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Abstract

The target of this thesis is the teleoperated 2-D pushing of micro/nanoparticles and
touching interaction at the micro/nano scale using Atomic Force Microscope (AFM)
for reducing the manipulation and interaction barrier between macro and micro/nano
worlds. For this purpose, a system called Tele-Micro/Nanomanipulator is proposed. In
this system, AFM is utilized as the micro/nanomanipulator, and also the 3-D nano scale
topology sensor and micro/nano force sensor. As AFM, a home-made open structure
AFM system using piezoresistive cantilevers and sensor-integrated closed-loop XYZ po-
sitioners is constructed. In the macro world part of the system, a Virtual Reality-based
visual and force display user interface is utilized for controlling the motions of the
AFM cantilever by a direct teleoperation control or task-based teleoperation control.
Shaded images of the AFM scanning data are displayed interactively, and a 1-DOF
home-made haptic device has been used for real-time micro/nano scale force/tactile
feedback and generating motion commands for the AFM cantilever. Between the macro
and micro/nano worlds, scaled bilateral teleoperation controllers are proposed taking
the scaling and bandwidth effects into consideration. These controllers utilize Vir-
tual Impedance and force-reflecting position servo controller approaches. Methods are
proposed for the selection of the scaling factors for the force and position information.

Using the AFM cantilever tip, mechanical contact push/pull, cutting, drilling, and
etc. kind of 1-D or 2-D manipulations are possible at the micro/nano scale. Tele-Micro/
Nanomanipulator system is focused especially on pushing manipulation and touching
interaction. Dynamical modeling and control of the AFM cantilever, and modeling
of micro/nano scale forces using continuum mechanics models have been proposed for
these applications. Pushing of micro/nano particles are utilized in two ways: 2-D posi-
tioning/assembly of particles on substrates, and tribological characterization of particle-
substrate interfaces. As pushing experiments, gold-coated 2, 1 and 0.48 um size latex
particles are positioned on silicon substrates, and also the frictional behaviour between
the latex particles and silicon substrate is observed in ambient conditions. Different
behaviours such as pure sliding, stick-slip, or rolling are observed. Furthermore, precise
values of shearing forces are measured. For the touching experiments tele-compliance
feedback of selected points on silicon and mica surfaces, and tele-tactile feedback of
silicon fabricated etched patterns are realized. These experiments show that the sys-
tem can be utilized for pushing and touching applications at the micro/nano scale, and
modeled dynamics and forces correspond with the experimental results.
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Chapter 1

Introduction

Controlled action at a distance, teleoperation, has been used since the earliest times
to extend man’s reach into hostile or distant places. Tele-robotics systems for operating
robots in hazardous environments such as nuclear plants, and remote sites such as outer
space or deep sea have been a recent hot topic in the field of teleoperation. Besides of
these kinds of applications, there is a new emerging application area of such systems
which we call Tele-Micro/Nanorobotics. Since man has barriers with micro and nano
scale worlds as shown in Figure 1.1, i.e. cannot sense, interact or manipulate directly
in these worlds, one solution is teleoperation between macro and micro/nano worlds.
This kind of application has become possible by the trends in imaging, manipulation
and fabrication technologies as shown in Figure 1.2 (from [64]) using the micro/nano
mechatronics and MEMS technologies. By the the invention of Scanning Tunneling
Microscope (STM) and Atomic Force Miscoscope (AFM), 3-D topology images with
even atomic resolution have become possible. Although the micro/nano scale imaging
technologies are being established, micro/nano scale manipulation and fabrication tech-
nologies are still in their early infancy. Therefore, Tele-Micro/Nanorobotics approach
is to be utilized for proposing new techniques for the manipulation and fabrication of
the micro/nano scale objects in this study.

1.1 Micro/Nano Manipulation: Necessity of a New
Robotics Field

Going from macro to micro/nano world, the main phenomenon is the reduction of
the size of objects where the effect of length change is defined as scaling effect. Scaling
effect for different physical and geometrical parameters can be seen in Table 1.1 and
Figure 1.4. As can be seen from the table and figure, by decreasing the size, for example,
inertial forces decrease with the power of 4, and angle/rotational information does not
change. Considering these kind of effects, following physical and other object property
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Figure 1.1: Barriers among macro, micro and nano worlds.
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changes occur at the micro/nano scale due to the scaling effect:

Other surface or adhesion forces such as van der Waals, electrostatic and capillary
forces become dominant with respect to the intertial forces [21], [2]. As different
from the macro scale object manipulation, this dominancy may result in stick-
ing effect where an example of the sticking of the objects to the gripper at the
micro/nano world during placing an object is shown in Figure 1.3.

Going to few nanometer or molecular scale, continuum mechanics is not valid,
a new physics utilizing electromechanical quantum mechanics and chemistry is
necessary for exact analysis.

Besides of applied load, frictional forces become affected by adhesion forces which
differs from the macro world. Thus, a new definition of friction is needed for the
micro/nano scale.

Resonant frequency increases with the length power of 1 which implies that the
dynamics in the nano world is very fast. Therefore, quasi-static dynamics ap-
proaches are more feasible for a teleoperated micro/nano manipulation control
case.

Specifity incerases in the sense of manipulation task such that sticking forces
depend on the object geometry and material type, object-gripper distance, en-
vironmental parameters such as temperature and humidity, and environement
type such as air, vacuum or liquid. Thus, manipulation, sensing, control and mi-
cro/nano manipulator design strategy depends intensely on the task specification
and environment.



e Objects become more fragile and easily deformed with imperfect shapes. Thus,
visual feedback is very important for uncertain object and micro/nano gripper
shapes, and force-feedback is needed for not breaking or deforming the objects
and the manipulation tool at the micro/nano scale.

e Rotational position is not affected by scaling, but the translational positioning
is linearly scaled which means high precision linear positioning is necessary for
micro/nano manipulation.

e Manipulation control becomes sensitive to environmental disturbances, and un-
certain environmental parameters may result in unpredicted effects.

Taking the above points into consideration, micro/nano physics-based robotics and
sensing with intelligent control is indispensible for micro/nano manipulation. Following
features are needed for the new robotics field:

1. Design of micro/nano grippers taking the sticking effect and specific task into
consideration (reducing the sticking forces [3], or controlling adhesive forces ([70],
[59], [22]),

2. Nanometer precision intelligent manipulation control with sensory (visual and
force) feedback due to the uncertain and nonlinear dynamics and disturbances:
teleoperated control or real-time semi-autonomous sensory feedback intelligent
control,

3. Robust and stable nonlinear controller design is necessary due to the nonlinearity
and uncertainties at the actuators and manipulation interactions,

4. Cameras are replaced by micro/nano physics-based microscopy,

5. At the molecular scale (molecular robotics case), besides of nano physics, chem-
istry is indispensible for controlled manipulation; micro/nanorobotics necessitates
interdisciplinary research among engineers and scientists.

1.2 Micro/Nano Manipulation Approaches

Micro/nano scale manipulation approaches can be classified depending on the starting
point, process, interaction and operation as given in Figure 1.5. At the respect of
starting point for manipulation, manipulation systems can be classified as bottom-up
and top-down approaches [42]. In bottom-up approach [66], [57], [76], [37], knowing
how to manipulate atoms or molecules using STM or AFM, larger objects (that even



Parameter Equation Scaling Effect
Length L L
Surface Area o« L? L?
Volume x L3 L3
Mass pV L3
Pressure SpP L?
Gravitational Force mg L3
Inertial Force L
Viscosity Force %é—t L?
Elastic Force eS5- L?
Linear Spring Constant uv/ (A )2 | L
Eigen Vibration Frequency \/ / L1
Angular Momentum amr? L
Electrostatic Force 75‘(;— 0
Electromagnetic Force 2B Sm L?
Thermal Expansion Force eS ALT(T) L?
Piezoelectric Force eS ALT(E) L?

Table 1.1: Scaling effect in the physical parameters.

may not exist in the nature) are trying to be built. Such kind of nanotechnology is
the ultimate goal in the miniaturization. However, we can not neither handle micro
parts as large as 100nm nor correct micro defects of a LSI mask by STM, because
STM can only be utilized to handle objects of atomic scale at present. On the other
hand, the top-down approach [53], [33], [38], [65], [39], [60], [78], [6], [51] starts from
familiar operations in the macroscobic world and moves towards the smaller and smaller
objects and more and more precision of handling. In this most frequently utilized
approach Codourey et al. [12] achieved pick and place task of octagonal diamonds with
50pum diameter in the project titled Nano-Robotics under Optical Microscope (OM).
Koyano et al. [41] proposed new micro object handling and teleoperation system with
concentrated visual fileds and new handling skills. They achieved to fabricate pyramidal
3-D structures made of polymer particles of 2um in diameter using Scanning Electron
Microscope (SEM) and two-arm micro-manipulator system [49]. Zesch et al. [84]
utilized piezoresistive AFM cantilevers for force controlled 2-D pushing of microparts
on a planar substrate. Zhou et al. [85] try to control the position of a microcantilever
on a substrate precisely by integrating visual and force information. Their result show
the improved performance by using also force feedback.

As the manipulation process, biochemical processes such as self-assembly can be uti-
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Figure 1.5: Micro/Nano scale object manipulation approach classifications.

lized for constructing micro/nano devices or materials. Several laboratories especially
in the fields of chemistry (supramolecular chemistry) and biology are trying to use this
approach [43] where it is promising in building higly-repetitive or symmetrical struc-
tures, but is unlikely to produce, by itself, the asymmetric structures needed in nano
machinery, and they are ill-suited for rapid prototyping. The second approach which
can be called as physical manipulation is aimed in manipulating selected particular
micro/nano objects locally in high precision using physical effects, i.e. forces such as
electrical, mechanical, magnetic and optical forces. By physical manipulation, an exter-
nal force for positioning or assembling objects in 2-D or 3-D, cutting, drilling, twisting,
bending, pick-and-place, push and pull kind of tasks are to be meant. STM-based
atom/molecule manipulation systems control the electrical force between the metallic
STM probe and the substrate atom/molecules for pick-and-place, or push and pull kind
of tasks [76], [44], [80]. AFM-based manipulation systems utilize the AFM tip for push-
ing or pulling nano objects such as particles [66], [37], [4], [26], [5], [68] or cutting DNA
[75] or fiber [52], and etc. by controlling the applied mechanical load on the sample.
AFM-based the smallest pushed particle is around 15 nm radius upon our knowledge



due to the mechanical difficulties for moving atoms or molecules in the respects of tip
size and strong interatomic forces. Inoue et al. [34] utilize magnetic fields to control
the motion of the microparts. Finally, laser trapping approaches can be used to move
micro/nano particles in 2-D or 3-D by the applied laser light force [63].

Depending on the interaction type, non-contact and contact manipulation systems
exist. In the former, laser trapping (optical tweezers) or electrostatic or magnetic field
forces are utilized. Yamomoto et al. [17] can cut DNA using restriction enzymes on
a laser trapped bead, and Stroscio et al. [76] utilized electrical force between STM
probe tip and surface atoms for non-contact manipulation of Xe or Ni atoms. As the
contact manipulation, AFM probe tip is utilized for positioning particles on a substrate
by contact pushing or pulling operations [66], [37], [58].

As the operation-based approaches, there are teleoperated and automatic approaches
[74]. Since the micro/nano physical and chemical phenomenon which is still not com-
pletely understood, it is early for automatic manipulation systems, and teleoperation
technology at the initial phase is a promising tool for understanding these uncertain-
ties and improving automatic manipulation strategies using the human intelligence
[67]. Teleoperation systems have the stages of direct teleoperation, and task-based/semi-
autonomous teleoperation systems where in the former, an operator directly enters to
the control-loop of the micro/nanomanipulator (Figure 1.6.a), and in the latter, the
operator only sends high-level task commands, and the manipulator realizes the tasks
in an autonomous way (Figure 1.6.b). Hollis et al. [30] utilized STM probe as the
slave-robot and 6-DOF fine motion device called Magic Wrist as the master device for
feeling atomic scale topography in operator’s hand. They tried to feel the topology of
gold and graphite, but there were problems of mechanical and electrical noise which de-
forms the tactile feeling, and no true force-reflecting behaviour. The nanoManipulator
group || utilizes commercial AFM and haptic device for real-time haptic display. They
utilize plane and probe model [18], [45], [25] for surface force feedback, but they do not
have any report on scaled teleoperation control problem and micro/nano force model-
ing. The final goal is fully automatic systems which can enable the mass-production of
micro/nano robots or machines in the future, but there is no such a work yet.

For the imaging devices during micro/nano manipulation, OM, SEM, AFM and STM
are most frequently used microscopes where their properties are reported in Table 1.2.
Until to 1 pm scale OM integrated with CCD camera is enough with 30-100 frames/sec
speed. However, for submicron imaging OM cannot be used mostly (using special
techniques such as fulleoresance labeling, submicron imaging is possible). Therefore
SEM, AFM or STM is utilized where SEM has limitations in the sense of requiring
vacuum chamber, getting only 2-D image and works only for conducting and some semi-
conducting objects, and STM can be utilized only for conducting and semi-conducting
objects. However, AFM can be used for any object, thus it is especially unique in
the biological field where biological objects can be observed even in liquid in wvitro.
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Microscopes AFM STM SEM oM
Properties
Heighest Resolution 0.1 nm 0.1 nm ~ 5 nm ~ 40 nm
Visible Object Types all (1/2)conductors | (1/2)conductors all
Imaging Type near-field near-field far-field far-field
Object Interaction contact non-contact non-contact non-contact

non-contact
Imaging Environment all vacuum or air vacuum air or liquid
Imaging Principle interatomic tunneling electron material-light
forces current emission interaction

Imaging Dimensions 3-D 3-D 2-D 2-D

Table 1.2: Imaging devices used for micro/nano manipulation and their properties.

Thus, AFM is selected for nano scale imaging in this study for not putting limitations
on the object types. Finally, the vision sensors can be classified as far-field or near-
field sensors where far-field sensors can get images of the manipulation tool and the
manipulated object from another reference while in near-field case only the relative
distance between the tool and object can be held during manipulation. Thus, far-field
sensor is preferable for easy manipulation, but it is not possible in few nanometer scale
with present technology.

1.3 Application Areas

Micro/nano manipulation systems constitute one of the major branches of the nan-
otechnology research which is one of the crucial technologies of the forthcoming century.
Applications of these manipulation systems inside the nanotechnology research can be
divided into parts depending on the filed such as molecular biology and genetics, solid-
state physics, chemistry, material science, computer industry and medicine as shown in
Figure 1.7.

In the field of molecular biology and genetics, DNA is a very popular nano object
since its precise manipulation can cause a breakthrough in genetics research. Using
laser trapping, single DNA molecules in their globular states are trapped in a buffer
solution [40]. Yuqiu et al. [83] utilized mechanical, electrical and chemical approaches
to move and extend single DNA molecules. Morishima et al. [50] transported DNA
molecules using dielectrophoretic forces. Furthermore, Stark et al. [75] used AFM tip
for dissection of chromosomes in ambient conditions and buffer.

Viruses (between 1-50 nm sizes) are also manipulated. Individual tabacco viruses are
manipulated using AFM tip for understanding their friction and mechanical properties
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Figure 1.7: Application areas of the micro/nano manipulation systems.

[19]. By this way, it may become possible to understand the mechanism of adhesion
mechanism of the viruses during entering inside of a cell.

On the other hand, in order to construct new solid-state devices, precise manipulation
and fabrication systems are indispensible. Because present LIGA processes have the
limit of 100 nm for chip industry, and a new nano fabrication technology is necessary.
For this kind of technology, STM-based approaches can be useful such that Eigler et
al. [16] showed the possibility of moving metal atoms such that nano wires or other
conducting components can be fabricated. On the other hand, Aono et al. [1] used
two STM probes to measure conductance properties of the solid-state structures very
precisely and locally.

In the computer technology area, high-density memory storage is one of the important
challenging technologies for the computer industry, and many researchers are proposing
new methods. One of them is using STM or AFM probes for writing and reading on a
disk. Requicha et al. [56] manipulate gold particles with 15 nm size such that they can
be positioned precisely in 2-D, and memory can be created by putting a particle to an
array or not (if there is a particle:1, if not:0).

1.4 Owur Approach

A teleoperated, mechanical and contact type micro/nano manipulation system
for the 2-D manipulation of any type of micro/nano scale objects with sizes in
the range of 10nm — 5um in any type of environment (air, liquid or vacuum) is
proposed. With this system, it is possible to manually probe surfaces at nanometric
scale, while feeling the nano force and topology in the operator’s hand. AFM is selected
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Figure 1.8: The target of the overall micro/nano manipulation project.

to be the micro/nano manipulator which can push, pull or cut micro/nano objects by
applied contact force as well as the micro/nano topology and force sensor. Designing a
scaled bilateral force feedback teleoperation control system using a haptic device, AFM
probe xyz motion is controlled by the operator directly or in semi-autonomous way.
By constructing the telemanipulation system, the unmature knowledge of micro/nano
forces between the AFM probe and the micro/nano objects during manipulation is
aimed to be improved and understood more clearly by analytical and experimental
models. The present and future target of the manipulation system is given in Figure
1.8.

1.5 Contributions

This paper discusses the integration of the micro/nano mechatronics technology such
as AFM, precision positioning, micro/nano actuators, sensors and grippers, and etc.,
and macro mechatronics technology such as tele-robotics, intelligent robot control,
advanced-user interfaces, and etc. For this purpose, a bilateral force feedback tele-
operation control system with nano scale force modeling for the micro/nano scale tele-
manipulation applications where a 3-D Virtual Reality (VR) visualization interface and
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1 DOF haptic master device coupled with a home-made AFM for feeling and manipu-
lating nano scale objects are constructed. The contributions of this study are:

e physical modeling of the interaction forces between AFM tip and samples for 2-
D micro/nano manipulation applications in order to understand the underlying
physical phenomenon; thus, development of reliable strategies for the micro/nano
particle manipulation, and construction of a novel Virtual Reality Simulator tool
for interacting with the micro/nano scale world,

e discussing the scaled bilateral teleoperation control problem with real nano scale
experimental data for the first time:

— tele-touch to substrates at the nano scale,

— user-friendly micro/nano manipulation user interface with real-time force-

feedback,

— showing the necessity of real-time force feedback in the nano world where
real-time visual feedback may not be possible and can contain many errors,

e constructing an open-hardware and open-software AFM system specific to
manipulation applications for controlling every parameter directly,

e showing the effectiveness of using piezoresistive cantilevers as future self-sensing
micro-robot grippers: force-controlled 2-D positioning of micro/nanoparticles us-
ing piezolevers.

1.6 Outline of the Thesis

The organization of the paper is as follows: at first, the overall Tele-Micro/Nano-
manipulator system setup is given. Then as the part of the system, micro/nano
world with AFM, visual and force sensing, control and manipulator issues, macro world
with user interface consisting of visual and force displays, and macro to micro/nano
world with scaled bilateral teleoperation control problem are explained. As the ap-
plications of the system, at first tele-touch to surfaces, and next, controlled pushing
of micro/nanoparticles are explained with problem definition, strategy, user interface,
experimental results and discussions. Finally, conclusions and future remarks are re-
ported.

12



Chapter 2

Tele-Micro/Nanomanipulator
System Setup

The general structure of the Tele-Micro/Nanomanipulator system is given in Figure
2.1. The main components are: the user interface in the macro world, micro/nano
manipulator, actuator and sensors in the micro/nano world, and teleoperation control
between both worlds.

In this study, there are two different systems to be constructed:

e System I: Tele-Microrobotics System

In this setup given in Figure 2, micro scale objects are manipulated using the
AFM cantilever tip for 2-D positioning on a substrate. Vision sensor is Optical
Microscope (OM), force sensor is AFM, and user interface consists of monitor
for task-based (semi-autonomous) teleoperation. With this system, micro objects
with sizes between 1-5 um can be positioned or assembled in 2-D.

e System II: Tele-Nanorobotics System

For manipulating objects that cannot be seen using OM, the setup in Figure 2.3 is
constructed. Here, AFM is the vision and force sensors, and manipulation tool at
the same time. The operation type is direct teleoperation where a Virtual Reality
(VR)-based 3-D computer graphics and force feedback interface is constructed.
With this system, nano objects with the sizes down to 10s of nanometer can be
manipulated in 2-D.

The main feature of these systems is being open-structure such that:

1. open-structure:

e the software and hardware can be easily changed or replaced directly due to
the open-software C programming with all communication (TCP/IP, RS232

13
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and GPIB), data acquisition (A /D boards), graphics library (ImageLib, Glut
and OpenGL libraries in C++ programming), algorithms in C programming,
and hardware control tools (D/A boards and communication interfaces),

e modular: systems can be used for different tasks with minor changes,

e all hardware can be accessed from the software,

e networked applications are also possible using the Ethernet,

2. rough to fine methodology:

e imaging in the micro scale using the optical microscope (OM), and zooming
through the 2-D display to get nano scale images using the AFM,

e rough manual positioners are utilized for initial micro scale alignment, and
then the computer controlled piezo-positioner enables the fine positioning.

3. real-time:

e all hardware signals are recieved and sent using fast A/D and D/A 16 bit
boards: real-time AFM and operator force and position measurements with
bilateral teleoperation controller algorithm enable reliable force-feedback mi-
cro/nano manipulation experiments,

e real-time Linux OS is utilized for controlled sampling time of 500 Hz for the
all control software,

e OM images are displayed using a frame grabber with 50 Hz sampling time,

4. user friendly: Virtual Reality (VR) user interface with haptic feedback of scaled
nano forces, and 2-D and 3-D graphics displays of OM and AFM images enables
a dexterous teleoperated nano manipulation interface.
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Chapter 3

System Part I: Micro/Nano World

Micro/nano world part of the system consists of AFM system with piezoresistive
cantilever as the 3-D topology microscope, force sensor and contact manipulation tool,
modeling and understanding of AFM probe-nano object interaction forces and dynamics
for reliable manipulation control, and nanometer precision fine positioning control.

3.1 Atomic Force Microscope

The basic structure of a conventional AFM system is shown in Figure 3.1. The basic
components of AFM are the MEMS fabricated flexible cantilever beam, the deflection
measurement system with atomic resolution, and XYZ positioner with atomic resolu-
tion. Cantilever has a measured spring constant k., resonant frequency f,., 100—400 um
length and few micrometer thickness and very sharp conical, pyramidal or cylindirical
tip with 10s of nanometer apex radius. Cantilever beam deflection can be measured
using a laser light with four-cell photodiodes, conductance measurements, or piezore-
sistance or piezoelectricity measurement depending on the cantilever type and purpose.
Using piezoelectric actuators with or without integrated sensors, the z position of the
tip or sample is changed until there is a contact between the cantilever tip apex and
sample atoms. Due to long-range or short-range attractive or repulsive interatomic
forces (an overall summary of all microscopic and macroscopic forces can be found in
[62]), F.(t), the cantilever is deflected as ((t) depending on the tip-sample distance
h(t). The typical ((t)-h(t) relation is shown in Figure 3.2. At the beginning, the tip is
far away from the sample where there is no interatomic force and deflection, but when
h becomes approximately 20 — 50 nm, there occurs an attraction due to long range van
der Waals and electrostatic forces. This attraction region is called non-contact region.
Then the tip contacts to the sample around 1 — 2 A° distance where F, = 0 after an
attractive force peak. Moving the tip (or sample) more, short-range Pauli forces be-
tween tip and sample atoms repel each other, and the cantilever is elastically deformed
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almost in a linear way. This region is called contact region. If the tip is moved more,
then there may be plastic deformation which is not desirable for imaging. If the tip is
retracted in the same way there occurs a hystheresis at the attractive force peak due
to the tip-sample adhesion.

deflection detection

laser light
system

cantilever
<A e Z-position
controller

interatomic forcei

 Sumple |

XYZ

Positioner X-y scanner
L
controller

Figure 3.1: The basic structure of a conventional AFM.

If the sample is moved slowly enough such that the cantilever is at equilibrium at
each moved position, F, can be computed by measuring ¢ with the relation:

F, = k.. (3.1)

Instead of a laser interferometry-type deflection detection system, ( is measured by
a Wheastone bridge-based deflection measurement electronics in our system as shown
in Figure 3.3 since a piezoresistive cantilever (Park Scientific Instruments Co.) [23],
[79] is used where the overall home-made AFM system photo is given in Figure 3.4. Tt
is a Si cantilever that exhibits piezoresistive effect [14] such that when the cantilever
is stressed by any external force, the resistance of the cantilever changes. Thus, the
output of the bridge is a voltage difference V,,;, and the nanometer value of the ((¢) is
computed from the below equation:

C(t) = SG2(G1Vour(t) + Voss), (3.2)

where G; = Gy = 100 are the amplification gains, V¢ is the offset voltage which
is needed when there is an offset depending on the different resistance values of the
cantilevers, 1} is the bridge voltage, and S is the constant scaling ratio which is cali-
brated experimentally for each cantilever previously. For the calibration, the cantilever
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Figure 3.2: The typical cantilever deflection, i.e. interatomic force, and tip-sample
distance relation.

is bended in the linear contact region by a hard surface such as Si with a controlled
stage experimentally. Getting the slope of the line, S is computed as shown in Figure
3.1.

3.2 Visual Sensing in Micro/Nano World

3.2.1 Micro Vision Sensor: Optical Microscope

A reflecting light-type Optical Microscope (OM) (Olympus Co.) is used as the top-
view vision sensor. Its specifications are given in Table 3.1. A color camera (Sony
Co.) on the OM is connected to a Matrox Co. Meteor frame-grabber (Meteor II) which
enables real-time color image viewing of the micro world on the PC screen with the range
of 640 x 480 pixels in the image frame, (z,,y,), and approximately 57 x 45um? in the
world coordinates, (Z,m,Yum). Hereafter, the world coordinates mean the coordinate
frame for the AFM positioner x-y motion space. An example display for the real-time
OM images is given in Figure 3.6. In the case of linear mapping between both spaces,
Tym = 05%p and yum = oY, where a, = a, ~ 95nm/pizel are constant x and y
scaling constants. However, during the experiments, it is observed that there is also
some rotaion in the coordinates due to the orientations of the camera, stage and sample
surface. Therefore, a calibration process is needed before the experiments in order to
map (Zp, Yp) t0 (Zum, Yum) Which is explained later.
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Figure 3.3: AFM with piezoresistive cantilever (PSI Co.”™) and electronic detection
system.

working distance 25mm

maximum resolution ~ 500nm
image resolution ~  95nm/pizel
lens magnification %80

lens numerical aperture | 0.5

overall magnification %5000 (on monitor)
base stand 5DOF (manual)

Table 3.1: Optical Microscope specifications.

3.2.2 Nano Scale 3-D Imaging using AFM

AFM is convetionally used for getting 3-D atomic resolution topology images. There
are mainly two types of AFM imaging: contact and non-contact mode imaging.

Contact Imaging

The AFM hardware for contact imaging is the same as in Figure 3.3. Controlling
the z-motion such that cantilever deflection reaches a reference value (* in the contact
region as shown in Figure 3.2, the relative z-motion corresponds to the height at that
(x,y) point. Scanning all (x,y) points in a rectangular region, and tracking ¢*, topology
data can be held. This method is called contact imaging. An example contact image
of our home-made AFM is given in Figure 3.7. Furthermore, another example of an
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atomic resolution AFM contact image data of the mica surface held by a commercial
AFM in our laboratory is given in Figure 3.8. The problems of this kind of imaging
are:

e large lateral frictional forces during xy-scanning which can destroy, change, or
move soft or not well immobilized samples,

e high applied normal load to sample.

Especially for biological samples, contact mode may not give stable images due to above
problems. But for well-fixed hard samples such as mica, Si or graphite this mode can
give the best atomic resolution images. The z resolution can go down to 0.01 nm, but
xy-resolution is worse (approx. 0.1 nm at best) due to the finite size of the tip radius.

Non-Contact Imaging

In the non-contact mode, the cantilever is vibrated with a sinus wave generator using
a piezoelectric bimorph kind of actuator with known amplitude A and frequency f,
which is a little smaller or larger then the cantilever resonance frequency f., above
the sample at the non-contact region. The home-made hardware constructed for this
kind of imaging is given in Figure 3.9. There are two types of non-contact imaging:
non-contact and intermittent contact (tapping) modes. At the former, the cantilever
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Figure 3.5: Calibration of the parameter S which scales the Volt deflection values to
nm.

is located above the sample around few nanometers in the attractive region without
touching to the sample, and also vibrated with few nanometers amplitude. In the latter
one, the cantilever is located approximately 10 — 100 nm above, and vibrated with a
large amplitude 20 — 200 nm around f,. In this case, the tip switches between non-
contact and contact with the sample. But the contacts are instantenous, and therefore
the applied load and lateral scanning force is rather smaller than the contact imaging
mode.

In both modes, A and f is changed due to the interatomic force gradient, and de-
tecting these changes using lock-in-amplifier, frequency demodulation kind of electronic
circuits, the change in amplitude A A, frequency Af, and even phase A¢ can be mea-
sured. Observing again constant effects, 3-D topology images can be held. As an
example of the change in the amplitude of the cantilever vibration depending on the
tip-sample distance h(t) can be seen in Figure 3.10 for the tapping mode imaging case
(A = 100 nm, f = 1334 KHz, f, = 133.5 KHz). Also an example tapping mode
image of a particle is given in Figure 3.11.

Non-contact imaging is difficult to realize in ambient conditions. Because, the hu-
midity results in a water layer on samples, and when the cantilever is vibrated very
close to surface, the cantilever can easily jump to contact due the hydration/capillary
forces. Thus, this mode is prefarable in vacuum or controlled humidity environments.
It has the advantage of not deforming the object, and not applying any load. Thus,
for biological or not well-fixed samples it is advantegous to use this mode by careful
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Figure 3.6: Example top-view OM images during micro scale imaging of the cantilever
and micro/nano objects where this image is used in micro object manipulation as an
user interface by the mouse cursor clicks.

setting. On the other hand, the tapping mode is advantegous such that it can use the
advantages of both contact and non-contact modes. Even there is water layer on the
sample, there is almost no jump-in-contact problem due to the large A (large vibration
energy). There is some applied load and lateral force on the sample with compared
to the non-contact mode. However, this effect can be neglected with respect to the
contact mode.

For the manipulation applications, the nano objects to be manipulated are designed
not to be firmly fixed on the substrate, and contact-type of scanning can move the
objects. Therefore, during imaging, non-contact AFM imaging is required. However,
since our system is assumed to work in ambient conditions with relative high humidity,
tapping mode is preferred. Thus, our strategy is: imaging in the tapping mode
and manipulation in the contact-mode.

3.3 Micro/Nano Force Sensing

Denoting the deflections along the z, y and z axes as (;, ¢, and (, respectively as
shown in Figure 3.12, the deflection vector is defined as ¢ = [(; ¢, (.]¥. Taking the
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Figure 3.7: Contact type image of FIB drilled Si ’4’ (8 um x 8 um x 1 wm image size;
0.2 wm maximum drilled height).

force vector as F = [F, F, F,]", and assuming the cantilever with the normal stiffness
of k. is tilted by an angle of o along the x-axis, the deflection is determined by the
forces as follows [13]:

(=CF
C1 0 0

C= i 0 Co C3 (33)
0 C3 1

where ¢; = 2L7/L> + t2/L2, co = 3L/L2, ¢s = 3L./(2Ly), L., Lyand L, are the
cantilever lengths along the x-y-z axes, and ¢, is the cantilever thickness. Thus, the
important point is, the cantilever cannot be modeled as three decoupled springs for an
accurate modeling where y and z axes are coupled. Using our piezoresistive deflection
measurement system, only ¢, can be measured (also (, can be measured if the optical
detection method is utilized which is our future work). Then, the measured deflection
corresponds to:
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Figure 3.8: Contact type atomic resolution AFM image of mica atoms (8 x 8 nm? image
size) using the JEOL Co. JSPM-4200 AFM in ambient conditions.

Cz = (C3Fy + Fz)/kc . (34)

Thus, the lateral force of F; has also affect on (,. Assuming the change of the normal
force is negligible during the pushing operation, the change in F,, i.e. AF,, can be
computed as:

AF, = k(s . (3.5)

This means that the F frictional force component corresponding to the applied pushing
load can be observed from (, directly.

3.4 Manipulation Tool

AFM is also utilized as the simple push, pull, cut, and etc. kind of manipulation tool
in the contact mode. The piezoresistive cantilever (Park Scientific Instruments Co.)
has the sharp tip with 3 — 4 um height, and 20 — 30 nm tip apex radius as shown in
Figure 3.13 where it is at the bottom side of the cantilver as can be seen in Figure 3.14.
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Figure 3.9: Home-made non-contact imaging hardware.

3.4.1 Manipulator Dynamics Modeling

Modeling of the cantilever and nano force dynamics is essential for reliable manip-
ulation control. In the case of approaching and retracting from a flat surface in air,
cantilever dynamics can be modeled as a simple mass-spring system as shown in Figure
3.15 with effective mass m, = k./(472f?), damping b. = 7 f,/Q. (Q. is the quality fac-
tor of the cantilever in air), and stiffness k. such that during approaching and retracting
from a sample surface

meh(t) + 2mebe(h(t) + 2(t)) + ko(h(t) + 2(t) — L)
_ {Fnonwn(h(t)) — Bih(t)u(h(t) — L), h(t) > aq (3.6)
Feon(h(t)) = Bgh(t), h(t) < ao

where Fjon_con(t) and F,,,(t) are the non-contact and contact tip-sample interaction
forces, h(t) is the tip-sample distance, z(t) is the tip-position from the initial rest point,
L is the tip-sample initial rest distance, Bl ~ mr;R.(ag — h(t))/L; is the liquid-layer
damping, B§ ~ m7rsR.(ag — h(t))/Ls is the sample damping, R. is the cantilever tip
radius, the function u(z) is equals to 0 if z < 0 and to 1 else, 7; and 7, are the viscosity
constants and L; and L, are the thicknesses of the liquid layer and sample respectively,
and ag = 30~/%5 is the contact point where ¢ is the interatomic distance. Here, the
cantilever deflection ((t) which is the experimentally measured quantity is defined as

C(t) = h(t) + 2(t) — L.
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3.4.2 Manipulation Tasks

Using an AFM cantilever, manipulation tasks as shown in Figure 3.16. Due to its
mechanical principle, only mechanical manipulation tasks such as push/pulling, cutting,
point-touching, indenting and drilling can be realized. However, by adding some other
biochemicals such as enzymes [17], more chemical manipulations can also be realized.
In this thesis, pushing/pulling and point-touching tasks will be focused on, and the
other task applications are direct with the proposed system and methods.

3.5 Nano Scale Precision Position Control

Piezoelectric XYZ actuators are utilized for atomic resolution positioning. These
actuators have hystheresis and drift problems depending on the motion duration and
range, and temperature changes. For imaging, since xy motion consists of scanning
with specified range, actuators can be calibrated off-line using laser interferometry,
and these calibration data are then can be used for accurate scanning (in the case of
commercial AFMs). However, in manipulation tasks, the tip moves on arbitrary points
in a given range; thus, open-loop control is almost not reliable. Therefore, the best
is to integrate high resolution sensors such as capacitive, strain gauge, LVDT (Linear
Variable Differential Transformer), or optical sensors to motion axes for closed-loop
control. In our system, a Physick Instrumente Co. XYZ closed-loop stage with 10 nm
resolution using LVDT sensors at each axis, 0.1% hystheresis error and 100 um range
in all axes is utilized. The dynamics of the stage along the y-axis can be given as [29]:

1. . _ 3.7
w;ys+wayys+ys_Ty fas (3.7)
where wy, = 27 fy, fy, = \/ky/ms/(2m) = 250 Hz is the y-stage resonant frequency with
ms and k, are the stage and sample total mass and k, is the y-axis stage stiffness,
@y = 20 is the amplification factor, y, denotes the sample y-axis position, and 7, is the
stage driving force. The same equation and values are valid for x and z axes with the
only change of f, = 400 Hz.

For the manipulation of the particles and initial settings, three different stages are
utilized. Their specifications are given in Table 3.2. The fine positioning XYZ piezo-
electric stage (Physick Instrumente Co., P-762.3L) is utilized during the automatic
particle assembly control. The controller for the stage uses analog PI controller with a
previously calibrated sensor linearization filter circuit for < 1 msec sampling rate. The
microprocessor inside the controller can be used to program the stage, however, since
the user-defined position commands are necessary during the manipulation, direct XYZ
position references are sent by a 16 bit D/A board from the PC computer. By this way,
communication delay almost does not exist. Settling time for xy-axes is 25 msec, and
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20 msec for the z-axis as can be seen the example settling data of the each stage in
Figure 3.17. The peak-to-peak noise is 20 nm which means that the accuracy of each
axis is 20 nm. The measured data correspond to the actual positions where the actual
position of the each axis is measured from the direct sensor output to the controller
PC using a 16 bit 10 usec/channel A/D board. As can be seen from the figure, x-axis
has the longest, and most erronous tracking since it is the bottom axis, and has the all
weight over it which reduces its resonance frequency and dynamic response.

Stage 1 Stage I Stage IIT
Actuator piezoelectric electro-strictive bearing
Resolution 10 nm/l1 nm 40 nm/1.25 um 10 pm
Range 100 um 30 pum/18 mm 18 mm
Control closed-loop/open-loop | open-loop/manual | manual
Hystheresis | < 0.1%/ < 4% < 4.8%

Table 3.2: Specifications of the used XYZ stages.
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Figure 3.10: A typical change in (a) the cantilever vibration amplitude, and (b) the DC
deflection during tip-sample approach and retraction to a silicon surface at the tapping
mode imaging with A = 100 nm and f = 133.4 K Hz AC excitation.
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Figure 3.11: 3-D display of the tapping mode image of the silicon conical structures
with 300 nm height (sample size is 6 X 6 um?).

Figure 3.12: Cantilever bending along x-y-z axes during pushing nano objects.
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ZAkU X135, 808008 lpm 288921

Figure 3.13: SEM photo of the Si piezolever tip with radius approximately 20 — 30 nm
(PSI Co.).

Figure 3.14: SEM photo of the head of the cantilever where the tip is at its bottom
side and approximately 10 pum inside.
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Figure 3.15: AFM cantilever model as a simple harmonic oscillator.

rr

pushing/pulling cutting
touching indenting/lithography

Figure 3.16: Possible mechanical manipulation tasks using one AFM cantilever.
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Chapter 4

System Part I1I: Macro World

The overall setup of the VR-based visual and force display user interface and its
photo are shown in Figure 4.1 and Figure 4.2 respectively.

4.1 Visual Display

Real-time and interactive visual feedback from the micro/nano world which gives
information about surface roughness, shape, texture, and etc. is essential besides of
haptic feedback. Since AFM can measure the 3-D topology, this information can be
presented to the user in a friendly way.

Conventionally, AFM data are presented off-line or on-line as 2-D intensity images as
can be seen in Figure 4.4; however, VR graphics technology has been used for generating
sample images in 3-D [32]. An example of 3-D images generated using OpenGL software
environment is shown in Figure 4.5 [31] This image can be rotated or zoomed in any
direction, and can be presented in 3-D to the user using a stereo glass, or a head mounted
display. On the other hand, depending on the samples such as separate objects on flat
surfaces, 2-D image is more helpful for easy interpretation; therefore, 2-D display is also
used during manipulation. Furthermore, captured OM top-view images are displayed
in real-time for rough imaging of the samples and the AFM cantilever.

Nano Visulator

Nano Visulator provides the Virtual Reality 3-D graphics of the AFM topology image
and AFM tip position in real-time. As shown in Figure 4.3, AFM gets the height data z
at each Az, Ay steps during scanning the sample along xy-axes. At each (1Ax, jAy)
point, the position vector r;; is held as follows:

T,'j = (ZA:L',]Ay, Zij) (41)
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Figure 4.1: Virtual Reality-based user interface system structure.

Figure 4.2: Constructed Human-Machine Interface for teleoperated nano manipulation
with visual and force displays.
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where i = 0,...,(SizeX — 1) and j =0,...,(SizeY — 1), SizeX and SizeY are the
maximum scanning sizes along x and y-axes respectively, and z;; is the sample height at
(¢iAz, jAy). Az and Ay are normally taken as the same. Furthermore, 2;; is normalized
in the range such that z; € [0,1] by Z; = (zi; — 2§7")/(273** — 2»™) where z7** and
z;" are the maximum and minumum height data respectively.

When transforming the acquired data to the 3D graphics data, the scaling parameters,
0gy and a, along the XY directions and Z direction respectively are calculated as

following:

xyrange
- 4.2
“v T Maz{SizeX Az, SizeY Ay} (42)

Zrange
= E— 4'
o Az (43)

— ~mazx min
where Az = 2739 — 20" Ty, 0o
graphics coordinates of x-y axis and z-axis respectively, and are initialized as 3.0 and

1.0, then the graphics is drawn in the range 3.0 x 3.0 x 1.0. These values are changable

and z,4nge are the drawing range corresponding to the

to any value by the operator, thus the magnification and the reduction can be done at
the x-y-axes and z-axis independently.

This graphics is drawn by using the OpenGL software library to have the common use
on the Silicon Graphics Workstation. The sample surface color, light source position
are in accordance with eye position. The example of this graphics is shown in Figure
4.5 and Figure 4.6.

4.2 Force Display: Master/Haptic Device

For feeling the interatomic force normal to the AFM tip (frictional force feedback
is excluded in this study), a home-made 1-DOF master device as shown in Figure 4.7
is constructed [28]. It consists of a linear motor which can be modeled as simple DC
motors with the transfer function:

X(s)  KupK,
E,(s) s(T,s+1)

where X is the displacement of the motor shaft, F, is the applied armature voltage.

C(s) = (4.4)

The parameters and properties of the device is given in Table 4.1. Using a proportional
controller with constant G = 10000, the closed loop transfer function becomes as

(s) = C(s)G a?
14+ C(s)G 82+ bs+ a?
where b = 1/T,, and a* = GK,K,,/T,.

(4.5)
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Bandwidth  ~30Hz Range 20mm
Friction +3.15mNm K, 2.79 x 1073
K, 29.41(rad/sec)|V [T, 0.0011sec

Table 4.1: Properties and parameters of the haptic device.

Operator puts his/her hand to the master arm, applies the normal force F,,(t) to
the arm tip, and meanwhile feels the arm motion, z,,(¢). There is no power transmis-
sion from operator to the master arm; the arm moves by motor control every time in
accordance with the operator force.
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SizeX-1
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Figure 4.3: Scanning direction of the AFM and the acquired data.

Figure 4.4: 2-D grey-scale display of the AFM image of the 10 nm size InAs quantum
dots.
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Figure 4.5: 3-D virtual reality graphics display of the AFM image of the 10 nm size
InAs quantum dots with a sample size of 150 x 150nm?.

Figure 4.6: VR Nano Visulator 3-D display of 242 nm radius gold-coated latex nanopar-
ticles with the real-time display of the AFM tip as a spherical ball..

39



m

Force Sensor

| -Z |

Position
Sensor

X

Base

Linear Motor with Gear Drive

(a)
F_ (1) , X,(t) Position-
er Force Sensor T et

~ Master Arm - T B

- A

Figure 4.7: The structure (a) and photo (b) of the home-made 1-DOF haptic device
for feeling the scaled interatomic micro/nano forces at the operator’s finger.
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Chapter 5

System Part III: Macro to
Micro/Nano World

5.1 Scaling of the Force and Position Information

For scaling micro/nano forces and positions to the macro world, there are mainly two
approaches: linear and nonlinear scaling. In the former,

ry(t) = oszs(t),
Fi(t) = agFy), 6.1)

where F(t) and x,(t) represent the slave/nano force and position respectively, F(t)
and z}(t) are the scaled values, and ¢, and ay are constant position and force scales
respectively. The selection of o, and «, depends on the F,,(t) and z,,(t) mechanical
and hardware limits. In this type of scaling, all forces are scaled in the same way such
that the inertial forces can not be felt.

In the nonlinear scaling which is also called impedance scaling [14], forces are scaled
independently with respect to their length scaling power relation such that

T(t) = apas(t),
Fi(t) = aﬁmcis + ozzbcw's + af,kc:cs, (5.2)

In this approach, the inertial forces can be magnified such that the operator can feel
close to its daily experience. But this approach requires precise environment parameters
while the linear scaling does not.
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5.1.1 Selection of the Scaling Factors

In this thesis, the forces and positions are linearly scaled with parameters a; and
a,. For determining these parameters, there are different approaches. Recently, Gold-
farb [24] concluded two cases: (1) ay = 1/, = 1/L for structurally dominated in-

teractions, (2) ay = 1/al = 1/L? for surface-dominated interactions where L =
(zmaz — gmin) /(gmae — gmin) - and assuming L >> 1. Furthermore, we add also a

heuristic one where the maximum range and resolution, i.e. performance, of the master
and slave motions and forces can be utilized. In this case:

max min
— T

‘Ts S

Qp = max min
Ty ™ — Ty

max min
_ fm - fm

fmax _ fmm ’
s s

Upper max and min terms denote the minimum and maximum values for the given

af (53)

parameter. This kind of scaling can be especially useful for micro/nano manipulation
cases where the resolution of the stages are limited and environmental disturbances
largely reduce the measurement and positioning accuracy.

At first, the measurement limitations should be considered. For the positioning limits,
resolution 4, = 10 nm in the closed-loop control case. For the initial height of the tip
above the sample contact point H, and a maximum indentation depth d,,,,, the range
™% — g™ — F 4 §,.42- The measurement range of the cantilever deflection is limited
by the electronics such that —10S < ¢ < 10S where S is the conversion term for
the deflection from Volt to um. It is calibrated before the experiments (in our case
S =0.033 um/Volt). Thus, dpe < 105 = 0.33um.

For the micro/nano force measurements, the noise in the cantilever deflection mea-
surement system e, is peak-to-peak 50 mV which means an approximate force resolution
d¢ = 0.05k.S = 13 nN. Since ( is limited, also —10k.S < f, < 10k.S. For k. = 8 N/m,
—2.6 uN < f; < 2.6 uN. However, the attractive micro/nano forces are relatively very
small with respect to contact forces, and typically —0.6 uN < f, < 2.6 uN. Further-
more, due to d,, minimum ¢ steps are limited to k.0, = 80 n/N. Thus, the overall force
resolution in the closed-loop control case is 4 = 90 n/N. On the other hand, for the
open-loop control, there is no limitation from ¢,, and d; = 13 nN.

The resolutions and ranges can be combined for determining the possible number of
control steps Ny and N, for the nano force and position control as follows:

N. — H + 5maw
p (5:0
2
N; < OkeS : (5.4)
Ly
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For the values of 6,4, = 0.3um and H = 0.1pm, it is computed that N, = 40 and N, =
400, and Ny = 58 and Ny = 400 for the case of J, = 10 nm and 6, = 1 nm respectively.
For an accurate control, IV, and Ny should be as large as possible. Therefore, 10 nm
resolution may not be enough for precise feedback, and 1 nm resolution should be
utilized.

For the master device, the motion range is limited to 2 cm with 6, = 0.004 cm. Thus,
N, = 500 for the master positioning which could be sufficient. Force measurement
resolution is 6y = 0.1 N for the strain gauge sensors, and the maximum measurable
range is approximately £18 N. Thus, Ny < 360. Finally,

H + 677’7.0.1‘
= "T90 (um/cm)
I (

23 N/uN) . (5.5)

oy
For applying the scaling rules (1) and (2), H, dmaz, [7%or fM" can be arranged for
enabling the scaling rule equalities.

5.2 Bandwidth Effect

If the relative difference between the bandwidths of the force feedback device, f,,
and slave device, f;, is high, strategies should be introduced for avoiding unstabilities
and unreliable force feeling. In the AFM system, x-y scanning bandwidth is around
40-50 Hz in closed-loop while the force feedback device bandwidth is around 30 Hz
without any dedicated hardware. Then, one solution is limiting the scanning speed,
vs(t), for feeling the nanometric/atomic features with length AL within the haptic
device’s bandwidth such that

vs(t) < ALfm. (5.6)

In the reverse case, where f,, > fs, smoothing strategy such as adding artificial
compliancy for intermediate motions can be a solution.

5.3 Hardware Disturbances

The main hardware disturbance sources in an AFM-based tele-nanorobotic system
can be classified depending on the system part such as AFM, master device and tele-
operation system disturbations. In the AFM system, mechanical vibration in the range
of 1 Hz-10 KHz, hysteresis and thermal drift in the piezoelectric positioners, thermal
electrical and 1/f noise in the piezoresistive AFM cantilever, water layer due to the
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humidity in the air, air flow, acoustic pressure, and temperature changes are the main
disturbation sources. For reducing acustic and air flow disturbances, an acrylic chamber
is designed with double glasses, and a vibration-controlled table is being used in our
system. In the haptic device, backlash, sensor error, hysteresis and electrical noises can
exist. Additional low-pass filters can reduce the electrical noise. Finally, during tele-
operation, time delay can be a significant disturbance especially in distant application
cases using the computer network.

5.4 Scaled Bilateral Teleoperation Control

For feeling the scaled nano forces on the human finger, the bilateral teleoperation
control system shown in Figure 5.1 is to be constructed.

l Teleoperation IXS
X, F 0, Controller
® M (S) er XSI’ XS Fn
Master Slave
Controller Controller

Figure 5.1: Scaled bilateral teleoperation control scheme.

5.4.1 Dynamics Modeling

Force feedback is sensed through the linear motor torque with the master arm (Figure
4.7)dynamics of:

M Zm + Om@m = Tm + Fon (5.7)
with m,, is the arm mass, b,, is the damping ratio, F;, and z,, denote the operator
force and arm position, and 7, is the motor driving torque.

For the slave site, AFM tip base position z4(t) = z(t) is controlled using the piezoelec-
tric stage. Transformer) integrated sensor is utilized. resolution is limited to 10 nm due
to the sensor resolution while in open-loop 1 nm resolution is possible. The dynamics
of the stage can be given as:

1

1
Eis + mdzs +zs=17s—Fy , (5.8)
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where w, = 2nf,, fn = \/ks/ms/(2m) = 450 Hz is the resonant frequency with m
and k, are the stage and sample total mass and k; is the stage stiffness, () = 20 is the
amplification factor, z; denotes the AFM cantilever base position, Fy is the force that
the tip applies to the sample, and 7, is the stage driving force.

The tip-sample interaction dynamics which is given in Eq. 6.9 can be written as:

Fy, =k = —miC + kiws — ki€, (5.9)

with z, = z. Assuming quasi-static, i.e. slow, motion which means equilibrium at each
x, displacement;:

ki(l's, 5)kc

=—""7 " x. . 1
S kz(xs75) + kcl.s (5 0)

5.4.2 1Ideal Response Definition

The ideal response of the controller is given as follows:

Ts — pToy
Fm — ast, (511)

at the steady state. Here ay > 0 and «;, > 0 are the force and position scaling factors
respectively.

5.4.3 Scaled Bilateral Teleoperation Controller I: Virtual Impedance
Control

In order to realize the ideal response, firstly, the bilateral teleoperation system uti-
lizing Virtual Impedance (VI) control approach (Figure 5.2) is proposed. VI is utilized
to control the impedance between the master and slave arms for realizing the desired
force feedback depending on the task. The basic structure of the VI control-based tele-
operation system, and the VI structure is given in Figure 5.3. Thus, VI control transfer
function term

1
T M,s>+ Bys+ K,
generates smooth reference master and slave positions as z,,, = x5 /a, since it also
behaves as a second order low-pass filter. M(s) = X;(s)/Xmr(s) (given by the Eq.
(4.5)) and S(s) = X,(s)/Xs(s) are master and slave plant and control transfer func-

V(s) (5.12)

tions. K7 is the force error feedback gain. For the simplicity of the analysis, if a spring
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is assumed to be attached to the cantilever, i.e. Fi(s) = KX,(s), following equations

are computed for checking the ideal responses:

Tm 1

T @y

F, K 1
?s = 7apKva+af(1+?f

(5.13)

(5.14)

For enabling the ideal responses, Ky should be selected as large as possible, and K,

should be selected as close as to K.
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Figure 5.2: Virtual Impedance-based scaled bilateral force feedback control.

Figure 5.3: Virtual Impedance control structure.
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5.4.4 Scaled Bilateral Teleoperation Controller II: Force Re-
flecting Servo Type Control

Second teleoperation control approach is force-reflecting servo type controller as
shown in Figure 5.4. The control laws are as follows:

Tm = _affs - Kf(affs - fm)
Ts = Ky(0plm — &5) + Kp(0pxm — T5) (5.15)

K, and K, are position control parameters, and K; is the force error gain. Using
the slave and master dynamics equations, and assuming a very hard sample such that
ki >> k., and fs = k.xs, equalities for the ideal response at the steady state are given
as follows:

T, 1 + 1 )
Ts O K,
F 1+ K,

1
tm_ T hp 14—, 1
F, kcapKpr+af I+ (5.16)

Ky

Thus, for enabling the ideal responses, K, and K should be selected as large as possi-

ble.
+ -
>

I:L —»
K +K 5|2 X

+

O d

Figure 5.4: Scaled bilateral teleoperation control system.

5.4.5 Stability of the Teleoperation System

At the micro/nano scale teleoperated force feedback control, the dynamics in the
micro/nano world can become highly nonlinear and coupled which may cause instability
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problems. However, even it is nonlinear, the dynamics can be assumed to be passive,
and thus the system stability depends on the proposed controller stability properties.
For the controllers, if K; parameter is selected very large, positioning resolution is not
small enough, and the contact interaction is highly stiff, then the instability problem as
the vibration of the haptic device can occur. Therefore, the stability analysis of the all
system including the proposed interaction force models and positioning stage dynamics
at the slave site, which is expected to be mathematically very complex, is necessary,
and it is a future work.
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Chapter 6

Application I: Tele-Touching to
Surfaces at the Micro/Nano Scale

6.1 Introduction

In our daily lives, direct physical interaction/contact with objects such as shaking
hands, grasping a glass of water, opening the tap of a bottle, and etc. constitutes
one of the important sensings. However, this kind of direct interactions are limited to
only macro scale objects where special tools are required for interacting i.e. small (mi-
cro/nano) scales. Integration of tele-robotics and micro/nano mechatronics technolo-
gies, i.e. tele-micro/nanorobotics technology, enables such tools [67], and this study is
focused on teleoperated physical contact interactions with elastically deformable mi-
cro/nano scale surfaces. Most of the micro/nano robotics researches does not include
the detailed effect of object deformation during contact type of manipulation, and
this study also introduces deformation/indentation models for understanding the mi-
cro/nano scale contact behaviour in detail.

The main phenomenon at the micro/nano scale is the scaling effect where the gravita-
tional forces become negligible with respect to attractive or repulsive interatomic forces,
and sticking forces become dominant. Thus, a different mechanics, which can be called
as micro/nano mechanics, is introduced by many researchers [10]. One of the main
components of this new field is micro/nano contact mechanics [36]. For understanding
the contact phenomenon of surface atoms at the micro/nano scale, Surface Force Appa-
ratus and recently Atomic Force Microscopy (AFM) are utilized [8]. AFM can enable
single asperity contact studies of any type of samples (biological objects, polymers,
metals, semi-conductors, and etc.) where local contact studies with very high resolu-
tion has become possible. For AFM-based contact/indentation studies, Hertz [81], [70],
[77], [75], [61], DMT, BNC and Maugis-Dugdale (MD) models [9] have been proposed.
Hertz model is realistic in the case of large external loads with compared to surface
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adhesion. However, load amounts may have similar magnitudes with adhesion forces
during micro/nano manipulation tasks, thus this model should not be utilized in the
case of small loads. DMT model adds the effect of adhesion to the Hertz model, and
it can be used in the case of rigid systems, low adhesion, and small radii of curvature.
But it can underestimate the true contact area, and the hystheresis between loading
and unloading cannot be modeled with this model. On the other hand, JKR model
also includes the effect of adhesion forces and hystheresis behaviour where it is realistic
for small loads. But, it assumes that short-ranged surface forces act only inside the
contact area, and this may underestimate loading due to the surface forces. Finally,
MD model is the recent best model since it is analytical, can be used for any case, and
does not underestimate surface forces and contact area.

In this thesis, micro/nano contact mechanics is connected with tele-robotics approach
for putting human operators inside the micro/nano world for touching and physically
interacting with surfaces at the micro/nano scale. This kind of study is important
especially for reliable tele-manipulation of micro/nano deformable surfaces such as bio-
logical objects or polymers. This connects micro/nano contact deformation mechanics
and teleoperated haptic feedback researches for the first time upon our knowledge. Hol-
lis et al. [30] and Falvo et al. [18] utilized tele-robotics technology for tele-manipulation
or tactile feedback, but did not consider the contact mechanics issue.

Our approach is to utilize Hertz, DMT, JKR, and MD deformation models for a
Virtual Reality Micro/Nano Touching Simulator using the AFM, and then results are
compared with teleoperated AFM tip touching experiments. For the bilateral teleoper-
ation force feedback control, force-reflecting servo-type controller is used. The scaling
problem for this kind of application is defined, and possible solutions are proposed.

The organization of the paper is as follows: at first, micro/nano scale contact mechan-
ics is described and possible models are introduced. Then, scaled bilateral teleoperation
control and scaling approach are given. Next, Virtual Reality graphics environment for
tele-micro/nano-touch simulations is explained. Finally, simulation and experimental
results are discussed and reported.

6.2 Problem Definition

AFM cantilever with its sharp tip is replaced by our finger at the micro/nano scale as
shown in Figure 6.1. The operations are assumed to be realized in ambient conditions
with no direct humidity and temperature control for the AFM system. ere, the sample
is assumed to be an elastically deformable flat half-space, and the mass of the cantilever
is assumed to be concentrated on the tip apex.
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Figure 6.1: Contact-type physical interaction with deformable surfaces at the mi-
cro/nano scale using AFM tip as a single asperity contact tool and force/topology
Sensor.

6.3 Modeling of Non-Contact Forces Between the

Tip and Surfaces

Assuming the AFM tip apex is spherial (parabolic), micro/nano forces between a
sphere and elastic flat surface is to be modeled for simulating the touch interaction in a
VR environment. Since the tip approaches, and then contact, all process of approaching
to the surface, then contact mechanics, and finally retracting phases are all investigated.

During approaching and retracting where the tip and surface are not in contact,
there are mainly attractive and sometimes repulsive type of non-contact forces exist in
air conditions (gravitational forces are negligible relative to other micro/nano forces).
These forces are van der Waals, capillary and electrostatic forces such that Fy,on—con(t) =
Foaw(t)+ Feap(t)+Fy(t). At below, these forces are explained in detail. As the notation,
the (-) force means the attractive and (+) do repulsive forces.

6.3.1 Van der Waals Forces

It exists for every material in every environmental conditions (like the gravitational
force at the macro world), and depends on the object geometry, material type and
relative distance. For different geometries, the work functions of W are given in Figure
6.2. Assuming the interaction of the spherical cantilever tip with a flat surface [35],

2

o
Foaw(h) = —Foﬁ . (6.1)
Here, h is the tip-surface distance, o is the interatomic distance, Fy = %, R, is the

spherical tip radius, and H is the Hamacker constant (0.4x107! < H < 5x10! for all
materials). For the case of a liquid layer on the sample, H = {(Hyip — Hiiquia) (Hsampte —
Hjiquia) }*/?. For example, for a SiO, tip and mica sample with a water layer on it
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W=-AR,R,/(6D(R,+R,)) W=-AR/(6D)
plane-plane cylinder-cylinder

W=-A/(12D?) W=AL(RR,)"*/(12sqrt(2)(R,+R,)"?)

Figure 6.2: Work functions of Van der Waals force for different geometries.

case, H ~ 1.89 x 107'°J where Hg;o, ~ 4 x 107'°J, Hy,0o = 0.37 x 1071%J and
Hppico = 1.35 x 10719,
Approaching to the contact point, F,4, goes to infinity which causes a discontinuity
problem. Therefore, Lennard-Jones model can be used for a better continuity such that
o? o8
Foaw(h) = —Fo(ﬁ - W) (6.2)
The surface roughness change the magnitude of F,4, such that higher pek-to-peak
roughness height b the less the F,z,:

h
h+b/2
The retardation effect also increases the distance power from 2 to 2.7 or more. Thus,
approximately, after 100 nm separation distance, F,q4, forces can be negligibly small.

dewb(h) = ( )dew- (63)
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Figure 6.3: Capillary force parameters during a sphere and flat surface contact.

6.3.2 Capillary Forces

The water layer on the surfaces of the probe and the substrate result in an adhesion
force. A liquid bridge occurs between the tip and surface at the close contact as shown
in Figure 6.3. The parameters of this capillary force are the tip-surface distance h, radii
of curvature of the meniscus as r; and p, and the thickness of the liquid layer e. Using
the macroscopic theory of the capillarity theory, following model is held [15]:

6 1
cos I ;) + 2mypsind + FSLs]u(—h +1L), (6.4)

Fcap(h) = [WPQ’YL(

where R, is the tip radius, € is the contact angle, u(.) is the step function, L = L,

1

during approaching and L = ¢ during retraction where L; =~ 2¢ is the thickness of the
water layer, and ¢ is the breaking length of the meniscus which can be determined
by the JKR contact mechanics modeling as § = 0.132(67R"/2~,/K)*/® where 1/K =
[(1-v?)/E;+ (1 —v?)/E,], and E; and E, are the Young modulus, and v; and v, are
the Poison’s coefficients of the tip and particle respectively. r; can be approximated as
r1 = —0.54/log(P/Ps)(nm) using Kelvin equation [35] assuming a water layer at 20C°
where P/P; is the relative humidity ratio). 7 is the liquid surface energy (for water
v = 72mJ/m?), and vsrs is the surface energy between solid-liquid-solid interface.
Often v, > 7vsrs, and the Fgrg force can be ignored. Finally, assuming 6 ~ 0 and
r1 K p < Ry, the Fiy, reduces to:

h — 2e

Fop(h) = dnyp Ry(1 — .
1

yu(—h + L) . (6.5)

6.3.3 Electrostatic Forces

Grounding a (semi)conducting substrate such as Si, Au or HOPG, the electrostatic
forces are reduced. However, in the case of polystyrene latex particles, there are charges
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trapped around the perimeter of the particles, and during pushing or contact, tribo-
electrification introduces local charges. Since the particles are not picked up, the elec-
trostatic force between the particle and substrate is not important. But, after pushing,
the charge on the particle is transfered to the tip which can cause an electrostatic force
between the particle and tip (then particles can stick to the tip during retraction which
is observed in some cases experimentally). As solution to this problem, the latex parti-
cles are coated with Au, and by grounding all the substrate and particles, electrostatic
forces can be negligible. However, still a model for the electrostatic forces is desirable
for general cases.

It is assumed that the all objects are free of charge at the beginning. But, after
contacting with the objects, contact electrification and triboelectrification occurs, and
forces due to these charges should be computed.

For the work functions of ¢; and ¢ of two surfaces, resulting voltage difference is
U = (¢ — ¢2)/e where e = 1.6 x 107 C'is the e~ charge. Then the electrostatic force
becomes as:

Fa(h) = -5 (6.6)

© 2h2

where € is the permittivity, and S is the shared area. For the tip-particle interaction,
S = 47 Rry, and U = 0.25 V for gold-coated particle surface and silicon tip. For the
gold-coated particle and silicon substrate, S = 47R,r, and U = 0.5 V. Then for
Ry = 30 nm, R, = 250 nm, r; = 1.7 nm, and h < 10 nm, F/{ is in the order of 10s of
pN which can be almost neglected. For a given threshold separation distance between
the tip and particle h*, the electrostatic forces are discontinuous such that:

Fel(h) = Fel(h)u(h - h*) ’ (67)

where u(z) function is the step function where u = 1 if z > 0; else u = 0.

6.3.4 Simulations

The above non-contact force models are simulated, and their relative magnitudes
in the air environment are compared. For approaching of a silicon spherical tip to a
flat gold surface as can be seen in Figure 6.4, the parameters of the simulation is as
follows: R; = 30 nm, H = 2.03 x 1071, qy = 1.98 A, v, = 0.072J/m?, ri = 1.06 nm,
Li=10nm, U =0.25V, ¢, = 8.85 x 107'2C?/Nm?, and h* = ay. The resulting forces
are shown in Figure 6.5. From the figure it can be seen that F,,, > F,q, > F; for the
given case. Thus, F,; even can be neglected.
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water layer

Figure 6.4: A spherical tip probe and a flat surface approach and retraction graph for
surface force modeling simulations.

6.4 Modeling of the Micro/Nano Contact Mechan-
ics

The contact mechanics of the micro/nano scale touch using the AFM tip as the single
asperity contact tool is modeled as a mass-spring system as shown in Figure 6.6. P
represents the applied load, k., b., m}, ¢ are the cantilever stiffness, damping constant,
effective mass, and deflection respectively. k;(z, () and b; are the tip-surface interaction
stiffness and damping, and § is the penetration depth. The dynamics of the cantilever
can be given as [10]:

mC(8) + 2mibeC (1) + keC(8) = kilz, Q)(2(1) = C(8) + 2mibi(2(t) = C(t) . (6.8)

Assuming the damping terms are negligible, and removing the time t € R for the
notation simplicity:

miC + k€ = ki(2,0)(2 = Q) - (6.9)
Here, the special cases are: (1) if k; >> k., ( = z at the equilibrium which means there
is no surface deformation, (2) when k; = —k,, then mzC = k;z. During the contact,
applying a load P by moving the cantilever base position to z results in the following
equalities:

Pt) = k(1)
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i(t) = A(t) — ((t)cosa
A(t) = z(t) =z, (6.10)

where z; is the piezo position when the tip contacts to the sample.

6.4.1 Hertz Model

For the Hertz deformation model, load P results in a contact radius a with the general
relation of:

P = Kad

1 ml—l/t2 1— 2

- - 7 s 11
K 2( E, + E, )’ (6 )

where K is the reduced elastic modulus for the tip-sample system, m is the tip geometry
dependent constant (m = 1 for the cylindirical, m = 1.5 for the spherical, and m = 2
for the conical tip case), E; and E are the Young modulus, and v; and v, are the
sample Poison’s coefficients respectively. For our system, the AFM tip is spherical with
radius R, =~ 20 — 30 nm, and using the Hertz model for a sphere-flat object interaction,
a = v/R.6. Then following relation can be computed:

A =6+ +/R.Kcosad®? [k, . (6.12)

If the tip is very sharp, i.e. R, < 10 nm, the geometry can be assumed to be conical
with the tip half angle ¢ where a = ntanyd/2. Then,

wtaniy
2Kk,

Furthermore, some researchers [77] approximates the contact radius using simple
geometry as a = /2AR, for the spherical tip case, then:

A=6+

6% . (6.13)

i ke
" k.+ Kcosan/2AR,

(6.14)

6.4.2 DMT Model

This model accounts for long-ranged attraction around the periphery of the contact
area while the defromation geometry is Hertzian such that for a sperical tip and flat
surface:

P=Kd/R. - 2rR.w
6 =d*’/R,. (6.15)

where w is the adhesion energy.
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6.4.3 JKR Model

Adding the short-ranged adhesion forces, for spherical tip and flat surface, JKR model
results in following equations:

P =Ka*/R, — V3rwKad?

§ =a?/R, — 2/3y/3nwa/K

a* = R./K(P + 31 Rew + /67 RewP + (37 Rew)?) . (6.16)

6.4.4 MD Model

MD model assumes a constant stress g = 1.03/ag over the annulus d in Figure 6.7.
By analogy with the plastic zone ahead of a crack, MD model can be used for all cases
[47], [69], [36] such that:

2/3
/\22( R2w) / [Vm I+ (m - 2)00371 ! |+ 422 }I{zwl/?’[\/ 1003*1% -m+1]=1,

=i - () TV

R. 3
2( ) [VVm? — 1+ mZ2cos 1],

A= 200 (B2} (6.17)

ao

where aq is the interatomic distance, and m is the ratio of the width of the annular
region to a. If A — 0, The MD model converges to the DMT model, and if A\ — oo it
converges to the JKR model.

6.4.5 Experiment and Simulations

For comparing above deformation models, a silicon tip and silicon sample are con-
tacted (Eg = 110 GPa, vs; = 0.35). Assuming a water layer between the tip and
sample, w ~ 27 where v = 72m.J/m?, indentation force and a vs. A curves are held
as shown in Figure 6.8 during unloading (retraction). In the figure, also the real data
which is held from the experimental automatic approach and retraction data as the
contact unloading slope of ~ 8.5 N/m is shown. However, the contact radius cannot
be directly measured, and the real one is not shown. The results show that JKR over-
estimates the contact area while DMT and Hertz underestimates, and DMT and Hertz
models also underestimates the applied load. For different samples with different E,
MD gives the load, cantact radius and m data as can be seen in Figure 6.9. As the
surface becomes soft, i.e. F is smaller, the contact area is increased while the applied
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Model Assumption Applicable Cases

Hertz no surface forces high loads with small surface forces

outside of the contact area

DMT long-ranged surface forces act only rigid surfaces with low adhesion

inside of the contact area

JKR short-ranged surface forces act only small load and high surface forces

MD periphery of tip-sample interface all cases
is modeled as a crack

Table 6.1: The properties of the contact models.

load is decreased. This may cause problems in the force feedback scaling since the
same scaling factor may not give the enough scaled feedback on the operator finger
for different range of surfaces. One solution is the preliminary calibration of the force
scaling factor for all surfaces for optimal force feedback.

The general properties of each model is given in Table 6.1. From the table, Hertz
model is realistic in the case of large external loads with compared to surface forces.
However, load amounts may not be large during micro/nano manipulation tasks, thus
this model should not be utilized in the case of small loads. DMT model can apply
well to the rigid surfaces with low adhesion, but may underestimate the true contact
area. On the other hand, JKR model adds the effect of adhesion to the Hertz model,
and it can be used in the case of small loads. But, it assumes that short-ranged surface
forces act only inside the contact area, and this may underestimate loading due to the
surface forces. Finally, MD model is the recent best model since it is analytical, and
does not underestimate surface forces and contact area.

As the next experiment, silicon AFM tip is touched to different materials, and the
experimental unloading curves are held as shown in Figure 6.10. Depending on the
E;, the slope is different, i.e. larger E has a larger slope, and the pull-off (separation)
point gives information about the adhesion between the tip and surfaces. The maximum
adhesion exists when the sample is steel, and it is minimum for silicon sample. The
infinite stiff surface line is shown also in the figure where mica gives the closest curve
to this line. Steel and silicon are softer than the mica, and less slope.

Finally, the approach and retraction of a silicon probe and silicon substrate is sim-
ulated using the proposed surface force and contact models, and compared with the
real experimental data. MD models are utilized as the contact model, and electrostatic
forces are neglected. For a silicon material £, = E; = 110 GPa, and the resulting
parameter value for the MD model is A = 0.367, and the equations are solved using
the Newton-Raphson numerical techniques. The other force model parameters are:
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R, = 30 nm, H = Hg;pm,0,5 = 133 X 107 J, and vg; = 0.27. Thus, the simu-
lated and experimental force-distance curves are shown in the Figures 6.11 and 6.12
respectively. In Figure 6.11a, a capillary force-dominant interaction is simulated with
the paarmeters of v, = 72m.Jm? and e ~ 8 nm. From Figure 6.11a and 6.11b, the
behaviour is very similar while the magnitudes of the pull-off (separation) and contact
positions are different with around ten times scale. The reasons of this scale can be
due to the resolution of the stage, i.e. the large steps of motion results in more smooth
and enlarged curve data, and the water layer can be larger than the expected value. As
the second data, simulation model parameters in Figure 6.12a are tuned for a contact
mechanics-dominant interaction in order to coincide with the real data in Figure 6.12b.
By tuning the parameters, 77 = 0.45 J/m? and e ~ 20 nm values are held. Thus, the
theoretical model parameters are computed for a realistic model by comparing with the
real data.

6.5 Virtual Reality Simulator for Tele-Nano-Touch

For simulating the micro/nano touch feedback, a Virtual Reality (VR) Simulator is
constructed for freely changing the parameters, and initial training. A sample interface
graphics can be seen in Figure 6.13. Moreover, a realistic simulator will enable a real-
time animator display for real-time nano manipulation monitoring such that the models
can predict the position of the manipulated objects in real-time. and can animate
this modeled behaviour in the simulator. Using the haptic device, and the micro/nano
contact mechanics models, hybrid simulation type of touching experiments are realized.

6.6 System Setup

Tele-Micro/Nanorobotics system is utilized during the experiments. The hardware
structure of this experiment can be seen in Figure 6.15. The Nano Visulator graphics
display of the scanned real-surface data, and real-time AFM tip position, and force
feedback through force reflecting servo-type controller enabled the real-time touching
feedback experiments.

6.7 Experiments

6.7.1 Single-Asperity Contact Feedback

Single-asperity contact to silicon surface experiment is realized initially. The AFM
tip parameters are R, = 20 nm, k. = 8 N/m and S = 0.033 um/Volt. Touching to
the silicon sample at the 40% humidity conditions, resulting master and scaled slave
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k. =40N/m fr =150KHz R, = 10nm

Q. =100 v =0.073J/m? | H =189 x107'%J
w = 0.072J/m2 E, = 170G Pa E, =4GPa

v, =0.3 v, = 0.5 o = 3.49A4°

L; =0.8nm ri = 1.2nm 0 = 4nm

Table 6.2: Parameters of the touch simulation model.

position and forces can be seen in Figure 6.17. Experimental parameters are Ky = 2,
initial tip height H = 0.6 um, o, = 4 x 1073 and ay = 2.0 x 10°. As can be seen from
the figure, ideal responses of tracking the master and scaled slave forces and positions
are realized successfully. The negative attractive forces are significantly large enough
to feel the sticking to the surface. However, this sticking effect is small during the
approach, and very large when retracting back. The reason is the adhesion force which
result in an increased attractive force during separation. This difference causes of the
force tracking error during the approach phases since the force occurs only very close
to the surface (20 — 50 nm). However, there is no tracking error for the positions since
the piezoelectric stage has a closed-loop accurate control for the reference positions.

experiments:

- comparing different scaling laws

- VR SImulator results

Experimental results of bilateral interaction using the Virtual Impedance controller
during touching to a mica surface is shown in Figure 6.18. M, = 0.1kg, B, =
20N/(m/sec), K, = 0, ap = 15 x 107, oy = 1 x 10%, and K; = 20 are taken.
Initial tip-sample position is 10nm. AFM force feedback is simulated in the Nano Sim-
ulator using the derived models with the parameters in Table 6.2. As can be seen in the
force-time graph, the operator starts to apply force at around 0.8 sec. Then the master
device also begins to move in according to V' (s) until to the contact point. After the
contact, the point after the (-) nano force, ideal response is being held where F,,(t) and
apFy(t) are balanced, and z,,(t) stops. But, if the operator continues to push more,
again the controller tracks both forces and positions. When F,,(¢t) = 0 at around 4.6
sec, i.e. operator removes his finger from the device, master device moves back to the
contact point again.

6.7.2 Surface Tactile Feedback

In this mode, the measured sample topology is felt on the operator’s hand while
scanning a sample such as in [30]. At first, the cantilever tip is approached to the
surface, and put in contact with the substrate. Then, by controlling the x-y AFM
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cantilever motion by a mouse, the operator, putting his/her finger on the haptic device,
can feel the scaled measured relative height of the surface by the bilateral touch feedback
using the force reflecting-servo type controller. As the experimental result, an image
given in Figure 6.19a is scanned along the line shown in the figure. The resulting
tactile-sensing with the scale parameters of a,, = 107° and oy = 1 x 10°, and the force
error gain of Ky = 10 is given in Figure 6.19b. The upward jumps stand for the silicon
grid structures. Furthermore, a Focused Ion Beam Fabricated character '3’ as shown
in Figure 6.7.2 is felt on the operator’s hand by moving on a user-defined trajectory as
shown in 2-D display of the AFM image in the figure. The resulting touch-feedback of
the surface is given in Figure 6.21 where the topology can be felt successfully. Finally,
an InAs quantum dot structures of around 10 nm size are felt on the operators’s hand
during scanning on the sample as given in Figure 6.22. The jumps are the quantum
dot structures. In this mode, the nano objects are assumed to be fixed on the substrate
since the touching operation is held in contact mode type of AFM imageing which can
move not well-fixed samples on the surfaces.

6.8 Discussions

From the experimental results, it can be observed that the proposed bilateral scaled
teleoperation control system is successful for providing touching force feedback at the
micro/nano scale. The important parameters for the reliable sensation are:

e Scanning speed: taking the bandwith effect problem into consideration, the scan-
ning speed should be small for feeling the small features easily,

e Force reflecting servo type of controller gives less damping force feedback since
there is no artificial dynamics added to the system while the Virtual Impedance
controller is more stable for abrupt force changes, and filters the force noise as a
second-order low-pass filter,

e MD model gives the best contact mechanics modeling in the VR Nano Simulator
experiments since it can be applied to all cases without any assumption,

e The stage positioning accuracy is around 15 nm during the experiments which
added limitations to the resolution of the felt micro/nano forces, and also caused
instability problems in the case of stiff surfaces where vibrational behaviour oc-
cured in some cases if the force error gain K is selected as a large value. Therefore,
the accuracy of the stage should be increased to few nanometers for more stable
and high resolution force feedback,
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e During the tele-nano contact, depending on the sample and tip adhesion forces,
the selection of the force scaling factor o differs such that: for high surface ad-
hesion, i.e. large tip radius (R;) and high adhesion energy (vz), oy = 1/, gives
better feedback while for small adhesion forces, ay = 1/a2 is a better selection
which coincide with the theoretical calculations of Goldfarb [24]. Moreover, de-
pending on the softness of the samples, these rules do not give good results such
that the interaction/contact forces become exponetially very small while the mo-
tion range also increases. Thus instead of previous rules, our proposed heuristic
rule becomes more attractive where the minimum and maximum contact force
values are measured before the experiments, and ay should be selected according
to the Eq. (5.3),

e Electrostatic forces seem to be negligible for previously non-charged surfaces and
grounded substrates. However, for a non-conducting sample, even the tip is con-
ductive or semi-conductive, charges can be stored after the contact interaction,
and these charges can increase the tip charge such that after a long time contact
interaction with a sample, the electrostatic forces can increase as well as the tip
can be deformed and the tip radius can increase. Thus, the adhesion forces could
increase with time which should be included in the Nano Simulator modeling [11],

e During the approch process, the attractive forces becomes large only in the close
vicinity to the surface. Therefore, the approach speed should be slow and the po-
sitioning resolution of the stage should be high for a repeatable approach attractive
force feedback. Thus, in the experiments, these parts are felt only sometimes. As
a solution to this kind of cases: ay should be selected depending on the region
such as approaching, indenting and retracting regions. However, in this case, the
continuity of the forces is difficult during passing from one region to another, and
therefore, depending on the purpose of the operator, region-dependent scaling
may be or may not be used,

e Water layer on the surfaces and tip causes the instable jump-in-contact problem
during approaching to surfaces, and increases the adhesion meniscus bridge length
during the retraction. Thus, environmental conditions during the tele-touch ex-
periments are important for understanding which forces we are feeling during the
experiments,

e Cantilever parameters such as the stiffness k., tip size and shape R;, resonance
frequency f,, and quality factor (). should be calibrated for the real AFM can-
tilever to be used in the experiments before the simulations for getting realistic
interaction simulations.
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Proposed force modeling is put into the VR Nano Simulator which enables a simu-
lated training and test environment. At the simulations, also the effect of all different
contact mechanics models can be tested easily. Frictional models are also added for
2-D Simulator, and by changing the simultor graphics to 3-D, also the 3-D simulations
will be possible which is a future work.

6.9 Conclusion

In this chapter, a teleoperated micro/nano scale touching system is proposed, and
micro/nano contact mechanics models are introduced. Using a 1-DOF haptic device,
and Virtual Impedance and force-reflecting servo type scaled teleoperation controllers,
touching experiments and VR Simulator-based simulations are realized. Scaling issue
of the micro/nano force and position is discussed and possible solutions are proposed.
Experimental and simulation results show that the proposed system can be used for
micro/nano scale touching applications. During the experiments it is observed that
only visual feedback is not enough for interacting the micro/nano worlds since the
visual feedback includes many source of errors such as positioning drifts, nonlinearities,
noises, and etc., and the force feedback can be reliably used for compensating these
€rTors.

63



FvdW (nN)

-gH 4

-10H 4

—12H 4

14 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Distance (nm)

-10

Fcap (nN)
i
ol

-30 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Distance (nm)

-3 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Distance (nm)
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F.; (bottom) non-contact attractive forces in air.
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AFM probe

sample elastic
half-space

Figure 6.6: Mass-spring model of the contact mechanics for the deformable surfaces at
the micro/nano scale using AFM tip as a single asperity contact tool.

Figure 6.7: Continuum mechanics model of the elastic contact using Maugis-Dugdale
approach.
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(Es =~ 200 GPa; solid line), silicon(100) (Es; = 110 GPa; dashed-dotted line), and
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Figure 6.13: Virtual Reality Simulator for AFM tip-sample 1-DOF contact interaction.

Figure 6.14: AFM system setup photo during tele-touch experiments.
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Figure 6.15: Hardware system structure.

Figure 6.16: Virtual Reality Visulator during touching experiments (sphere represents

the tip).
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Figure 6.20: Tactile-feedback of the silicon sample surface with FIB etched number ’3’
in 10 x 10pum? area. 3-D graphics (upper), and 2-D image with mouse traces (bottom).
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Chapter 7

Application II: Controlled Pushing
of Micro/Nanoparticles

7.1 Introduction

Nanotechnology which aims at the ideal miniaturization of devices and machines
down to atomic and molecular sizes has been a recent hot topic as a promising high-
technology for the forthcoming century. By precise control of atoms, molecules or nano
scale objects, new sensors and man-made materials, tera-byte capacity memories, mi-
cro scale robots/machines, DNA-computers, quantum devices, micro scale distributed
intelligence system devices with integrated sensors, actuators and communication tools,
and etc. would be possible within the near future. However, for new nanotechnology
products, still there are many challenges to be solved, and nano manipulation is one of
the important challnges at the nano world. This kind of research is still immature since
the physical and chemical phenomenon at this scale has not been completely under-
stood, intelligent automatic precision manipulation strategies are not developed, and
the specific tools for the specific applications have not been defined /designed clearly.
Thus, the purpose of this chapter is to propose an Atomic Force Microscope (AFM)-
based force controlled pushing system with physical analysis of the manipulation tool
(AFM tip) and nano scale object physical interaction for 2-D positioning and assembly
of nanoparticles.

AFM is a 3-D atomic resolution microscope which uses the interatomic force measure-
ment principle for helding the topology images. Its mechanicsm is mechanical, and can
be applied to imaging of all types of particles/samples which are fully or semi-fixed on
a substrate with homogenous surface stiffness and interatomic force properties. Chang-
ing its function from only imaging to both imaging and manipulation, new challenging
problems are introduced. At first, the particles on substrates should be semi-fized in
order to be able to move them. The solution to this problem could be using non-contact
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mode AFM imaging for not moving the particles during imaging as proposed by [66].
However, the selection of the absorption chemicals is a difficult issue depending on the
type of the substrate and particle (for Au particles, Silane is used for silicon subtrates
[52], and Ploy-L-Lysine for mica substrates [55]). Next, the mechanism of interatomic
forces and dynamics should be understood for precise positioning of the particles [58].
However, the micro/nano mechanics for this kind of application has not been devel-
oped completely. Moreover, real-time monitoring of the manipulation process is almost
impossible. Since the same tool is used as either the imaging or manipulation tool at
an instant, imaging is not possible during pushing operation. As one approach to this
problem, researchers scan the area, where the target particle is, before and after the
manipulation [4], [37], [57], [26]. Thus, by using some fixed reference features, the new
relative position of the particle is obtained from the images. However, this imaging is
still off-line and the problems during pushing cannot be understood by this way. On the
other hand, the other way is utilizing the force feedback information during pushing for
reliable manipulation [67], [70]. Another approach may be using high-resolution exter-
nal Scanning Electron Microscope imaging [39] while this can be done only in vacuum
environments, tip and particle can be obscured, and only some specific particles can be
imaged by this way.

In this chapter, possible solutions are proposed for the above challenging problems
of AFM-based pushing. Force and dynamics modeling of the pushing operation, using
real-time force feedback instead of real-time visual feedback or another external micro-
scope during pushing, and using non-contact (tapping) imaging mode for imaging, and
contact-mode for pushing are to be realized. A home-made AFM system with piezore-
sistive detection is constructed, and simulation and experimental results are compared
for latex particle pushing applications.

7.2 Problem Definition

In this work, gold-coated latex particles absorbed on silicon substrates are to be
pushed using a silicon fabricated AFM cantilever tip in ambient conditions as shown in
Figure 7.1.

AFM-based pushing is realized by the motion steps as shown in Figure 7.2.

e A — B (auto-parking): the tip is automatically moved at z-direction until detect-
ing the contact by the substrate by measuring the cantilever deflection (absolute
tip-substate distance is not known initially), and retracted back to a predeter-
mined parking position,

e B — C (auto-particle contact detection): the tip is moved along the substrate
until detecting the particle by cantilever deflection detection, and then stopped,
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Figure 7.1: Positioning of the nano particles by the AFM tip contact pushing.

e C — D: pushing the particle for a desired distance by moving the tip or the
substrate with a constant speed,

e D — FE: after completing the pushing operation, retracting back to the initial
height.

Spherical polyvinyl gold-coated latex particles with sizes around 50 nm - 2.02 um are
semi-fixed /absorbed to a Si substrate such that they are to be positioned by changing
their xy positions. The particles are also called as absorbates. The operations are to
be realized in open air conditions with high relative humidity. Thus, the sticking forces
such as capillary and van der Waals are strong. Here, it is assumed that the electrostatic
forces are negligible with respect to other forces.

The cantilever tip which has a radius R; ~ 25 nm is being utilized in contact pushing
and pulling of the particles. As shown in the Figure 7.1, the forces between the tip
and particle and particle and substrate should be controlled such that the particles can
be moved while not sticking to the tip. In the figure, Fj, and f;, correspond to the
tip-absorbate attractive/repulsive interaction force and friction force respectively. Fy
and f,, are the interaction and friction forces for the absorbate and the substrate. The
angle between the contact point of the tip and particle center is represented as 3. The
tip is aligned with an angle a. The tip is placed above the substrate with the parking
height equals to the radius of the particle R,. Thus, it is assumed not to touch to and
interact with the substrate. By this way, the tip is not deformed, and vertical sticking

81



particle substrgte

Figure 7.2: AFM-based particle pushing strategy.

force between the tip and particle is reduced.

Here, not the tip base but the substrate is moved with a constant speed V', and the
manipulation strategy is as follows: get the image of the particles using a non-contact
type imaging device (OM or non-contact AFM imaging), then use the fized cantilever
as a stopper while moving the substrate under the particle with a uniform speed. For
fixing the particles, following conditions should be held:

e at non-contact: when the tip approaches or retracts from the particle, the particle
should not stick to the tip and not move such that

Fsin < Fy,
fas > Fiacosp, (7.1)

e at contact: when the tip contacts with the particle the resulting pushing or pulling
force should be enough to fix the particle without breaking the tip or particle such
that

fracosB + Fipsin3 > F,
fas < FmCOSﬂ - ftaslinﬁ- (72)

The aim is to design the control parameters such as the contact point, cantilever
mechanical properties, particle-substrate friction, adhesion forces, humidity level and
motion speed so that the above conditions can be held.
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7.3 Requirements for Reliable Micro/Nanoparticle

Pushing

During the manipulation of a nano object using an AFM probe, the interacting forces

are shown in Figure 7.1. All of these forces should be modeled, and the dynamical anal-
ysis of the manipulation should be conducted for improving general design rules and

strategies.

The forces consist of adhesive forces (van der Waals, capillary and elec-

trostatic forces), contact deformation forces, frictional forces, and triboelectrification

forces (charge induction on the objects during pushing due to the substrate friction).

Modeling of these forces in the spherical particle pushing case is given later. From these

models, the conditions for a reliable contact pushing of any object are driven as follows:

1. Objects should be precisely movable by contact pushing on the substrate reducing

friction between particle and substrate:

(a)

(b)

Depositing lubricant monolayer on the substrate, i.e. for a Au object, Silane
monolayer on a Si substrate, and Polylysine layer on a Mica [58],

Minimizing the particle-substrate adhesion (friction is function of external
load plus adhesive force at the nano scale [71]):

i. Selecting proper material types (minimal surface energies),

ii. Reducing the adhesive forces such as capillary force by reducing the
humidity level or coating the tip by teflon, or electrostatic force by
grounding the tip and substrate, and etc.,

Proper cantilever selection:

i. high stiffness (10s of N/m) for pushing stability (applying enough load
for pushing and breaking the adhesion force during separation from the
object after manipulation),

ii. hard tip (Si or SizN,),

Contact point/angle selection (for applying maximum shearing force such
that the horizontal line passing through the object center in spherical particle
case),

High motion accuracy (for precise positioning during pushing): closed-loop
positioners for reducing hystheresis and drift effects, reducing environmental
noise sources (vibration, thermal changes, and etc.), and selecting low ther-
mal conductivity materials on the mechanical parts for reducing the thermal
drift,
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2. Objects should not stick to the tip while retracting the probe after manipulation:

(tip-particle adhesion) < (particle-substrate adhesion) :

(a) small tip radius (few 10s of nm) with hard material: small contact area,
(b) manipulation in liquid (reduces capillary and electrostatic forces),

(c) tip or particle coating for reducing adhesion forces (latex particles are coated
with Au for reducing adhesion due to triboelectrification [70]).

However, some of conditions have trade-offs. Conditions 1.b and 2 are opposite,
then a between optimum particle-substrate adhesion should be designed. Secondly,
Condition 1.c.i results in reduction of force measurement sensitivity such that smaller
stiffness means higher force resolution. These trade-offs can be solved depending on
the priority in a specific application.

7.3.1 Micro/Nano Forces During Pushing

The interatomic forces Fy,(t) between the AFM tip and particle, and F,; between the
particle and subtrate in the ambient conditions are to be modeled for understanding the
pushing mechanism. For converting the spherical tip and flat surface models proposed
models in Chapter 6 into the sphrical tip and a spherical particle case, Derjaguin
approximation is to be used. In this approximation, assuming that the range of
forces and separation distances are much shorter than the reduced radii of two spheres,
R; and ~y, in the force equations in Chapter 6 are changed into:

R, - R=RR,/(R: +R,) ,

Thus, the following equations are held for F;, and F;:

Fas = _47TRa'YL + %\/R_aKas(ao - A)3/2 ) (74)
(~0, if A > 100 nm;
—Fo(z—i _ 3328) _ 602(}1;5 , if 100 nm > h > L nm;
Fia =4 ~Fo(5 — g3s) — 207, RO — 26) — US| i [ > h > I, (7.5)
—Fo(%2 — 55 ) — 2myLR(1 - B2e) if h* > h > ao;
| —27Ryp, + 2VRK,(ag — h)3/* if h < ap;

where A is the cantilever displacement from the particle-substrate contact point, L =
L; during approaching and L = § during retraction which is explained in Section

84



6.3.2, h* is the threshold separation distance for electrostatic forces, K, = {(1 —
vH/E;+ (1 —v))/E,} ! and Koy = {(1 — v2)/E, + (1 — v2)/E,} ! are the reduced
Young Modulus for the tip-particle and particle-substrate respectively. Here, since it is
mathematically easy to deduce, the repulsive forces due to the elastic deformation are
computed using the Hertz model assuming a high applied load. However, MD model is
also used during simulations by using the numerical techniques to solve the parametric
equations. Furthermore, after the separation distance of 100 nm, interatomic forces
are assumed to be zero since the retardation effects reduce the van der Waals forces to
almost zero, and electrostatic forces decay with the distance square speed.

7.3.2 Sample Preparation

Preparation of dispersed nanoparticles is a challenging issue, and JEOL Co. particles
which are dispersed with a scattering gun on a silicon substrate is utilized for the
experiments.

As the design issue, the above forces should be checked for the selected particle and
substrate geometry and material type, and environmental conditions such that:

e during tip-particle approach and separation, the adhesion forces should not result
in sticking of the particles to the tip,

e static frictional forces should be smaller than the applied load in order to be able
to move a particle.

More detailed analysis results in following conditions for helding above features:

R, > 0.5Rsinf3 ,

Reosf __ cosf3
Has = 2R,  2(1+Ra/Ri) °

where (0 is the static friction coefficient for particle-substrate interaction. First equal-
ity is always correct which shows the advantage of the sharp parabolic (spherical) tip
apex structure. For the second one 1, is calculated depending on R, where R, = 30 nm
is fixed in our system. For R, = 10 nm, p, > 0.014, and for R, = 1000 nm, p,, > 0.35.
Here, s cannot be selected arbitrarily since then the particle may not be pushed. For
reducing this problem, u3_ should be selected as s, ~ cosf3/2(1 + R,/ R;), and a stiff
cantilever should be used for enough pushing load.

7.3.3 Pushing Mechanism

For simplifying the notations and graphs, the particle is assumed to be pushed along
y-axis where same notation and models can be extended to the x-y motion case directly.
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Figure 7.3: Point-mass model of the contact pushing mechanism (yz-axes view only).

The interacting forces during pushing are shown in Figure 7.3. The parameters shown in
the model are given as follows: k, = k., k, = k./ca, kyy = kc/c3, b, = by =21 f,m}/Q.
where f, is the cantilever resonant frequency and Q). is the quality factor in air, m; =
k,/(4m%f,) is the cantilever effective mass, m, is the particle mass, V = dy,/dt is
the constant y-stage speed, h is the tip-particle indentation depth, £, = 8R,G™* with
G* = ((2 = va)/Ga + (2 — v5)/Gs) ! where G, and G are the shear modulus for the
particle and substrate respectively, ki, = —0F;,/0h, by, is the tip-particle damping term
which is negligible, k,s = —0F,s/0z, b,s is the particle-substrate damping, k%, = 0.85k;
[54], and b, =~ 0.

During the pushing operation, there are two main phases: static friction and kinetic
friction regions. At the beginning, due to the satic friction, the particle and tip follow
the stage motion along y-axis until to the point where the applied cantilever load exceeds
the static friction between the particle and substrate. In this region following equations
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are held at the equilibrium points assuming a slow motion:

Jas = Fjcosa + Fsina,

fas = tas(y) (Fas + Aus)

Fus = Fjsina — Fcosa

Fy = kyycosa

F; = k,ysina

Fy =KLy (7.5)
Here, {, =~ ycosa, ¢, = ysina, y = y,, 2 = 0 from the JKR model using Eq. (6.16)

with P, = Fi,. At the shearing point y = y*, fos = pi,(Fus(y*) + Aas) = Fy(y*)cosa +
F,(y*)sina. Then y* can be computed as

. _ HasAm Rayr
kycos?a + k,sin?a — pg sinacosa(ky — k,)

y (7.9)

From this relation, the condition for enabling the particle pushing can be given as
y* > 0 which means that u2, < (k,cota+ k,tana)/(k, — k). For example, for o = 15°,

k, =8 N/m and k, = 1427 N/m, p;, < 3.45. Connecting this equality with Eq. (7.7):

cosf3 s _ kycota + k tana
a1 D /D S /"Las —
2(1+ R,/ Ry) ky — k.

(7.10)

After the particle is separated from the substrate surface, following cases may occur:
pure sliding, stick-slip motion and rolling. At this phase, f,s = u’;sFas where ,u’;s is
the kinetic friction coefficient, and the main dynamics of the particle or tip due to the
constant V' = dy,/dt speed can be obtained as follows:

mZCy + byéy + kyCy = ch + Fies/co

miC, +b.¢; + k.G, = Ff + Fees

Ioé = (fas - fta)Ra )

Mol + b5t + koY = fas + frasinf — Fracosf3

M Z + bas2 + kosz = Fos — Fiostnf3 — fiacosf

fas = Fracosf — frasing

Fos = Fiasinf + fracosf

F; = kycosay — Fyucosy + frasiny ,

F; = k,sinay — Fyasiny — ficosy (7.11)
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where Iy = 2m,R2/5 is the moment of inertia of the particle, and v = # — a. From
these equalities, assuming no rolling (f = 0) and h = 0, at the steady state:

Cy :F;/ky+cm/kyz )

C=F; [k, + F;[ky. ,

fas = Jta

Fi = M];s (#faCOSﬁAta + Aus)/

(cosB/ (1 + sinf) — pas (HiacosB + sinf)) ,
fta = FiacosB/(1 + sinf) ,

y = (ycosa + (ysina+ Ay

Ay = ((ysina — (,cosa)sinfeosf

Az = ({,sina — (,cosa)sin®f3

B = arctan{(RysinB + Az)/(Rscosf — Ay)} ,

F, = ky(ysina — k,(cosa ,

z=10(0) . (7.12)

7.4 Force-Controlled Pushing

Using the real-time (, feedback during pushing, following force-controlled pushing
strategies can be proposed: z-position , xy-position, or xyz-position controlled pushing.
The xy-position controlled pushing control scheme is shown in Figure 7.4. The main
design variable is the reference (z,,y,) position value. For a 2-D pushing-based posi-
tioning (z,,vy,) is selected as (x(0),y(0)) where z(0) and y(0) are the after automatic
contact detection particle (z,y) position since the stage and particle move, and the
cantilever tip behaves as the stopper. Here, H,, function transforms the deflection and
position data to the particle position (z,,y,) feedback such that:

H,y = { (z,y) = (z5,95) , ift< tjk; (7.13)
(z,y) = (°,y°) , otherwise.
Here, (zs,ys) is the stage xy-position, t* is the particle-substrate separation instant,
and (z° y°) is the tip-particle pushing settling xy-position. ¢* can be detected experi-
mentally in real-time by observing (, such that if (, has a peak at time ¢, then t* = ¢.
However, (z°,y°) cannot be measured directly, and needed to be estimated from the
pushing model. For example, using the previous models, y° can be observed in the
Figure 7.5 where z° can be observed in the same way. However, depending on the
special parameters, the behaviour of the (z,y) could be also periodic motion, which
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can be observed in the model and experiments. In this case, the mean of the periodic
function can be used as the (z,y) information.

v

(xr,si) e, O, (XYl 1 00) ] b

—?—“ PID —»xy-stage xy Cantilever

Figure 7.4: Force-controlled xy-positioning during particle pushing.
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Figure 7.5: The settling of the y position of the particle during pushing.

7.5 2-D Micro/Nanoparticle Assembly

7.5.1 Direct Teleoperation User Interface

In the case of nanoparticles, a direct teleoperation system which is the same as in
Chapter 6 is utilized for pushing the particles. Mainly the force reflecting servo type
controller is used during the pushing operation for the real-time force feedback of the
tip-particle interaction force, and also initial alignment contact detection and parking.
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Figure 7.6: Task-based microparticle pushing interface display consisting of the
real-time images of the top-view optical microscope.

7.5.2 Task-Based Teleoperation User Interface

For the microparticles of R, > 1 um, optical microscope is enough for real-time visual
feedback. Thus, the PC monitor optical microscope image window can become a kind
of touch panel by using the mouse cursor clicks. Therefore, a task-based teleoperation
control becomes more feasible where an example display of task-based micorparticle
pushing interface is shown in Figure 7.6. In this interface, AFM is utilized in following
ways:

e the alignment error of the substrate can be compensated by getting a contact 3-D
topology planar image of the substrate along single x and y lines where there is
no particle,

e the contact point between the tip and the particle can be detected by measuring
( since it will change if there is a contact.

e the initial z-position of the tip above the substrate is set by contacting and re-
traction of the sample to the tip.
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Selection of the Particle

The operator clicks any (z,y) point on the particle. Assuming that the approximate
maximum pixel area of the particle L, x L, is known (it is learned by preliminary
tests), a window is created with left-up corner (z — L,,y — L,)) and right-bottom corner
(x+ Ly, y+ Ly). Inside of this window each pixel (¢, j) with the color light intensity I;;
is checked such that:

initially, my; = my =n =0,

for all (4, j)s inside of the window:

if I;¢* > T, and I}/** > T, and I};*" > T,

my = (mg+1i)/(n+1),
my = (my+j)/(n+1),
n = n+1,

where m, and m, are particle center x and y positions, n is the number of detected
particle pixels, and 7T}, is the threshold which is determined by the operator previously.
Thus zo = m, and yo = m, are computed.

Coordinate Frame Calibration

Image to world coordinates transformation constitutes of scaling and rotation trans-
formations, and it is calibrated before the experiments. For this purpose, a selected
particle is tracked automatically during a controlled x-y motion. Particle detection
image processing part is the same with the selection of the particle procedure. As an
example, a scanning motion with 1 um steps and 0.1% hystheresis error results in the
particle center positions as shown in Figure 7.7. The positions have some noise and
deformation due to the horizontal table vibration, and nonhomogenous lighting.

From the figures, the rotation angles ¢ and « for the x and y axes, and scaling factor
s are computed. Then, the pixel to um position trasformation is as follows:

Xum = AXp,
—scos¢p ssiny  640scos¢
A =] ssing scosy —640ssing |,

0 0 1
Xum = [xp,m Yum 1]T7
xp=[z, 9 1. (7.14)
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Figure 7.7: Controlled x-y scanning of the Stage I, and resulting detected particle center
positions.

Surface Alignment Calibration

Since the fine motion XYZ stage motion axes and the sample surface may not be
parallel to each other, the orientation errors or differences should be compensated for
a reliable manipulation. For this purpose, the surfaces are scanned through two scan
lines through x and y axes separately as can be seen in Figure 7.9, and AFM contact
mode imaging has enabled the z data of those lines which can be used to calculate the
orientation angles ¢, and ¢, as can be seen in Figure 7.10.

Tip Position Calibration

Since the OM images are top-view images, the AFM cantilever tip which is at the
bottom inside part of the cantilever cannot be seen directly by the microscope. Also,
since the position of the tip can differ for each cantilever, a calibration procedure for
each cantilever is necessary before the pushing experiments. For this purpose, initially
a particle is aligned closely to the end of the cantilever end as can be seen in Figure 7.8.
The particle center position in the image coordinates is calculated by clicking on it where
the automatic particle center detection algorithm computes the exact center position.
Then, by a tapping mode scanning of the sample by an enough range (approximately
15um x 15um), the particle center is found inside of the AFM grey-scale topology image
automatically by thresholding the height data, and averaging those thresholded data.
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Figure 7.8: Automatic tip center position calibration using the tapping mode AFM
imaging and selecting a particle close to the end of the cantilever end with a known
center position in the image coordinates.

Thus, the tip center position (zs,yas) is computed as:

um
Lo

Ty RTo— — ,
S

Yo
ym A Yo =~ (7.15)

where (25", y5™) are the particle center position in the tapping mode AFM image coor-
dinate frame as the micrometer values computed from the distance of the particle center
to the image left-up corner origin point, and s is the micrometer to pixel transformation
scaling factor (s & 0.091 um/pizel in our setup).

User Interface

The user interface constitutes of the real-time display of the top-view images from
the camera mounted on the OM. The operator uses the mouse cursor and keyboard
for defining the tasks for the micromanipulator (AFM) controller. At present there are
three main tasks:

e Task 1 (T1): position the tip above the substrate,
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Y-Direction

X-Direction

Figure 7.9: Surface and XYZ-stage motion axis orientation calibration by getting the
contact mode images of the shown xy-directions, and computing the orientation angles.

e Task 2 (T2): point-to-point motion,
e Task 8 (T8): automatic pushing or pulling.

At the task T1, the tip is set to the height of R, above from the substrate automat-
ically. For this, the substrate is moved along the z-direction until touching to the tip,
i.e. tip deflection is measured as (,;, then retracted back to the z-position given as
2 = Zfinal — hset Where hgey = R4 as shown in Figure 7.11.

In the task T2, the operator points the first point and the target point to be moved
by the mouse cursor. Then the positon controller automatically moves with the amount
of relative distance between the two points. This operation is needed for searching and
initially positioning the particles on the screen.

The task T3 is used for semi-autonomous particle pushing or pulling. Freezing the
continuous image, the operator selects the particle to be moved by clicking on the
particle. Using image processing, the particle center O is automatically located. Next,
the target position T is clicked by the operator. Then the pushing or pulling operation
is realized automatically as shown in Figure 7.12 by the following strategy:

e Step 1: the tip center position M and radius R;, particle center position O and
radius R,, and the target position T are computed,
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e Step 2: compute the relative distance and orientation between O and T such that

Ax = xzp— 20,

Ay = yr—yo,

0 = tan”'(|Ay|/|Az]),

s. = Auz/|Ax|,

sy = Ay/|Ayl, (7.16)

Step 3: find the point P’ which is the initial set point before tip-particle contact
such that

Tp = Xy + SpRcosb,
yp = Yu + syRsind,
R = R;+ 3R,, (7.17)

Step 4: move the tip 3R, upward from the substrate for avoiding any possible
collision between the tip and particle,

Step 5: move from the point O to P,
Step 6: move back the tip to its parking height using T1,

Step 7: if the substrate is not oriented paralelly to the x-y motion direction of the
stage, the z-position of the tip can change; therefore, use the task T1 to reposition
the tip on the substrate to dse,

Step 8: find the contact point P by moving from P’ through M by measuring
the cantilever deflection,

Step 9: find the point S where

rs = xp— SzALcosb,
ys = yp — syALsind,
AL = (Az?+ Ay?)/2, (7.18)

Step 10: move from P to S,

Step 11: move from P to T.
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7.5.3 System Setup

For conducting experiments, a home-made open-structure AFM system with Vir-
tual Reality (VR) graphics display and haptic device is utilized [72]. Piezoresistive
cantilevers where the cantilever has a doped silicon layer which changes its resistance
due to the deflection moment are utilized. These type of cantilevers can be the future
micro-robot grippers as the integrated sensor probes. Only the (, is measurable with
the present system. As the user interface, the VR Nano Visulator integrated with the
1-DOF haptic device is utilized. In the graphics display, scanned AFM images, and real-
time cantilever tip position (spherical ball in the figure) are displayed. Using the haptic
device, z-position of the tip can be controlled by the user with a real-time bilateral
force feedback control. Thus, even there are positioning errors due to the piezoelectric
stage on the visual display, the force-feedback enhances these types of errors.

7.5.4 Experiments and Simulations

As the first experiment, the contact point detection is tested. The cantilever param-
eters are Ry = 30 nm, and k. = 8 N/m, L, = 50 um, L, = 155 um, and L, = 6.5 um.
The motion speed is around V' = 2 ym/sec with A = 0.1 um steps. During the particle-
tip contact as can be seen in Figure 7.15, —0.2 V is the no deflection line where around
the 43" step of motion the particle contacts and bends until to —1.5 V which is the
(ser for automatic contact detection. At this point stage stops moving.

For the simulations, the proposed models are utilized such that the effect of different
parameters cantilever deflection, and particle position is tried to be understood. During
the simulations, if that parameter is not the changing one, the parameter values are
selected as follows: k, = 8N/m, pS, = pi, = 0.3, pf, = pub =02, R, = 1 um,
Ry = 30 nm, V = 1 um/sec, L, = 155 um, L, = 6.7 um, o = 15°, § = 30°,
v = T2 mJ/m?, v, = 0.27, v; = 0.3, E;, = 169 GPa, and E; = 70 GPa. Assuming only
pure-sliding case and contact point between the tip and particle is y = 0, at first, the
tracking of the cantilever y and z deflection, and particle y and z positions are shown in
Figure 7.13. During pushing, also the (3 values change as denoted by B since the particle
tip interface also moves due to the z motion of the cantilever and particle. This effect
can be seen in Figure 7.14 where (3 settles to a constant value after some time. Fastly,
the positions track a constant value. the effect of the cantilever tilt angle « is observed.
Here and after, all ¥ and (, values are the settled steady state values in the graphs.
From Figure 7.16, it can be seen that within a limited range of «, (, and y increase
with the increased angle. Secondly, changing 3 tip-particle contact angle values, it can
be deduced from the Figure 7.17 that optimum [ can result in minimum y motion of
the particle with a detectable range of (,. Moreover, uas® effect is tested as shown in
Figure 7.18. From the figure, pJ, value around 0.6 — 0.7 results in an unstable y and
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(, behaviour. Finally, the cange in R, results in the effect as shown in Figure 7.19.

As the pushing experiment, 0.5 um radius gold-coated latex particles are pushed in a
task-based control user interface. The optical microscope images of an pushed particle
example is given in Figure 7.22. During pushing, (, measurement can be seen from the
Figure 7.20. Since, the silicon surface is not perfectly flat, the deflection data is not
horizontal, and it goes to zero by increasing the stage position. Also, particle is added
to a line of particles successfully as shown in Figure 7.23.

As the next experiment, the automatic pushing of two particles to form a line shape
is realized as shown in Figure 7.24. The automatic pushing results can be seen in
the figure where the particles are positioned to the user-defined target points. During
pushing, the motion of the cantilever tip can be seen from the Figure 7.21. Pushing
can break the cantilever tip sometimes due to large loading. But this is prevented by
checking the ¢ during pushing such that if it exceeds —10 V', which is also the saturation
voltage of the amplifier, then the pushing is stopped, and the design of the particle and
substrate should be changed according to the force analysis.

7.6 Tribological Characterization of Particle-Substrate

Interfaces

In this section, the aim is to try to understand the tribological behaviour and proper-
ties of particle-substrate interfaces using the AFM-based pushing [20]. Understanding
of this kind of behaviour can help in designing new lubricants, for example for hard
disk technology, and new polishing materials for Chemical Mechanical Polishing tech-
nologies. In this study, especially micro/nano gold-coated latex particles are pushed on
silicon substrates in order to understand their frictional behaviour. Assuming ambient
conditions, frictional forces during detaching the latex particles from the silicon sub-
strate are measured and possible behaviour with effecting parameters are determined.

For characterizing the frictional behaviour, the user interface should be task-based
since the particle pushing velocity and other parameters are as much as controllable
with a high precision. Therefore the task-based user interface in Section 7.5.2 is utilized
in this application.

7.6.1 Frictional Behaviour Modeling

Since the home-made AFM system cannot measure torsional bending, the frictional
forces are measured directly from the normal deflection where the particles are pushed
along the y axis. Forces during pushing are the same as in Figure 7.1. Here, the
important parameter is the coefficient of friction between the particle and substrate
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Hqs- During the static friction phase, (, = (sina + cosak,/k,,)y. Using the Eq. 7.9 of
the separation point y*, u’. can be computed as follows:

kc(cosB — pi,sinfB)C:
sinf — pi,cosf)k.C + 4w Ry (siny + pf,cosy + (cosy — pi,siny)3L,/(2L,))
(7.19)
where (7 is the separation point cantilever z deflection. Experimentally ¢} can be
measured, and then p}  can be predicted.

Has =
(

During pushing, the separation points of the particle from the substrate can be ob-
served as ( peaks [82]. These peaks are caused by the shearing of the contact points
[46] during the separation such that at these maxima:

f;s = "‘3@25 = st(Fas + Aas) = C{C: ) (720)

where « is the shear stregth of the contact points (k = 144 x 106 N/u? in the case of
water layer between the particle and substrate), a,s is the contact area of the particle-
substrate interface, and c¢ is given as:

ke
 siny + mug,cosy + (cosy — pg,siny)3L,/(2L,)

e (7.21)

Thus, the important point is such that shear force linearly depends on the contact area
and shearing z-deflection, and the experimental (; data can be utilized for computing
+s and a’ .

7.6.2 Frictional Sliding Behaviour from the Deflection Data

After the shearing point, the kinetic frictional force and the applied loads and other
parameters of the pushing such as k., o, 8, Ry, Ry, Ly, L, and V determine the sliding
behaviour. The particles can roll, purely slide, have stick-slip motion, or have all these
different behaviour during the same pushing operation. The interesting question here
is: Could we get the sliding behaviour by getting the z-deflection data after the shearing
point? From the models, assuming the particles are pushed through their center (for
avoiding the rotational force and losing contact during pushing), the deflection data
shape can give idea about the sliding behaviour such that:

e continuous linear shape can be pure sliding (Figure 7.25a),
e saw-like shape can be due to the stick-slip motion (Figure 7.25b),

e sinusoidal-like shape can be due to the rolling motion (Figure 7.25¢).
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7.6.3 Experiments

Spherical gold-coated 2 um size latex particles are pushed on a Si surface. The initial
and final positions of the particles are shown in Figure 7.26 where the selected particle
is pushed around 11 pm distance with a short-time stop around at 32 pm x-position.
The cantilever z deflection is shown in Figure 7.27. The two minimum points of the
deflection show the shearing points during the initial motion and short stop. The force
measured at this point can give the shearing force after some calculations [73], [70].

For the computation of the shearing force and static friction constant values, the
deflection data in Figure 7.25a is analyzed. The peak deflection experimental value of
¢; ~ 50 nm, and experimental values of o = 15° and 8 = 30° result in the computed
values of f¥, =265 nN, ps, = 0.05 and a’, = 24.2 nm using Eq. (7.19), Eq. (7.20) and
Eq. (7.21).

7.7 Conclusion

In this chapter, a micro/nanoparticle manipulation system using Atomic Force Mi-
croscope (AFM) as the manipulator has been proposed. Modeling and control of the
AFM cantilever tip and particle interaction has been realized for moving gold-coated
latex particles with sizes down to 484 nm on a silicon substrate in 2-D. Particle manip-
ulation experiments are realized, and it is shown that the system can be utilized in 2-D
micro/nano particle assembling, and as a particle-substrate tribological characteriza-
tion tool. As the future work, the manipulation operations will be realized in a liquid
environment where the capillary and electrostatic forces are reduced.
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Figure 7.11: Parking height setting for the tip.
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Figure 7.22: Pushing a 0.5 pm radius latex particle where the initial (upper image) and
final positions (lower image) are shown using the high-resolution optical microscope
top-view images.
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Figure 7.23: Image sequences of pushing a 2um size particle by the steps shown above
beginning from the initial position (uppermost) to the last configuration (bottom).
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Figure 7.25: Sliding behaviour prediction from the z-deflection data after the shearing
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Figure 7.26: Contact pushing of 2 um size latex particles on a silicon surface using the
AFM tip as a pushing tool: before (left) and after pushing (right).
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Chapter 8

Conclusion

8.1 Summary of the Thesis

In this study, a teleoperated 2-D manipulation of micro/nano objects, especially
spherical particles, and tele-touch interaction with nano scale surfaces is presented.
Tele-Microrobotics and Tele-Nanorobotics systems using Atomic Force Microscope (AFM)
as a push-and-pull contact type manipulator and force and 3-D topology sensor are
proposed. As AFM, a home-made open structure AFM system using piezoresistive
cantilevers is constructed. Modeling and control of the AFM cantilever, and modeling
of micro/nano scale forces have been proposed for telemanipulation applications. Be-
sides of 3-D visual feedback in the user interface, a 1-DOF home-made haptic device
has been constructed for nano scale tactile sensing and generating motion commands
for the AFM. Introducing teleoperation control systems with Virtual Impedance con-
trol and force-servo control approaches, micro/nano scale forces or geometries are felt
by the operator. As experiments, tele-compliance feedback of surfaces, topology feed-
back of Si fabricated etched shapes, 0.484, 1,2 um size latex particle assembly in 2-D,
and finally Virtual Reality based Micro/Nano Dynamics simulator for 1-DOF and 2-
DOF micro/nano force feedback during interaction are conducted. These experiments
show that the system can be utilized for different tele-micro/nanomanipulation ap-
plications such as 2-D micro/nano particle assembly, tribological characterization of
particle-substrate interfaces, or even biological object manipulation.

8.2 Problems and Future Works

The present system can be improved in different ways for more complex micro/nano
manipulation tasks. The problems and possible improvements are as follows:

e Real-time visual feedback at the nano scale using Scanning Probe Microscopes is
almost not possible since a scanning data take long time, and during manipulation,
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the tip is utilized only for manipulation, and cannot be used as the topology sensor
at the same time. As solutions to this problem:

— Using the real-time force feedback to compensate the errors during the ma-
nipulation (the approach in this thesis).

— Using a far-field visual sensor such as Scanning Electron Microscope (SEM).
Here, there are additional problems introduced such that SEM necessitates
vacuum environment which limits the mechanical design and increases the
cost, it can be used only for (1/2)conducting and some special nonconduct-
ing materials, its best resolution is around 5 nm, and it can only provide
2-D information (no depth information is possible which is not good for ma-
nipulation applications). Furthermore, high-resolution Optical Microscope
(OM) can also be used depending on the application. With florescense, or
other special type of colouring techniques, resolutions down to 10 — 20 nm
may even be visible. However, it is limited to application, and 2-D. Thus, if
AFM and OM are integrated together, it can be a good combination (also
this kind of combination is desirable for all manipulation systems since a
rough micro imaging simplifies the initial setting and alignment operations
such as in our system).

— Improving the proposed models in this thesis, and updating the Nano Sim-
ulator to 3-D, the behaviour of the manipulated objects and manipulators
can be animated by the real-time experimental data and physical model-
based predictive display. This kind of technique is possible in teleoperated
space-robotics applications where there is a long delay time, and model-based
predictive displays can animate the pseudo-real-time teleoperation motions.

— Array of multiple AFM cantilevers can enable parallel and fast scanning of
the surfaces [48]. However, many cantilevers add complexities of simultenous
control, image merging, collision, and etc. type of problems.

e Contact type mechanical manipulation can cause problems for the manipulation of
very soft materials such as bio-samples. Therefore, optical tweezers, electrophore-
sis, and etc. kind of non-contact manipulation techniques should be integrated
with AFM system for the sensitive materials.

e 3-D Manipulation

Using one AFM cantilever, mostly 2-D mechanical type of manipulations can be
realized. Then the achievable tasks are very limited, and 3-D manipulation is
desirable for 3-D fabrication technologies for the future. For 3-D manipulation,
following approaches could be possible:
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— Assuming the manipulated objects are conductive or semiconductive, STM-
like electric pulse type of manipulation can enable 3-D pick and place task
of molecules or nano objects. Since the STM measures the tunneling current
not the interatomic force, it is not desirable for delicate applications which
need force control. Therefore, one possible solution is using STM/AFM
type metal-coated AFM cantilevers where the manipulation can be done by
voltage pulses between the tip and objects, and also the force information
can be get in real-time.

— More than one AFM cantilevers can be used as a robot gripper as shown
in Figure 8.1. However, with the present AFM cantilever fabrication tech-
niques, the tip of the cantilever is in the inside part of the beam, and cannot
be utilized as a gripper as given in the figure. Therefore, special cantilevers
which have the tip at the end of the beam and has an outside slope should
be fabricated. Also, in order to move the cantilevers independently as a
gripper, the optical detection technique is not convenient, and piezoresistive
or piezoelectric type of cantilevers should be used.

— By using biochemicals at the apex of the AFM tip, molecular adhesion or
recognition type of characateristics can be used to pick and place of special
materials.

e Real 3-D imaging using AFM?

The present AFM images constitute of the outer surface topology images, and can-
not mostly enable the 3-D complex structure imaging due to its imaging/scanning
principle, finite size tip and tip shape. However, manipulation tools such as an-
other AFM tip or an optical tweezer can be utilized for fixing and rotating the
samples, and then the stretched objects can be scanned with an AFM tip. Thus,
more compplete 3-D topology images of complex structures could be held.

e Sample preparation for the micro/nano scale object pushing applications is chal-
lenging. The frictional properties of the object and substrate interface (monolay-
ers can be used for reducing the friction), the adhesional forces, environmental
conditions, and object fixation chemicals are all specific to the material types and
object sizes. Thus, chemistry and material science are indispensable backgrounds
for good sample fixation and material selection.

e For the tribological characterization application, torsional deflection measurement
is the best for decoupled and direct measurement where the normal deflection can
be utilized only indirectly in our case. Thus, optical deflection system can be used
while thus kind of detection limits the motion of the cantilever. The best choise
could be a piezoresistive torsional deflection detection system [7].
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e Fast user-defined precision positioning with few nanometers accuracy is necessary
for reliable and repeatable manipulation tasks. Thus, open-loop stages are almost
not reliable, and sensor-integrated stages is one possible solution. The commer-
ically available best stages utilize the capacitive sensors while there are many
problems of precision mechanics, thermal drift, electronics noise, environmental
disturbances, and etc. Also, the other problem is, when the sensors are integrated
to the stage and closed-loop control is held, the bandwidth of the positioning drops
very much since the control takes time, and the stage mass becomes very large
with the sensor mechanics design which reduces the resonance frequency.

e Since the interactions at the micro/nano scale is mostly nonlinear and coupled, in-
telligent, stable and robust manipulation control strategies should be introduced.
Teleoperation reduced the intelligence necesity to the proposed system while the
bilateral teleoperation can have the stability problems.

e After changing to a both bending and torsional deflection detection system, haptic
device degree of freedom should be increased to three.

e Even the environmental parameters are controlled with adhesion force modeling
and control, still there may be sticking problems in air conditions due to the
large capillary forces, and produced electrostatic forces during contacting and
manipulating objects. Therefore, manipulation in liquid could be a solution since
these forces are largely reduced. However, in liquid environments, liquid flow
instabilities and double-layer type of new forces are introduced, and these forces
should be controlled carefully. Furthermore, liquid manipulation also enables in
situ biological object manipulation as shown in Figure 8.2.

e Piezoresistive cantilevers are very novel tools for future micro/nano robots in the
sense of integrated sensor-type manipulation tools. However, these type of sensors
have the electronic and thermal noise and drift problems with compared to the
laser detection cantilevers [27]. Thus, special care should be taken for controlling
these noises with temperature control and low-noise electronics.

e The proposed micro/nano force models all assume continuum mechanics mod-
eling. However, going to the 10s of nanometer, quantum effect and other type
of discontinuous interatomic forces become more dominant. Therefore, Molec-
ular Dynamics Modeling or other type of advanced molecular scale simulation
techniques should be user for detailed behaviour understanding.
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Figure 8.1: 3-D nano manipulation using two AFM cantilevers with the tips at the end
of the beam.
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liquid buffer

proteins

Figure 8.2: Biological object observation and manipulation in situ environment in liquid
buffers using the AFM cantilevers as cutting, topology sensing, force and mechanical
property characterization, and etc. tools.
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