulation was proposed as the manipulation of nanometer
size objects with a nanometer size end-effector with (sub)nanometer precision [46]. In
this definition, the object, method and requiremenf of nanomanipulation are contained.
However, the utility of a nanometer size end-effector is not necessary for nanomanipulation
since many chemical and physical methods are applied in nanomanipulation without a
physical end-effector. For example, an electric field was used to achieve nanomanipulation
in order to assemble nano-scale objects [45].

Another definition of nanomanipulation is given [1]: the process of manipulatihg items
at an atomic or molecular scale in order to produce precise structures. In this definition,
the object and purpose of nanomanipulation are identified. However, the aim of nanoma-
nipulatioﬁ must be discussed further. Many nanomanipulation procedures are designed
for fhe test of mechanical characteristics of nano-scale materials, which do not necessarily
lead to precise structures. For example, if mechanical characteristics of a nano-wire need
to be measured, the first step is to pick up one nano-wire from a lot of nano-wire samples
effecti\}ely and quickly, and then accurately position the nano-wire for testing. During this
challenging process, no new structure is produced.

Based on the existing definitions, a more general definition of nanomanipulation is

proposed in this thesis: nanomanipulation is a process in which nano-scale objects are



manipulated by controlled external forces or mechanisms with (sub)nanometer precision.
In this definition, the object, method and requirement of nanomanipulation are contained.
All the chemical, physical and biological methods are included in this definition. The
process not the purpose of nanomanipulation is emphasized since nanomanipulation may
not have an obvious aim to achieve comparing with nanomanufacturing. Furthermore, this
definition also clearly distinguishes nanomanipulation from two other important concepts,
nanomanufacturing and nanomachining.

Nanomanufacturing as a higher level concept was defined as all processes aimed toward
building of nanoscale (in 1D, 2D or 3D) structures, features, devices, and systems suitable
for integration across higher dimensional scales (micro-, meso; and macroscale) to provide
functional products and useful services [7]. From this definition, it is clear that nanoman-
ufacturing emphasizes nano-scale devices and systems with certain function, which does
not need to be satisfied in the pr'ovcess of nanomanipulation. Nanomanufacturing is a
systematical concept which requires more complicated tools and processes. The progress
and vigorousness of nanomanufacturing is based on accurate, quick, integrated and au-
tomatic nanomanipulation. Recent progress and examples in nanomanufacturing can be
found [14]. Nanomachining involves changing the structure of nano-scale materials and
usually portions of the nano-structure are removed or modified [1]. From this definition,
nanomachining can be regarded as a subset of nanbmanipulation which emphasizes struc-
ture change. One example on nanomachining is the action of indenting sample surface in
nanolithography [28].

From the discussion above, nanomachining is able to be considered as a special case of
nanomanipulation, which is the basis of nanomanufacturing. Therefore, although nanoma-
nipulation usually involves simple actions such as pushing or pulling, cutting, picking
and placing, positioning, orienting, indenting, bending, rubbing, twisting and assembling, |
this field is one key component of nanotechnology. Next, the main approaches and tools

adopted in nanomanipulation will be introduced .

According to different criteria, the approaches of nanomanipulation are classified into
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Figure 1.1: Categories of nanomanipulation approaches [46, 15]

different categories shown in Figure 1.1, which is modified from [46, 15]. Two main ap-
proaches, top-down and bottom-up, are classified based on different starting points. The
top-down approach involves the creation of nano-scale objects from a parent entity that
is larger. The trend of actionv is from large scale to small scale. On the other hand, the
bottom-up method involves the process of building bigger and more complicated struc-
tures from nano-scale particles. The trend of action is from small scale to large scale.
From the criterion of interaction type, three different approaches are displayed in Fig-
ure 1.1. With the contact approach, the manipulator and the object keep contact during
nanomanipulation. The manipulator intermittently makes contact with the object of in-
terest to achieve nanomanif)ulation when using the tapping approach. For the non-contact
approach, non-contact forces, such as magnetic forces and repulsive forces, are utilized dur-
ing nanomanipulation. Typically, the AFM system is a standard tool which works under
these three different working modes [38, 13, 42].

Another important classification is based on the process involved in nanomanipulation.
Two different categorizes, directly self-assembly and mechanical nanomanipulation, are il-
lustrated in Figure 1.1. The directly self-assembly approach assembles bigger and more
complicated structures from nano-scale particles by using chemical or biological mecha-
nisms. On the other hand, the mechanical approach manipulates nano-scale objects with
micro-scale end-effectors which is mainly based on various kinds of microscopes. The

mechanical nanomanipulation is important because this approach has a strong connec-



tion with other methods. For example, since micro-scale end-effectors in microscopes are
adopted, all the interaction ways, such as c‘ontact”, tapping and non-contact, can appear
in the mechanical approach.

From the discussion above, the mechanical method as one of the important nanoma-
nipulation approaches is mainly based on different kinds of scanning probe microscopes.
Many examples were reported since physicists and engineers created different types of mi-
croscopes to adopt this approach. In early work, STM was used to position nano-scale
particles [5, 17]. Individual physisorbed atoms were fully controlled by STM to perform
positioning tasks [16]. Later, nanomanipulation tasks were successfully accomplished by
using AFM systems. Junno et al. first realized fully controlled positioning of nanometer-
sized objects by using AFM [25]. Hansen et al. adopted an imaging-pushing-imaging
scheme in controlled pushing of a nano-scale particle [21]. AFM was switched between the
tapping mode and the contact mode to fulfill a simple and easy nanomanipulation. Resch
et al. showed that the nano-scale particles were pushed along the surface once a critical -
contact force between tip and gold cluster was exceeded [40]. In addition, the average
separation between the tip apex and the sample was estimated.

While providing initial nanomanipulation capabilities, individual microscope like 7STM
and AFM, cannot satisfy some requirements on nanomanipulation, such as real-time mon-
itoring of manipulation. Thus, hybrid nanomanipulation systems produced by integrating
functions of multiple microscopes were proposed. For example, since scanning electron
microscope/transmission electron microscope (SEM/TEM) can offer real-time vision, a
piezotube driven nanomanipulator was equipped inside the specimen holder of TEM for
nanomanipulation [27, 12]. A system integrating SEM with AFM was used to test me-
chanical properties of nanotubes via bending, translating and rotating via online obser-
vation [20, 50]. Another new nanomanipulation system combining AFM and SEM with
improvement in variable viewing angle of the contact point between the AFM tip and the
sample was discussed recently [18].

Although hybrid microscopes were created for various nanomanipulation, AFM-based



nanomanipulation systems have some significant advantages comparing with other micro-
scopes. For example, an AFM system can function in an atmospheric environment at room
temperature, while STM can only work in a vacuum environment at a very low temper-
ature. SEM and TEM are also limited by a vacuum working environment. Furthermore,
samples used in an AFM system could be conductive or nonconductive, solid or liquid,
thick or thin and get no strict limitation. While conductive samples have to be used in
STM and no liquid samples can be used in SEM and TEM. Thus, most biological samples
which usually contain liquid can be only used in AFM-based systems but not in other
microscopes. In view of the importance of AFM-based nanomanipulation systems, a basic

structure which is used in mechanical nanomanipulation is illustrated in Figure 1.2 [46, 47].

Human-Machine
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Far-Field Sensors
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Nano Objects

< Actuator#2 ’
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Environment Control Force and

and Noise Reducticn Near-Fiel |d Sensors

Figure 1.2: Basic structure of nanomanipulation systems [46]

The main parts of a AFM-based nanomanipulation system are nanomanipulators, ac-
tuators, sensors and controllers, as shown in Figure 1.2, which are similar to a macro-scale
control system. One key component is the micro-scale cantilever beam with a tip at the

free end which is used as a nanomanipulator. Since the tip located at the free end of the



micro-scale cantilever beam directly interacts with the samples during nianipulation, the
dynamics of the tip and the corresponding dyhamics of the micro-scale cantilever beam
are important for fulfilling nanomanipulation tasks.

Based on differéntly dynamic characteristics of the micro-scale cantilever beam, two
main categories are usually classified: the nonvibrating-cantilever nanomanipulation and
the vibrating-cantilever nanomanipulation. The former one means that the cantilever,
which is used as a rigid end effector, does not vibrate during nanomanipulation. Tasks like
positioning, pulling or pushing were fulfilled by a nonvibrating-cantilever [25, 21, 40]. On
the other hand, a vibrating cantilever beam was also used in nanomanipulation, especially
with respect to nanomachining. Klehn and Kunze adopted the vertical motion of the tip
at the ﬁfst mode of the cantilever beam to perform a nanolithography technique [28].
Recently, the horizontal motion of the end of the tip at the second dynamic mode of a
concentrated-mass cantilever was used to rub soft sample materials [36, 35].

From the discussion above, it can be seen that knowledge of the dynamics of the micro-
scale cantilever beam and the corresponding trajectories of the tip in én AFM-based system
are crucial for nanomanipulation. Different dynamics of the micro-scale cantilever beam
can be used for different nanomanipulation tasks. Thus, in order to enhance the ability of
nanomanipulation, methods for producing other complex movements with the micro-scale
cantilever beam need to be considered. A feasible way of applying smart materials to the

micro-scale cantilever beam is discussed in next section.

1.2 Piezoelectric Materials and their Applications

From the discussion in Section 1.1, the tip trajectory of a micro-cantilever beam in a AFM-
based system is determined to be important in nanomanipulation. Since the tip trajectory
is directly dependent on the dynamics of the micro-cantilever beam, a method to modify
the dynamics of the micro-cantilever beam 1is neceséary for enhancing the capabilities of

nanomanipulation. The idea of applying smart materials to change the dynamics of a



micro-scale beam structure can be inspired by research bn macro-scale systems.
Piezoelectrics, one of the most popular smart materials, are being widely utilized in
sensors and actuators due to their capability of exchanging mechanical energy with electri-
cal energy, see [10] and references therein. For piezoelectric materials, strain is produced
when a voltage is applied:
da;

&= TV (2,t) (1.1)

where d3; is the electric charge constant, A, is the thickness of piezoelectric materials and
V(z,t) is the applied voltage. Thus, the stress due to the strain is expressed based on the

Hooke’s Law.

0p = Epep (1.2)

where E, is the Young’s modulus of piezoelectric materials. Furthermore, the resulting

force is considered as

F, = Aoy : (1.3)

where A, is the cross area of piezoelectric materials. Formulas (1.1)-(1.3) express the
process of producing a force from a voltage signal when piezoelectric materials are applied
in actuators. In reverse, when piezoelectric materials are applied in sensors, a voltage
signal can be produced from external forces since these formulas are reversible.

In many applications, piezoelectric patches or layers were adhesively bonded to exist-
ing systems as distributed actuators and sensors to build smart structures [37]. A smart
beam structure, which is formed by attaching piezoelectric materials to a host beam, has
been studied extensively. Early smart beam structures appeared in space systems. Piezo-
electric actuators were applied to attenuate the vibration of a satellite structure [4] and
control the shape of antenna reflectors on satellites [3]. Similar structures were expanded
to airplane wings and helicopter bladéS, in which piezoelec‘tric patches were adopted for
flutter suppression [29] and gust alleviation [9], respectively. Recently, vibration control of
smart beam structures was applied to a macro-scale manipulator bonded with piezostack

actuators [26)]. |



In recent years, smart beam structures have been extended to micro scales along with
the development of AFM systerhs. An AFM probe, typically represented by a micro-
cantilever beam mounted with a perpendicular tip at the free end [6], is the main host
structure to compose smart micro cantilever beams in many applications. In the tapping
mode for nanoimaging, AFM probes weré excited by bonded piezoelectric-layer actuators
to improve the imaging speed beyond the capabilities of conventional base-excitations from
piezotubes which had lower bandwidths [30, 49]. In the case of nanomanipulation, when
an AFM probe was adopted to reliably push a nanowire with its tip, the probe was made
stiffer and maintained straight by the attached piezoelectric layer to avoid slipping over
the object {53]. Moreover, when AFM probes were used for sensing, attached piezoelectric
layers enabled the probes to detect chemical gas [2] and ultra small mass [19] with the
characteristics of self-sensing and self-actuating.

Examples shown above presents a potential way to modify the AFM probe with piezo-
electric materials. However, these applications were not focused on actively adjusting
tip trajectories of the AFM probe for nanorﬁanipulation. Some researchers have stud-
ied the tip trajectories and related applications without usihg a smart micro cantilever
beam. By using the vertical trajectory at the first dynamic mode, Klehn and Kunze [2§]
adopted a common AFM probe to plastically indent a thin resist layer on the sample
surface. This dynamic plowing process to mold a mask for subsequent wet-chemical etch-
ing displayed an alternative low-cost and low-effort nanolithography as compared with
the high-resolution electron-beam technique. In order to enhance the machining quality,
Muraoka et al. [36, 35] proposed a new nano-scale rubbing process consisting of material
removal rather than plastic deformation in dynamic plowing. When a concentrated-mass
(CM) probe, an AFM probe with a concentrated mass at the free end, was vibrated at
the second dynamic mode, the end of the tip was used to horizontally scratch the sample
surface due to a new node produced at the end of the CM probe. In these applications,
the linear trajectories of the probe tip depended entirely on the structure of the cantilever

beam were used to accomplish the nanomachining tasks. However, when more complicated
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processes are required, such as machining a nano-scale curved surface, these methods are
not sufficient. Thus, in order to improve the ability of nanomanipulation, other flexible

tip trajectories need to be created by new techniques.

1.3 Designs of Smart Micro Cantilever Beams

The idea of applying smart materials to the AFM probe is discussed in this section. Three
main mefhods to modify the dynamics of the AFM probe are examined. The main results
and limitations in the firt two methods are presented. The third feasible way is selected
- as an effective design and will be discussed in detail.

Since tip trajectories can not be directly designed, the dynamics of an AFM probe is
examined when piezoelectric material is applied. It is meaningful to study the dynamic
vibration of an AFM probe. First of all, the most popular dynamic method used in
AFM, the tapping mode, is based on the vibrations of the AFM probe. Thus, it is easy
to utilize some existing setups of AFM systems for nanomanipulation. On the other
hand, it is an ideal situation if a smart micro cantilever beam for nanomanipulation is
also able to image the result under the tapping mode. Secondly, for nanomanipulation,
especially in nanomachining, the mode shapes of the cantilever give us a stable, repeatable
and well-defined motion of the tip with enough manipulation force or moments. Thirdly,
the dynamics of cantilever attracts more and more attention recently, not only on the
vertical bending modes but also on lateral bending modes and torsion modes [39]. All
these dynamic modes give us potential methods to build a smart micro cantilever beam
for nanomanipulation.

Although the dynamic response of an AFM probe is closely related to physical prop-
erties such as density, area moment of inertia and Young’s modulus, the external factors
can also influence the motion of the probe. Thus, the modification of the mode shapes by
introducing external forces and moments is first considered.

The first method introduces a base excitation to the micro cantilever beam from one
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pieioelecfric actuator. Based on the Euler-Bernoulli model, a special forced response
of a micro smart cantilever beam is designed. A node is produced at the free end of the
cantilever beam by combining the first and second mode response. An excitation frequency
between the first eigenfrequency and the secoﬁd eigenfrequency is obtained via frequency
design, as shown in Figure 1.3. The spatial profile of the forced response displaying the
end of the cantilever as a node is shown in Figufe 1.4. The whole cantilever beam vibrate
around the balance position. This is similar to the result of a CM cantilever beam [35].
However, the amplitude is very small in Figure 1.4. At the excitation frequency, the
magnitude of the whole cantilever beam is around one thousandth of the magnitude at
the first eigenfrequency from Figure 1.3. This may lead to problems of sensing in AFM
since the sensitivity of the laser reflection is dependent on the slope at the tip which is
associated with the change of amplitudes. Thus, this method has limitations regarding its

application to nanomanipulation.
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Figure 1.3: Frequency response of the first and the second modes

The second method consists of developing a cantilever beam with a non-uniform Young’s
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modulus. A special non-uniform beam with varied effective bending stiffness is designed
via the method of finite element analysis. As shown in Figure 1.5, this distribution of the
Young’s modulus results in an approximate node at the free end of the cantilever beam,
which has the similar effect as a CM cantilever beam [35]. Although finite element anal-
ysis is a effective méthod to analyze this design problem, the practical distribution of the
Young’s modulus is difficult to achieve as the finite element design since the distribution

is continuous and not discrete.

The third method utilizes a bonded piezoelectric actuator on the micro cantilever beam.
Different from the first method by introducing a base excitation, the dynamic influence
from a bonded piezoelectric actuator exhibits new features. Furthermore, combining with
the base excitation, new dynamics of the cantilever beam and consequently varying tip
tréjectories are achieved. The application of two independent inputs has advantages on
adjusting the dynamics of the cantilever beam in situ. This approach is also more prac—
tical than modifying the Young’s modulus of the beam with finite element design since

piezoelectric actuators have already been widely applied to the AFM probes. Thus, this
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method is selected as an effective design and will be discussed in detail in the remainder

of this thesis.

1.4 Outline of this Thesis

The remainder of this thesis is organized as follows. In Chapter 2, a segmented Euler-
Bernoulli beam model including two inputs is developed and a forced response is derived
for a smart micro cantilever beam with piece-wise varying geometry and materials. The
tip trajectory is derived from the motion of the free end of the cantilever beam based
on its geometric relationship with the probe tip in Chapter 3. Simulation results and
discussion on elliptical and linear tip trajectories are presented in Chapter 4. According

to the resulting tip trajectories, three potential implementations of these trajectories for
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AFM-based nanomanipulation are proposed. Chapter 5 presents the conclusions of this

thesis.



Chapter 2

Mathematical Modeling of the Smart Micro

Cantilever Beam

The importance of modeling the smart micro-cantilever beam to obtain the motion of the
free end, and consequently the tip trajectories has already been motivated in Chapter 1.
In this chapter, a complete énd precise mathematical model is developed to describe the
dynamic response of the smart micro cantilever beam. Section 2.1 first introduces the basic
configuration of the smart micro cantilever beam. Different mechanical models to explain
how the piezoelectric actuétor influence the micro-scale cantilever beam are summarized
and discussed in Section 2.2. The Bernoulli-Euler model is selected as the most suitable
model and used for the dynamic analysis. In Section 2.3, a three-segmented Euler-Bernoulli
beam model is developed to describe the dynamics of the smart micro cantilever beam with
piece-wise linear properties. Furthermore, the forced vibration solution of this model with
respect to two independent inputs from the piezoelectric actuator and the base excitation
is derived. A significant contribution of this work is the solution of the model presented in
this chapter which differs from previous works and is believed to be more accurate. The
new part of the solution, which is only related to the piezoelectric actuator, is necessary

to produce various tip trajectories.

2.1 Configuration of the Smart Micro Cantilever Beam

The smart micro cantilever beam, consisting of a micro-cantilever beam bonded with a

piezoelectric patch, is shown in Figure 2.1. Since the tip located at the free end of the

15
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Figure 2.1: The configuration of the smart micro cantilever beam.

smart micro cantilever beam does not influence the mechanical analysis, it is not plotted
in Figure 2.1. The parameters L, h, and l,, h, represent the length and thickness of the
cantilever beam and the piezoelectric patch, respectively. Without loss of generality, it is
aséumed that the cantilever beam and the piezoelectric actuator have the same width w.

Unlike a nonuniform beam with variable cross-sectional area, the surface-bonded piezo-
electric patch introduces extra strains and stresses as well as nonuniform geometry and
materials to the micro cantilever beam. Thus, a precise mathematical model should con-
sider influences from both induced strains and nonuniformities. Since the influence of the
strains and stresses introduced by the piezoelectric actuator is a basis on which the dy-
namic model relies, the mechanical models of thé piezoelectric actuator are first discussed
in Section 2.2. The property of nonuniform geometry and materials will be considered

when the dynamic model of the smart micro cantilever beam is derived in Section 2.3.

2.2 Mechanical Models of the Piezoelectric Actuator

When a voltage V(z,t) is applied to create an electric field across piezoelectric materi-
als, the induced strain is generated within the piezoelectric patch due to the converse

piezoelectric effect, as shown in equation (2.1).

d
€p = %V(m,t) (2.1)
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where djs; is the electric charge constant, A, is the thickness of the piezoelectric actuator and
V(z,t) is the applied vbltage. So the stress due to the strain are expressed in equation (2.2)

according to the Hooke’s Law.

o, = Epep (2.2)

where E, is the Young’s module of the piezoelectric actuator. Thus, a stress introduced

in the piezoelectric actuator in the direction of the x axis is shown in Figure 2.2.

[y V(z,t)
T
hp — piezo-actuator
g
P b
h eam
C

l

Figure 2.2: The induced stress of the piezoelectric actuator.

As shown in Figure 2.2, the unique induced strain and stress from the piezoelectric
actuator is obtained based on the property of piezoelectric material. However, there are
different models to explain how the induced strain and stress transfer to the beam struc-

ture. These different models are summarized and discussed in the following.

1. The Simple Blocked Force Model

In the simple blocked force model, which was also referred to as the pin-force model
[8]; the actuator is idealized as a line force source applied to the structure. A perfect
transfer of strain is assumed between the piezoelectric actuator and the surface of
the cantilever beam to which it is bonded. The distribution of the strains across the

composite portion is illustrated in Figure 2.3.

2. The Uniform Strain Model
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Figure 2.3: Strain distribution in the simple block force model

In the uniform strain model, the so-called shear lag phenomenon is considered on
the basis of the simple blocked force model, which means that some of the strain
generated by the piezoelectric actuator is dissipated in the deformation of the boﬁd
layer itself due to the finite stiffness of the bond layer. The bond layer is assumed to
undergo pure shear deformation. The distribution of the strains across the composite

portion is illustrated in Figure 2.4.

stiain distribution
Figure 2.4: Strain distribution in the uniform strain model

3. The Bernoulli-Euler Model

In the Bernoulli-Euler model, the beam and piezoelectric actuator are considered as
a continuous structure and a linear strain is distributed in the cross-section for both
the actuator and host structure. In other words, the Bernoulli-Euler model considers

the actuators as an integral part of the structure. The distribution of the strains
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across the composite structure is illustrated in Figure 2.5.

/

piezo-actuator:

,

neutral axis

Figure 2.5: Strain distribution in the Bernoulli-Euler model

Three main ﬁlechanical models of the distribution of strain within the host céntilever
beam and the active piezoelectric actuator have been described above. Two of them have
limitations when they are applied to fhe dynamic analysié of a micro-scale béam struc-
ture. The simple blocked force model is unable to correctly predict the actuator/substrate
response for thin structure [8]. Usually, the simple blocked force model is applied to an-
alyze macro-scale beam structures, in which the thicknesses of piezoelectric actuators are
negligible comparing with the thickness of the macro-scale beam. This approximation just
satisfies the assumption of line force source of the actuator in the simple blocked force
model.

For the extension case, both uniform strain model and Bernoulli-Euler model can give
an accurate prediction [11]. However, the Bernoulli-Euler model is more accurate than the
uniform strain model for analyzing bending. The key factor affecting the performance of
these two models is the thickness ratio between host structure and piezoelectric materials.
At a high thickness ratio, for example more than 5, the two models produce the same
results as a finite element model. But for the thickness ratio less than 5, which is the case

for a smart micro cantilever beams, the uniform strain model overestimate the strain [11].
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Although the first two models have certain limitations on analyzing a micro-scale can-
tilever bedm, the Bernoulli-Euler model, which was proposed by Crawley and Anderson
[11], is a feasible model. The validity of this model has already been verified in the anal-
ysié of smart micro cantilever beams [53, 54]. Thus, the Bernoulli-Euler model is also
adopted here. In order to maintain completeness of this work, the important procedures
and results of the Bernoulli-Euler model are presented based on the configuration of the
proposed smart cantilever beam, shown in Figure 2.5.

Based on equation (2.2), the moment produced by attaching the piezoelectric actuator
is expressed

hethp—D

M = E epwydy (2.3)
he—D

where E, is the Young’s modulus of the piezoelectric actuator. If the total thickness of the
composite structure is thin compared the radius of curvature, a linear strain distribution
may be assumed across the thickness direction and this would also be true for the corre-
sponding stress distribution [24]. Thus, according to the force balance on the neutral axis

in the longitudinal direction, the position of the neutral axis D is calculated.

hethp—D he—D
Epw/ ydy + Ecw/ ydy = 0, (2.4)
he—D -D
_ E.R2+ Eph + 2Ephph. (25)
~ 2(E:he+ Eyhy) '

The Young’s modulus of the cantilever beam is represented by E.. Substituting equa-
tion (2.5) into equation (2.3), a relationship between the induced moment M and the

input voltage of the piezoelectric actuator V (t) is obtained in equation (2.6).

M =GV (1), (2.6)
where
_ WE,Echo(he + hy)
Co = 2(E.he + Eph,) dat- (27)

The transverse electric charge constant of the piezoeléctric materials is represented by ds; .

Note that for the configuration shown in Figure 2.1, the piezoelectric actuator produces an
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axial force as well as a bending moment. However, this axial force is negligible for small

transverse vibrations of the smart micro cantilever beam.

2.3 Dynamic Model of the Smart Micro CantiieVer
Beam o

After the equivalent bending moment is selected, the nonuniformity of the cantilever beam
is considered for developing the dynamic model. The piece-wise varying configurations are
considered as two stepped variations on both geometry and materials due to comparable
thickness of the beam and the bonded actuator. This partitioning along with the‘proﬁle
of the induced bending moment is shown in Figure 2.6. For a similar beam with one
stepped change on geometry, a two-segmented continuous Euler-Bernoulli beam model was
developed to analytically discuss its dynamics [23]. Thus, a three-segmented continuous
Euler-Bernoulli beam model is combined with the induced moment and the base excitation

to develop the dynamic model of the smart micro cantilever beam.

M .
1 M=C_,V(t)

o)b— [ 1 z
1 1
i 1
i i

Yy x ] 1
T 1

Ycos(wt) [T

Y P e

EIL A,  ELA, EIL A,
I II III

Figure 2.6: The configuration of the smart micro cantilever beam with two stepped

variations on the geometry, materials and induced moment.
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Generally, the governing equatlon of an ordinary Euler-Bernoulli beam is shown:

0 62y(x t) ?j(z,t)

where E is the Young’s module, I is the moment inertia, p is the density of the beam and
A is the cross-sectional area.
When a base excitation is introduced, as shown in Figure 2.6, the vertical displacement

§(z,t) is modified by a moving reference frame [33] as
§(z,t) = y(z,t) + Yo cos (wt) , (2.9)

where Y} is the amplitude of the base excitation and w is the driving frequency. The addi-
tional input from the piezoelectric actuator introduces the moment M from equation (2.6)
into the three-segmented Euler-Bernoulli governing equation and corresponding boundary 7

conditions, shown in equation (2.10) and equation (2.11).

% ym(z, t)

a4ym(x’t)
El,——= 52

Ep = pAnYouw? cos (wt). (2.10)

+ pAnm

=0 : 3%(0,t)=0,
(0,6) =0,
=1 : y1(21,t) = y2(21,t),
y1(z1,t) = ya(z1, 1),
ELy{(z1,t) = ELy,(z1,t) + M,
EnLy(z1,t) = ELyy (z1,1),
T=Ty 1 Ya(@2,t) = ys(22, ), - (211)
yé(?fz,t) = y3(22, 1),
ElLy;(22,t) = Elsys(z2,t) — M,
ELyy (z2,t) = Elsys' (22, t),
z=L : ELyj(L,t)=

Ely"(L,t) = 0.
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where
El, = EIi=F., (2.12)
. .
Fl, = EJI. 4+ wE.h, (% — D>
+EpI, + wEph, (?p + h, — D) (2.13)

The subscript m is used to identify the three different sections of the smart micro can-
tilever beam as shown in Figure 2.6. Effective bending stiffness and mass per unit length
of different sections are represented by EI, and pA,, respectively. The initial and ter-'
minal position of the piezoelectric actuator are x; and z,, respectively. Furthermore, the

governing equation of the second section (m = 2) includes a moment term introduced by )

the piezoelectric actuator. However, since the moment described by the Bernoulli-Euler
model is independent of x, the moment term is eliminated by taking the second derivatives
with respect to x.

From the three governing equations (2.10) and twelve boundary conditions (2.11), the
resulting system consists of nonhomogeneous partial differential equations (PDEs) with
nonhomogeneous boundary conditions and the nonhomogeneous terms are functions of
time. In order to solve this type of problem, it is equivalently divided into two prob-
lems. One is homogeneous PDEs with nonhomogeneous boundary conditions and the
other is nonhomogeneous PDEs Wit';h homogeneous boundary conditions [51]. The details
are shown in the following.

The form of y,,(z,t) is assumed to be that of equation (2.14).
Um(2,8) = Pm(2,) + (2, ). (214)

Within this equation; ¢,(z,t) is a special solution satisfying the nonhomogeneous bound-
ary conditions and w,,(z, t) satisfies the corresponding homogeneous boundary conditions.
Substituting equation (2.14) into equation (2.10) and equation (2.11), the special solution
is determined by solving the following homogeneous PDEs with nonhomogeneous boundary

conditions.
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=0 : <p1(0,>t) - 0
©1(0,8) =0

z=xz1 : pi{x1,t) = pa(21,1)
¢ (z1,t) = py(z1,1)
EL{(x1,t) = ElLgh(z1,t) + CoV ()
ELg{ (z1,t) = Elpy (21,1)

r=2 ¢ paznt) = paont) (2.16)
(@, t) = pile, ) |
ELgy(xa,t) = Elsgy(22,) = CoV (£)
Bl (a2,t) = Elup} (@2, 1)

z=L : Elys(L,t)=0

EL2(L,t) =0

This problem is solved by assuming that ¢y, (z,t) is a fourth order polynomial function

of z multiplied by V(¢). Based on twelve boundary conditions, the sp:‘éc"’ial solution is

obtained.
iz, t) = 0,
pa(z,t) = —(’;O,Evzg)(x—xl)z, (2.17)
o5(z,) = %%/;%[2(531—@)“3;3%2].

Next, the general solution w,(z,t) is obtained by solving nonhomogeneous PDEs with

homogeneous boundary conditions. Substituting equation (2.14) into equation (2.10), then
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equations (2.10) and (2.11) becomes

| Elm—'—a4wg x(f L pAm—“‘—Bngt(zx’ ) |
= pAn [Ybaﬂ cos (wt) — ?%] - (218)
with homogeneous boundary conditions
z=0 : w(0,t)=0
wy(0,8) =0
z=11 wi(z1,t) = we(z1,t)

wi(@1,t) = wy(z1,t)
ELw{(zq,t) = Elyawy(z1,1t)
EnLuw! (z1,t) = ELwy (z1,t)
T==o2 @ wo(ze,t) = ws(za,t) (2.19)
wy(22,t) = w22, ) |
ELw!(z,1) = Elywy(z2,1)
| ELwy (z2,t) = Elywy'(x2,1)
z=L : ELwi(L,t)=0
ELwy(L,t) =0
From the method of eigenfunction expansion, the general solution is assumed to have

a form of equation (2.20).

Wn(2,8) = D Prn(7)gn (1) (2:20)

n=1

Within the summation, ¢,,,(z) is the mth section of the nth mode shape of the piece-wise

cantilever beam represented by’
Gmn(x) = Crm18in(kmnz) + Cmaco8(kmnx) + Crmasinh(kmnz) + Cmacosh(kmnz), (2.21)

and ¢,(t) is the generalized modal coordinate. The twelve coefficients C,,,,r = 1,2,3,4

in the mode shapes can be obtained from the eigenvalue problem based on homogeneous
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boﬁndary conditions. The form of the generalized modal coordinate gn(t) is determined
by solving the decoupled resonant vibration problem.

The Galerkin method is applied by substituting equation (2.20) into equation (2.18),
multiplying the resulting equation by the mode shape ¢,,.(z), and integrating across the
length of the beam. Due to the orthogonality property of the mode shapes, the following

equation is obtained.

i (0) + 2 (1) + o () = (00 = P QOlm o)y

where

> Bl (@) da

O S — i~

m=1
L 3
{ > PAmGE,.(z)dx

=1

L 4 ‘-
I = / > pAngl,(z)dz (2.23)

0 m=1

3

L

) Om—l

3

Fn (W) = VO/ZPA <Pm ¢mn( r)dz

Oml

and (, is the nth proportional damping ratio. The eigenfrequency of the smart cantilever
beam is represented by w, and I is the generalized mass. V; represents the magnitude
of the input voltage by setting V(t) = V;cos(wt) for resonant response. The general
forces, F1, (Yo) and Fa, (Vo), result from the base excitation and the piezoelectric actuator,
respectively. Thus, a steady state resonant responses.(w = wp,) is obtained from equation
(2.22)

g (t) = [Fin (Yo) + F2n2(l‘2] cos (wnt — %) .

(2.24)

Finally, the solution for the system given by equation (2.10) and equation (2.11) is
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obtained
e1(z,t) + wr(z,t),0 < z < x4,
Y(@,t) = { wal,t) + wa(z,t), 21 < T < 29, | (2.25)
w3(z,t) + ws(z,t),zo <z < L.
The definition of ¢,,(z,t) is shown in equation (2.17) and wp,(z,t) is obtained from equa-

tions (2.20), (2.21) and (2.24).

2.4 Discussion

In the literature, a variety of models and solving methods have been explored for various
configurations of smart micro cantilever beams. Zhang et al. [54] studied a tipless can-
tilever beam with one bonded piezoelectric patch, which is similar to the configuration
shown in Figure 2.1. After representing the piezoelectric patch as an external moment,
the Euler-Bernoulli beam model was used to approximately describe the nonuniform beam
structure and solved by the Rayleigh-Ritz method. Due to this approximation, the ob-
tained solﬁtion consists of modal solutions without the special solution part shown in
equation (2.25).

Furthermore, an adaptable end effector, represented by attaching one piezoceramic
layer on a portion of an AFM probe, was modeled as a two-segmented Euler-Bernoulli
beam with an induced moment applied at the interior boundary from the layer [53]. The
modal solution of this model was obtained by solving an alternative Lagrange equation
with the assumed mode-summation method. Recently, Salehi-Khojin et al. [43] developed
a three-section Euler-Bernoulli beam model excited by a moment from the piezoelectric
actuator for an active AFM probe, which had two discontinuities along the probe: one
was due to the end of the piezoelectric layer and the other was due to the sudden decrease
on the cross-section. The expansion theorem [51] and the method of assumed modes [32]
were used to solve this model. In the two cases above, although the segmented Euler-

Bernoulli beam model is used according to various step changes in geometry or materials,
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the obtained solutions are all based on modal solutions. We will show in the next chapter |
how the special solution ¢.,(z,t) shown in equation (2.25) contributes to the adjustable

tip trajectories.



Chapter 3
Tip Trajectory Characterization

Motivated from Chapter 1, tip trajectories are key to nanomanipulation since the tip
directly interacts with nano-scale objects. In this chapter, the equation describing the
tip trajectory is derived from the motion of the free end of the AFM probe based on
its geometric relationship with the probe tip.- One typical tip trajectory is plotted and

characterized according to the description equation.

3.1 Tip- Trajectory Derivation

From equation (2.25), the vibration of the smart micro cantilever beam consists of two
parts. The first part ¢.,,(z,t) is the special solution which consists of a second order
polynomial of z while the second part wy,(z,t) is the modal solution which consists of
a summation of infinite eigenmodes along x. When two excitations are applied at one
single eigenfrequency, the corresponding eigenmode approximately represents the modal
solution. Thus, the resonant vibration of the smart micro cantilever beam is regarded
as one combination of a second order polynomial and the modal solution at one single
eigenmode.

As shown in Figure 3.1, the modal solution at the second eigenmode has a strong inter-
action with the special solution since their amplitudes are comparable given a reasonable
input pair in AFM systems. Furthermore, the amplitudes of the two parts of the solution
are related to the inputs, V5 and Y. Thus, by adjusting the two inputs, a suitable com;
bination of the two portions of the solution contribute to a desirable trajectory. In this

manner, excitations at the second eigenfrequency of the smart cantilever beam generate

29
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The profile of the modal solution at the second eigenmode
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Figure 3.1: The profile of the modal solution at the second eigenmode and the profile of

the special solution when Y5 = 2 nm and V4 = 1 volt.

an elliptical tip trajectory.
As shown in Figure 3.2, the tip is assumed to be located at the free end of the cantilever
beam. The length of the tip is represented by A and the slope at the end of the cantilever

beam is defined in equation (3.1).
K (L,t) = y'(z,t)]z=L- . (3.1)

The relationship between the dynamic position of the free end of the cantilever beam and
the end of the tip is obtained as follows.

Yiip (t) -y (Lv t) = _m (xtip (t) - L) (3'2)

[Yeip (t) — ¥ (L, )] + [2eip (8) — L]* = B2 (3.3)
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Figure 3.2: The geometry relationship between the free end of the smart micro cantilever

beam and the end of the tip.

The coordinate of the end of the tip is identified as (2, (t), Yep (t)). The perpendicular
relationship between the slope K (L,t) and the tip leads to equation (3.2) and equation
(3.3) is obtained by using the Pythagorean theorem. Note that the abscissa of the free end
is remained at L because the deflection of the Beam is very small compared to the length
of the beam. By solving equation (3.2) and equation (3.3) for the coordinate at the end
of the tip, x4, (t) and yuip (¢) are obtained.

K(L,t)h

K(L,t) +1
h

tip t = (L,t)— .
v 1) ’ VE (Lt +1

Since K (L,t) is much smaller than 1 when a micro-scale cantilever beam vibrates with

Tup(t) = L+ (3.4)

(3.5)

nano-scale amplitudes, equation (3.4) and equation (3. 5) are simplified as

Ttip — L
h
yip+h = y(L,t) ' ' (3.7

— K(L1) (3.6)

Based on equation (2.25), the solution and the slope at the free end of the smart micro
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cantilever beam are written as.

y(L,t) = [Ban (@) gn (1) + 5(2,8)] lo=s (3.8)
= (fiYo + f2Vo) sin (wnt) + f3Vp cos (wnt)
K(Lt) = [ () gn () +@5(2, )] o=t | (3.9)

= (flyz) + ﬁ%) sin (wnt) + f3Vp cos (wat)

where
f ¢3n (L) Fln (YO)
N 21,Yo

f ¢3n (L) F2n (Vb)
2 21¢.Vs

fi = ¢3(L) (3.10)
o 21¢,Yo
2 21¢.Vo

f3 = ‘PS(L)

Combining equations (3.8}, (3.9), (3.6) and (3.7), the ellipse equation of the trajectory

(3.11) is obtained by canceling the time parameter ¢ with trigonometric identities.

(Teip — L)2 + (ytip + h)2

a? b2 + 2¢ (Tuip — L) (yuip + h) = Ve (3.11)
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where
Y
(07 —» T/-(;
a? = V2R [(f1a+f2)2+ (f3)2]
? = V[(hat )+ () (3.12)
ffia?+ (flfz + f2f1> a+ fafs + fofz
c = —
h [(f104+f2)2+f§} [(fia + f2)* + 3]
R N ~ n 2
— + —
_ (nh-nh)e+ (ffs - 5h)]

[(ﬁa + f2)2 + f:?] [(fra+ f2)* + f3]

The input ratio is represented by a. Characteristic parameters of the rotated ellipse are

a, 13, c and e. Generalized forces are represented by f,, fs fors=1,2,3.

3.2 Characterization

Given a pair of suitable inputs from commercial AFM systems, Yy = 2nm and Vy = 1 volt,
an elliptical trajectory with the rotation angle 6, the semiminor axis a and‘semimajor axis
b is shown in Figure 3.3. This local coordinate figure is plotted according to the trajectory
equation (3.11) while the center of the ellipse located at (L, —h) is moved to the origin.
The rotation angle § between the vertical axis and the semimajor axis in the clockwise

direction shown in Figure 3.3 is defined in equation (3.13).

(3.13)

1 01012 + o +c3
0= 3 arctan

dio? + doo + d3
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Figure 3.3: An elliptical trajectory of the end of the tip with the semiminor axis a, the

semimajor axis b and the rotation angle 6.

The parameters ¢, and d; for s = 1,2, 3 are shown in equation (3.14).

a = —2hfify
2 = —2h (f1f2+f2f1)
3 = —2h (fsfs + f2f2>
d = fi-Kf (3.14)
dy = 2fifs—2hfifs
d = fF+7-0(B+5)
Since these coefficients are independent of the inputs, the rotation angle is a function of

the input ratio. Thus, as long as the input ratio does not change, the rotation angle will
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remain the same with different inputs.
The semiminor axis @ and semimajor axis b are presented in equation (3.15) and equa-

tion (3.16).

. = %\/ e cos (20) (3.15)

32 cos? (0) — 75 sin” ()

Vo\/ —ecos (26) (3.16)

a2 sin’ (8) — 7 cos? ()

o
!

Since @ and b are functions of ViZ in equation (3.12), a and b are proportional to V{2
when the input ratio remains the same. All the characteristic parameters of the elliptical

trajectory, 8, a and b, are discussed in detail in next chapter.



Chapter 4 |

Simulation Results and Discussion

4.1 Elliptical and Linear Tip Trajectory

Based on the ellipse equation (3.11) and the related parameters defined by equations (3.13),
(3.15) and (3.16), the predicted tip trajectories of the smart micro cantilever beam are
examined. The parameter values used for the simulations are given in Table 4.1. Most
of these parameters are taken from the work of Zhang et al. [53], which were used to
describe a commercial AFM probe. ‘Additional parameters such as the location of the
piezoelectrical actuator are added for the purpose of this work. In an effort to maintain

realistic behavior, the input signals are within suitable ranges of commercial AFM systems.

From equation (3.13), the rotation angle is represented as a function of the input ratio,
which is displayed in Figure 4.1. The rotation angle 8 varies from 8° to 23° when the
tip length is equal to 1%' Through the coeflicients ¢, and d, the length of the tip is also
determined to influence the rotation angle. By decreasing the tip length, the range of the
rotation angle decreases and the values become smaller. For example, the range of the
rotation angle is from 4° to 12° for a tip length of h = %. By increasing the tip length,
the range of the rotation angle becomes larger and the values of the rotation angle also
increase. The rotation angle has a range from 16° to 41° for a tip length of h = % These

trends are shown in Figure 4.1.

Although the rotation angle is not influenced by any independent input as long as the
input ratio remains the same, the semimajor and semiminor axes are determined by both

the input ratio and the value of the input voltage. Figure 4.2 qualitatively shows the trend

36
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Table 4.1: Parameters for simulation.

Parameters Symbol | Values
Cantilever length | L 500 pm
Piezo length ‘ Iy 100 pm
Piezo and cantilever width w 250 pm
Piezo thickness hp 3.5 pm
Piezo Young’s modulus E, 120 GPa
Piezo density Pp 5.2 g/cm3
Cantilever thickness he 4 pm

Cantilever Young’s modulus E. 169 GPa

Cantilever density Pe 2.33 g/cm?
Piezo location zy 100 pm
Electric charge constant ds1 3.7 pm/V
Tip length h. 0.1L
Damping coefficient - Ca 0.007

of the tip trajectories for various input combinations. The horizontal and longitudinal
coordinates for each small curve stand for different inputs. For each small curve, it is
plotted as that in Figure 3.3. The trend lines clock-wise labeled from A to I are used
to characterize specific trends in the trajectories. The special diagonal trend line F is
discussed first.

The trend line F correspc‘)ndsfto the case when the rotation angle remains equal to
the minimum value. The same rotation angle resulting from the unchanged input ratio
agrees with the previous discussion regarding the rotation angle. The semimajor and
semiminor axes are both proportibnal to the input voltage as long as the value of the

input ratio remains unchanged, which is described by equation (3.15) and (3.16). The
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Figure 4.1: The variation of the rotation angle with different input ratios and tip lengths.

trend line E divides the V; — Y, plane into two regions. The upper portion is dominated
by base-excitation and the lower portion is dominated by piezo-excitation.

| Next, two limiting cases are considered. In these two cases, there is only one excitation
source. When only the piezoelectric actuator is excited, the trajectories on the trend line I
are elliptical. By increasing the input voltage, the rotation angle remains at the maximum
value, the semimajor axis increases greatly and the semiminor axis also increases but less
rapidly. When only the base excitation input is applied, the trajectories on the trend line
A become linear, which corresponds to an ellipse where the semiminor axis is equal to
zero. By increasing the amplitude of the base excitation, the rotation angle remains at the

maximum value and the length of linear trajectories increases.

For general cases, the trend lines B, C and D display trends of the trajectories when V,
remains the same and Y increases. The rotation angles decrease to a minimum value when
the curves approach the trend line E and then returns to the maximum value as the value

of Yy continues to increase. At the same time, the semimajor axes and the semiminor



39

A
Yo

Figure 4.2: The trends of tip trajectories corresponding to different inputs.

axes also decrease towards the trend line £ and then increase away from it. Fig. 4.3
quantitatively displays the variation of @ and b in this case. Furthermore, the semimajor
and semiminor axes achieve minimum values at the same value of Y, for a given V. This
ratio %% is exactly the value which makes the rotation angle 8 reach the minimum value
shown in Fig. 4.1. The semimajor axis changes linearly and the semiminor axis does not
change much except around the minimum value.

The trend lines F, G and H display trends of the tip trajectories when Y, remains the
same and the value of V} increases. The rotation angles and the semimajor axes display
similar trends as was observed for the trend lines B, C and D. That is, they first decrease
as the increasing input approaches the trend line £ and then increase when the input is
increased further. However, the semiminor axes with the increase of V are observed to

produce a different trend than what was previously observed for trend lines B,C and D.
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Figure 4.3: The variation of the semiminor axis (solid line) and semimajor axis (dashed

line) with continuous increase of Yj.

They first increase from zeros, then decrease towards the trend line F, and increase again
away from it. Fig. 4.4 quantitatively displays the variation of semiminor and semimajor
axes of curves on the trend lines F, G and H in Fig. 4.2. Again, a and b achieve minimum
values at the same value of Vj for a given Yp. The rotation angle 6 also reaches the
minimum value for this input ratio. The semimajor axis changes linearly except around
the minimum value. However, the semiminor axis increases linearly with the exception
of a minimum occurring at the voltage corresponding the input ratio represented on the
trend line F.

The different trends observed in Fig. 4.3 and Fig. 4.4 for the semiminor axis indicate
that the two inputs, Yy and V4, influence the response of the smart micro cantilever beam

differently.
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Figure 4.4: The variation of the semiminor axis (solid line) and semimajor axis (dashed

line) with continuous increase of Vj.
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The trends of the elliptical and linear trajectories are summarized in Table 4.2. The first
column lists all the trend lines shown in Figure 4.2. The second column shows how the two
independent inputs vary along the corresponding trend lines. The third to fifth columns
display how the characteristics of the tip trajectories change along the corresponding trend

lines.

4.2 Applications in Nanomanipulation

Based on the characterization of tip trajectories in the previous section, these trajectories
are classified into two groups: linear trajectories with various lengths and elliptical tra-
jectories with different rotational angles and curvatures. Different from the horizontal tip
trajectory of the CM probe [36], the length of the linear trajectory which can be adjusted
within a large nano-meter range, is proportional to the input voltagé, see equation (3.16).
Furthermore, the elliptical trajectories display new curved movements of the end of the tip
in the range of nano-meters. Thus, from the nano-rubbing application of the horizontal
tip trajectory, the elliptical trajectories as well as the linear trajectories ére expected to
have new utilizations on nanomachining. For example, more complex geometry may be
machined by the curved tip trajectories.

The nano-rubbing process by using the horizontal tip trajectory of the CM probe was
implemented on the surface of UV-cured resin [36]. When the CM probe was vibrated
at the second mode, the tip was kept rubbing the resin surface at ultrasonic frequency.
The resulting friction heat melted and coagulated the resin to form the bank. Based
on this work, Muraoka et al. proposed that, with larger shear forces in the dynamic
rubbing, the grooves will be formed by gradually removing material through multiple
passes. Iwata et al. [22] verified this nanomachining process with another similar ultrasonic
scratching process. For a static AFM probe in contact with the sample surface, the tip
was used to scratch the surface by horizontally oscillating the sample with a quartz crystal

resonator. Two materials, polycarbonate films and collagen fibrils, were scratched at



44

ultrasonic frequency to form grooves. Either by moving the tip or by moving the sample,
the horizontal scratching can be used as a nanomachining process for gradually removing

materials with an AFM tip.

Application I Application III »

Scanning direction
(Piezo-tube) /

Base excitaion
[ L
%L / -

Piezo-actuator

Cuboid materials

Figure 4.5: Potential applications of resulting trajectories on three-dimensional nanoma-
nipulation. In application I and II, the side portion and bottom portion of an elliptical
trajectory can be used to machine a curved plane and a nano-trench, respectively. While

a linear trajectory can be applied to shape an inclined plane in application III.

Based on the successful experiments described abdve, the elliptical and linear trajecto-
ries are anticipated to have important applications in nanomanipulation as well. The corre-
sponding three potential applications are proposéd for machining a nano-cuboid, shown in
Figure 4.5. The first application consists of polishing one edge of the nano-cuboid with an
elliptical trajectory. Through a same process as in nano-rubbing [36] and nano-scratching
[22], a nano-scale curve is formed at one end of the edge by gradually removing the mate-
rials with a controllable and repeatable motion of the tip. Along the scanning direction of
the piezo-tube in AFM, a three-dimensional curved nano-plane is able to be shaped. An
elliptical trajectory is also used to machine nano-trenches on the surface of the cuboid,

which have important applications such as modifying surface diffusion of ultrathin liquid
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films [31]. As illustrated in Figure 4.5, the bottom portion of the elliptical trajectory is
adopted in the second application. The geometry of thé resulting trench depends on the
characteristic parameters (a, b and 6) of the elliptical trajectory. The third application
is using the linear trajectory, which is a special case of the elliptical trajectory where the |
semiminor axis a is zero. In this case, an inclined plane is shaped along the scanning
direction as shown in Figure 4.5. Note that corresponding to the shape of the inclined
plane, the smart micro cantilever beam would be located on the right side of the cuboid.
Furthermore, since the elliptical trajectory is controlled by two inputs Yy and Vj, the
curvatﬁre of the trajectory and consequently the profile of the curved nano-plane can be
adjusted in situ by tuning the values of the inputs. This property is also true for machining
the nano-trench \aﬁd the inclined plane. Thus, more complex geometry could be shaped by
varying the inputs during the machining process. For example, a nano-trench with narrow
cross-sectional area at the beginning and gradually larger cross-sectional area along the

scanning direction can be machined.

4.3 Discussion

In order to successfully implement these nanomanipulation designs, the resistive forces
during machining and the corresponding contrbl laws to compensate for them need to be
- considered. Since a curved trajectory may encounter a time-varying resistive force during
the implementation, average resistive forces modeled as linear damping forces (36, 44] may
be calculated from the dissipation energy, which can be measured in many commercial
AFM systems. Thus, after the properties of the resistive forces are understood well,
the corresponding control laws to compensate for the forces will be designed in order to
maintain desired trajectories so that they may be implemented in a real AFM system to

study the proposed nanomanipulation.



Chapter 5
Conclusions

Nanomanipulation as an important area of nanotechnology is introduced. A general defi-
nition of nanomanipulation is proposed to understand the scope of research in the area of
nanomanipulation. Different approaches and tools for nanomanipulation are summarized
and discussed. The importance of AFM-based nanomanipulation systems for performing
mechanical manipulation processes is emphasized.

Within such an AFM-based system, a smart micro cantilever beam, consisting of an
AFM probe bonded with a segment of piezoelectric material, is proposed to produce a
variety of nano-scale tip trajectories with potential applications in nanomanipulation. The
tip trajectory is derived from the motion of the free end of the cantilever beam based
on its geometric relationship with the probe tip. From the resonant responses of thé
smart micro cantilever beam, elliptical and linear tip trajectories are produced when the
second dynamic mode is excited. The lengths of the linear trajectories can be changed
within a large nano-meter range in situ by adjusting the magnitude of the base excitation.
Furthermore, through varying the magnitudes of the base excitation and the piezoelectric
actuator independently, the semiminor axis a, the semimajor axis b and the rotational
angle 6 of the elliptical trajectories may also be adjusted in situ. Potential applications of

the resulting trajectories for three-dimensional nanomanipulation are proposed.
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