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ABSTRACT OF THE DISSERTATION
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Nanowiresunder Electric-Fieldsin Fluid Suspension
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Dissertation Director:

Jingang Yi

Automated mani pulation of nanowires and nanotubes would enabl e the scal able manu-
facturing of nanodevicesfor avariety of applications. However, two fundamental chal-
lenges still remain: (i) placement of nanostructures such as nanowires or nanotubes
in precise locations, and (ii) automated scal able characterization, manipulation and as-
sembly of nanostructures into nanodevices. Overcoming these challenges could enable
further potential capacities of assembling and manufacturing functional nanodevices.
In this dissertation, we present an electric-field-based automated system to motion plan
and control of individual and simultaneous multiple nanowires in liquid suspension
with a simple, generic set of electrodes. The proposed robust motion control has been
proved to be stable, and various motion planning algorithms significantly reduce the
computational complexity while maintaining sub-optimal performance. Extensive ex-
perimental results confirm the analysis and the design of the nanowire motion control,
planning, and manipulation scheme. Finaly, we propose a fully automated procedure

of solution based online characterization, manipulation, and assembly of nanowires.



Proof-of-concept silicon nanowire field-effect transistors (FETS) with selected electri-
cal conductivities are fabricated and assembled using the proposed procedure. The de-
vice testing results confirm the feasibility and effectiveness of the intergraded scheme.

In order to address those fundamental challenges, in the first part of this disserta-
tion, we summarize the lowest-order electric field induced forces acting on a particle
in suspension and present a dynamic model of nanowires under electrophoretic force.
We then propose a micro-fluidic device design that is actuated by a simple, scalable
and generic set of electrodes to precisely generate controllable electric fields. With
symmetric properties of the designed electrode arrays, a superposition approach is de-
veloped to efficiently compute electric-field distribution on the micro-fluidic device.

With the proper approach to actuate the motion of nanoparticles, in the second part,
we propose a hovel electric-field-based single-nanowire motion planning and control
scheme. A vision-based motion control of nanowire in dilute suspension is designed
to precisely control the motion of individual nanowires using the independently con-
trolled electrode arrays. The motion planning of a nanowire from one position to the
target location is NP-hard due to the nature of combinatorial optimization. Two heuris-
tic algorithms are presented to generate sub-optimal motion trgjectory. In addition,
we demonstrate a single, integrated process to position, orient and deposit multiple
nanowires sequentially onto the substrate of the microfluidic device.

In order to facilitate the manipulation and assembly, we introduce motion-planning
and control algorithmsfor simultaneously steering multiple nanowiresin the third part
of the dissertation. A motion-control algorithm is presented to simultaneously steer
multiple nanowires along different desired trajectories under controlled electrophoretic
forces. We provide the control-system properties that capture the relationship between
the maximum number of the simultaneously controllable nanowires and the given num-
ber of actuated electrodes. A two-stage motion-planning algorithm isthen presented to
generate the desired trgectories for multiple nanowires with minimum total traveling

distances. We demonstrate the simultaneous motion control and planning of multiple



nanowires to form various geometric patterns and track different trgjectories. How-
ever, the shortest distance trajectories do not result in the fastest manipulation. To
improve the efficiency of the simultaneous manipulation and assembly of nanowires,
we present online time-optimal motion-planning and control algorithmsfor effectively
steering multiple nanowires simultaneously in liquid suspension. The motion planner,
called SRRT*, is an improved sparse structure Rapidly-exploring Random Tree Star
(RRT*)-based motion-planning algorithm. The SRRT* guarantees the asymptotically
near time-optimal trajectories of multiple nanowires. Moreover, unlike the two-stage
algorithm, the maximum number of nanowires that can be simultaneously controlled
is not restricted explicitly. All of the above-mentioned motion control and planning
strategies are validated through extensive experiments and simulations.

In the last part of the dissertation, we propose an integrated procedure of online au-
tomated characterization, manipulation, and assembly of nanowiresto build functional
nanodevices. Particularly, we separate and assemble silicon nanowires according to
their electrical conductivitiesinto FETs. The characteristic measurements of the FETs
confirm the feasibility and effectiveness of the integrated characterization, manipu-
lation and assembly procedure. The discussion of future research directions is also

included at the end of the dissertation.
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6.7. Device Charact. 2: A proof-of-concept demonstration of the integrated
automated characterization, manipulation, and assembly of 16 SINWs
asFET devices. 8 NWswere characterized and deposited on each side.
After the wrap-around electrode fabrication, the resulting FETs have 3
NWs on each side. The FET assembled with less conductive SINWs
shows P-type characteristics while the FET assembled with conductive
SINWSs shows N-type characteristics. (@) Transfer characteristics in
logarithmic scale showing the drain current per nanowire at Vps = 1
V for the P type and N type FETs after separation. (inset) The transfer
characteristics in linear scale. (b) Measured conductivity distribution
against the number of characterized nanowires by CS-EOS. (c) Output
characteristics of the FETs showing the drain current per nanowire in
less conductive side at Vs = 0 to —20 V. (d) Output characteristics of
the FETs showing the drain current per nanowire in conductive side at
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Chapter 1

| ntroduction

1.1 Motivation

A wide variety of nanoscale materials with well-defined geometry have been explored
in recent years for their unique and often enhanced properties [1]. One-dimensional
(1D) nano-materials, i.e., large-aspect-ratio nano-materials such as nanowires, nan-
otubes, and nanorods, have attracted increasing interests for the past two decades due
to the numerous potentials offered by their nanoscale sizes and various physical prop-
erties. 1D nano-materials have the properties of small diameters, large surface areas,
as well as smooth surfaces, and those factors result in a large variety of novel func-
tional properties [2]. Especialy, extensive work has shown that nanowires or nan-
otubes can display unique electronic [3-11], optical [12,13], thermophysical [14-16],
magnetic [17, 18], and mechanical properties [19-23]. Nanowires based functional
nanodevices have been numerously investigated, including nanowire based functional
electronics [24-26], optoel ectronics [27], photonics [28, 29], batteries [30-32], solar-
cells [33-35], chemical/biological/biomedical sensors [36—-39] and many other appli-
cations.

Figure 1.1illustratesafew example of nanowire based functional nanodevices. Fig-
ure 1.1(a) shows alogic AND gate as an example of nanowire based functional logic
circuits[40], while an all-optical nanowire NAND gate is shownin Figure 1.1(b) [41].
Figure 1.1(c) showsasilicon nanowire (SINW) based field-effect transistor (FET) with
metal source and drain electrodes on SIO,/Si substrate [42]. A contact length scal-

ing of molybdenum (Mo) end-contacted quasiballistic single-walled carbon nanotube



(a) Nanowire based logic gate (b) All-optical nanowire NAND gate (c) Silicon nanowire FET
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(d) Carbon nanowire transistors
(e) Nanomotor

Figure 1.1: Nanowire based functional nanodevices. (a) Nanowire based functional
logic gate; alogic AND gateisshown as an example[40]; thescalebar is1 um. (b) An
all-optical nanowire NAND gate; the scale bar is5 ym [41]. (c) Figure A shows asil-
icon nanowire (SINW) based field-effect transistor (FET) with metal source and drain
electrodes on the surface of SiIO,/Si substrate. (inset) High-resolution transmission
electron micrograph of a5 nm-diameter SINW; the scale bar is 5 nm. Figure B shows
scanning electron micrograph of a SSINW FET device; the scale bar is 500 nm [42].
(d) Contact length scaling of molybdenum end-contacted quasiballistic single-walled
carbon nanotube transistors [43]. (e) A rotating nanowire based nanomotor powered
by arotating electrical field [1]. (f) Delivery of functional tumor necrosis factor apha
(TNF«) by nanowires. Two TNFa-coated nanowires that contact and stimulate the
wild-typeHelLacell (Ieft); Nanowire delivery to pre-selected cells, and the overlay of a
time series of phase contrast images showing delivery of asingle nanowire to the cell;
the scale bar is 20 um [44] (right).

transistor [43] is sketched in Figure 1.1(d). These nanoelectronics reduce size and
scale of conventional electronics, and demonstrate advanced properties such as high
performance, high sensitivity and high energy-efficiency etc. Mechanical functional
nanodevices such as nanomotors and nanorotors are shown in Figure 1.1(e), which are
based on a rotating nanowire powered by a rotating electrical field [1]. A further im-
proved high-performing nanomotor was reported in [45]. Those nanomotors are more
durable, reliable, and capable of ultra-high-speed rotation, as well as being able to fit

inside a human cell to release drugs as a potential drug-delivery tool. Furthermore



in biomedical applications, Figure 1.1(f) shows the drug delivery of functional tumor
necrosis factor alpha (TNF«) by nanowires. The left figure shows two TNF«-coated
nanowiresthat contact and stimulate the wild-type HeLa cell, and the right figure over-
lays atime series of phase contrast images showing nanowire delivery to pre-selected
cells[44].

In order to fulfill those promising capabilities of 1D nano-materials, various tech-
nigques were developed for manufacturing functional nanodevices. The fabrication of
those devices can be categorized into top-down, bottom-up, and nanomanipulation-
enabled techniques [46, 47]. The top-down approaches [48], such as advanced nano-
lithographic techniques [49], were used to fabricate nanowires and nanotubes into
nanodevices, but fabrication processes of these techniques are slow and costly [50].
Bottom-up methodstypically employ self-assembly, chemical synthesisor super-molecule
techniques [51]. Especially, chemical synthesis such as vapor-liquid-solid (VLS) tech-
nique and chemical vapor deposition (CVD) are wildly utilized to generate functional
nanodevices [52]. However, large scale chemica synthesis methods yield contami-
nants and defects, which have huge influence on the properties and functionalities of
the nanodevices. Also, those techniques are laborious, costly, and often require ther-
mal annealing and/or chemical treatments for chemical removal [53], which cause the
assembly procedures inefficient and expensive. Nanomanipulation isa complementary
technique that enables flexible maneuvering and precise positioning of nanostructures
for nano-device assembly; it isparticularly suitablefor device prototyping and property
tuning [54].

To fully realize aforementioned numerous potential of functional nanodevices, it is
desirable to have automated methods to mani pul ate/assemble nanowires or nanotubes
into nanodevices with controlled orientations at specific spatial locations. However,
the automated scal able manipulation and assembly of nanowires or nanotubesis still a

largely unmet fundamental challenge [55-61]. The difficulties mainly lie in twofold:



(i) the placement of nanostructures, such as nanowires or nanotubes, in precise loca-
tions for functional devices, interconnects, and other electronically useful components
and (ii) the automated characterization, scalable manipulation and assembly occurred
in electronic, mechanical and biochemical applications. Overcoming the automated
nanomanipulation challenges could give rise to additional potential capacities of scal-
able assembling and manufacturing functional nanodevicesfor alarge variety of appli-
cations, such as nanoel ectronics assembly, nano-neuron interface, cell characterization
and sorting, and the probing the responses of individual cells to mechanical and bio-
chemical stimuli.

The goal of thisdissertation isto address the above-mentioned challenges with four
intertwined research aspects. More specifically, the dissertation focuses on: (i) analyz-
ing and modeling the nanowire motion in dilute suspension with a simple, generic
set of controllable electrodes, (ii) motion control, planning, and manipulation of indi-
vidual nanowires under electric-fields in fluid suspension, (iii) simultaneous multiple-
nanowire motion control, planning, and manipul ation under el ectric-fieldsin fluid sus-
pension, and (iv) integrating automated characterization, manipulation, and assembly
of nanowires to build functional nanodevices, especialy towards nano-electrical and
biomedical applications. Although we discuss the manipulation of nanowires in the
dissertation, the developed planning and control methods can be generalized to other

1D nano-materials.

1.2 Background

In Section 1.1, we summarize the significance and challenge of the automated ma-
nipulation of nanowires. In this section, the approaches of nanomanipulation is first
discussed. Then we introduce the advantages of electric-field based nanomanipula-

tion. Next, we further explain the reason why electrophoresisis chosen as actuation to



mani pulate the motion of nanowire in fluid suspension. Although we utilize the elec-
trophoretic force to actuate the nanoparticles, the proposed nanomanipulation (motion
planning and motion control) strategies are not limited to the actuation and can be

generalized to other field-based applications.

1.2.1 Nanomanipulation

Nanomanipulation refers to the positional control of nanoparticles, and it is a key
enabling technique for nanotechnology by filling the gap between the top-down and
bottom-up strategies [62]. Nano-manipulation can be applied to the scientific explo-
ration of mesoscopic phenomena and the construction of prototype nano devices and
nano blocks [63]. It becomes a key instrument for technology bridging between sub-
nano and mesoscale. Nanomanipulation techniques have gone through several phases
to be used in scientific explorations, not only to reveal characteristics of nano, micro,
and mesoscopic phenomenabut also to build functional nanodevices useful for specific
applications [64].

Atomic force microscope (AFM), transmission electron microscope (TEM), scan-
ning tunneling microscope (STM), scanning electron microscope (SEM) or near-field
scanning optical microscope (NSOM) are commonly used in nanomanipulation. How-
ever, those nanomani pul ation techniques have several drawbacks, such as complex pro-
cedures, need of the assistance of human operators, and high cost. Non-contact actu-
ation instead has been proved to be a promising solution to position micro- and nano-
scale objects. The commonly used non-contact actuation techniques include magnetic
actuation, electrical field actuation, optical tweezers, etc. Manipulation via actuated
flows is also an alternative approach, such as electroosmosis, micromechanical, elec-
trohydrodynamics, thermocapillary pumping, etc.

Optical tweezers [65] and magnetic tweezers [66-68] were invented and widely
discussed to hold certain nanoparticles in recent years. The optical tweezers use the

pressure radiation of the light to move objects. Besides costly, the short-range laser



force and therefore a limited manipulation range are particularity disadvantages of the
optical tweezers actuation principle. Also, the motion of nanoparticles are controlled
sequentially, and thus simultaneously nanomanipulation is difficult to be accomplished
with limited number of laser spots. The magnetic tweezers rely on magnetic field
gradient to hold a paramagnetic particle. Both optical and magnetic tweezers require
extensive instrumentation. Particularly, if a particle is trapped in the optical or mag-
netic field, the field movement is achieved by mechanically moving the stage. Al-
ternatively, the electric tweezers could apply a force to manipulate nanoparticles in
suspension versatilely without moving parts mechanically [1]. This dissertation will

focus on electric-field based manipulation that does not have these disadvantages.

1.2.2 Electric-field based nanomanipulation

Under electric fieldsin fluid suspension, avariety of phenomena, including electrophore-
sis(EP), electro-osmosis (EO), dielectrophoresis (DEP), and el ectro-orientation, can be
used as adriving force to steer, characterize and sort nanowires [69—71]. Those forces
become one of the most dominant actuation sources when the particle dimensions de-
crease to micrometer and nanometer scales.

Compared with other nanomanipulation and nanoassembly techniques such as the
tip-based approach [72,73], the use of electric-field-induced forcesto driveaparticlein
fluidic suspension has advantages of ease and superior scalability. Asaresult, EP, EO
and DEP have been explored in the past decade as driving forces to precisely control
nanowire motion in microfluidic devices [74]. Each of those three phenomena (EP,
EO and DEP) will be discussed and covered individually in the following subsections
in order to identify the proper actuation to address the distributed feedback control,
planning, and manipulation of nanowires with scalable and programmable electrode

arrays.



1.2.2.1 EP based nanomanipulation

Under electric fields, particles in fluid suspension experience an electrophoretic force
(EP force) under DC fields, while the fluid itself experiences EO forces [75]. The EP
force magnitude is proportional to the effective electrokinetic potentia (i.e., the zeta-
potential) and the field strength. The use of EP force is convenient for actuation in that
even nominally electrically neutral nanowirestypically have anonzero zeta-potentia in
theinterfacial doublelayer in some solventsor at some pH. A large zeta-potential value
isin fact a common stability criterion for colloidal suspensions. Thus, by actuating
a set of electrode arrays, nanowires in fluid suspension can be manipulated, driven,
and steered to desired locations under a precisely controlled electric field [70, 76, 77].
In[76,78,79], an EP-based motion-planning and manipulation scheme was developed
to steer and drive a single nanowire in fluid suspension from onelocation to its targeted
position. The nanowires were suspended in a droplet of fluid with a square-lattice
electrode array on the bottom substrate of a micro-fluidic reservoir. Those electrodes
can be independently actuated with different DC voltages to generate the electrical
field to control the nanowires motion in the horizontal plane, while a top electrode is
used to control the nanowiresin the vertical direction. The extension of the EP-based
motion planning and control for simultaneously driving multiple nanowires has been
presented in [77,80, 81]. The motion control in [76-81] also compensated for the EO
flow induced by the electric field acting on the fluid. The work in [76-81] will be
discussed in this dissertation.

1.2.2.2 DEP based nanomanipulation

Besides EP, DEP is a so commonly used to drive and control nanowiresin microfluidic
devices [74, 82]. The induced dipole moment of the particle interacts with a non-
uniform field to give rise to a frequency-dependent dielectrophoretic force. The DEP
force is proportional to the polarizability of the particle and the gradient of the field



squared. In general, a particle can be either repelled or attracted to field concentrations
depending on the sign of the polarizability. By tuning the field gradient and the fre-
guency of the applied field, the DEP force can be used to manipulate the position of
nanowiresin fluidic suspension. The use of DEP to position nano-/micro-particles has
been reported in many publications; see [74,83,84] for areview.

The DEP force depends on the spatial gradient of the square of the electric field,
while EP force is proportional to the electric field strength. Therefore, EP-based ma-
nipulation is simple, requires lower electric fields, and is easier to implement for long-
range motions. Most existing works on DEP-based manipulation in fluid suspension
deal with spherical micro-particles such as beads and biological cells [85-96]. The
DEP-based manipulation of high-aspect ratio nanowires and nanotubes, although less
common, are reported in the literature [60, 97-104]. However, most of the prior works
use the open-loop control of electrodes and do not consider the distributed feedback

control of nanowires with programmable electrode arrays.

1.2.2.3 EO based nanomanipulation

Use of the EO-based flow control is another way to steer and manipulate the particles
and nanowires. In[69], the use of the EO-based flow control to steer and manipulatethe
particles and nanowires was extensively discussed and demonstrated. The microfluidic
devices were fabricated with multiple electrodes to generate EO that steered and ori-
ented particles [69] and nanowires[105] at the center of a star-shaped or cross-shaped
microfluidic channel. EO modeling and optimization algorithmswere used to steer and
manipulate particles and nanowires in those designs. However, the control regions of
those designs are always at the center of the microfluidic channel so that the directions
of the EO-based flow form afour direction shear pattern and can be precisely modeled.
Also, the device and the approach in [69] are difficult to scale up for large numbers

of nanowires. In our design for electric-field-based motion control, both EP force and



EO flow are significant to the particle motion. However, due to lack of precise knowl-
edge of the boundary conditions (planner flow in two dimensions), and specifically the
unknown zeta-potential on both the particle and device boundaries, exactly modeling
of the EO actuation is difficult. Asshown in the experimentsin [78], the EO-induced
disturbances are not always aligned along with the electric field direction due to the
complicated boundary conditions, and the existing models of the EO flow cannot be
directly applied to our application. To overcome the modeling difficultiesfor EO flow,
we design a robust motion-control algorithm that models the EP driving force and si-
multaneously compensates for the EO-induced motion disturbance.

Another piece of closely related work is the arbitrary steering of multiple particles
by electroosmotic flow (EO flow) in [106]. However, thework in[106] did not consider
motion planning of multiple nanowires in the configuration space. In addition, the
casesthat were considered involved amuch larger number of actuatorsthan the number
of particles. For example, the approach in [106] used 20 electrodes to steer 8 nano-
particles in simulation and 3 nano-particles in experiments. Its scalability to alarger
number of nanowires is however limited. The motion-planning scheme in this work

significantly extends and complements the resultsin [106].

1.2.3 Motion planning of nanowires

Motion planning of nanowires with a set of independently addressable electrodes is
challenging due to its combinatorial optimization nature [107]. There are additional
challengesto achievethe task of motion planning and control of more than one nanowire
simultaneously. A closely related topic is the routing problem for droplets in digital
microfluidic biochips (DMFB) [108-111]. In DMFB design, the droplets motion is
controlled by turning on and off a set of electrodes for a given roadmap configuration.
The motion-planning problem in DMFB is to coordinate multiple objects’ motion for
minimum time to reach the desired configuration without collision [112]. The motion-

planning problem considered in this dissertation is however different from those in the
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DMFB design in several aspects. First, the motion of nanowires are much more com-
plex than the dropletsin DMFB, since the EO- and EP-induced motion is not restricted
to only trandation in four discrete directions, but occurs in continuous 3D space. Sec-
ond, complete control of the nanoparticle motion in our case necessitates consideration
of the orientation of the nanowire or nanotube, as well as position. Finally, the motion
of nanowires under electric fields is controlled not only by the four electrodes within
nearest distance but also a set of neighboring electrodes, and the nanowire motion
highly dependents on the actuation el ectrodes. Those differences significantly increase
the complexity of EP/EO motion planning and control design.

Theresults of the minimum-timetrajectory control of kinematic mobilerobotswith
a finite input set in [113] are built on the assumption of individually self-propelled
robots. Thus, those results cannot be directly applied to motion planning for EP-
and EO-induced nanowire motion with the electric fields generated by the same set of
multiple electrodes and possibly interacting nanowires. Indeed, the nanowire motion-
planning problem is also related to the coordination of the collision-free motion of
multiple robots to reach the desired configuration [112-115]. One of the main differ-
ences of the multiple-nanowire control problem lies in the steering actuation of multi-
ple nanowires, which actualy comes from the same set of electrodes. Therefore, the
coupling of the actuation inputs brings the complexity of the motion planning and con-
trol. The actuation by electrodes cannot be decoupled for each nanowire, while each
robot in [112-115] is driven independently by its onboard controller.

Other related research on the multiple-nanowire planning problem includes the
work in [116, 117], in which a network-flow method is used to solve multi-agent
path planning on graphs. However, these schemes only work for discrete motions
of the agents, not for continuous motion space such as the nanowires under the EP
force. Moreover, the actuation mechanism in this work is completely different with
that in [116,117].

While demonstrating the feasibility, in [76, 78, 79] we have devel oped an EP-based
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motion planning and manipulation algorithm to steer and drive a single nanowire in
fluid suspension. The extension of the EP-based motion planning and control for si-
multaneously driving multiple nanowires is presented in [77,80] . Due to the com-
plexity of the combinatorial optimization, the motion planning algorithm (i.e., the two-
stage planning approach) in [77,80] uses a heuristic technigue to quickly generate the
shortest-distance collision-free trgjectories for multiple nanowires. Obstacle avoidance
is also considered in the planning algorithm. The performance of the two-stage algo-
rithm in [77,80] can be further improved in several aspects as proposed in [81]. First,
asillustrated in [76], the shortest total traveling distances of all nanowires do not im-
ply the shortest traveling time. Indeed, the shortest traveling-time trgectory is not the
straight-line connecting the starting to target points due to the el ectric field distribution.
Therefore, it is desirable to obtain the minimum-time trajectory for fast manipulation.
Second, because of the straight-line constraint, the maximum number of nanowiresthat
can be simultaneously independently steered in the two-stage algorithm is limited to
an upper-bound. For scalability, it is desirable to find an alternative motion planner to
relax such constraints.

Optimal control approaches are not effective for the multi-nanowire motion-planning
problem. Numerical optimization can be used but it suffers from loca minima and
expensive computations and therefore, it cannot be applied to the case of more than
two simultaneous nanowires. Also, algebraic solutions of optimal control are avail-
able primarily for 2D points mass systems [118]. In literature, the optimal control
approaches are investigated to achieve the time-optimal objective of one particle in a
dielectrophoretic system [119, 120]. However, the authors only consider the motion of
one particle on an invariant line, not the whole continuous horizontal plane, and the
result cannot be directly applied to multiple particles due to the system construction.
The search-based methods compute paths over discretizations of the continuous state
space but the computation depends exponentially on the grid size [121]. Sampling-
based methods such as Rapidly-exploring Random Tree (RRT) and its variants take
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sample points in the collision-free space and add them to a tree covering the whole
space with probabilistic complete property [107]. An RRT-based path planning ap-
proach to transporting cells with optical tweezers is investigated in [122]. However,
RRT agorithm cannot guarantee optimality. Although the RRT* agorithm [123] is
asymptotically optimal, the convergence is slow especially for large scale problems.
Sparse roadmaps are applied to provide asymptotically near-optimality in [124] and a
gparse tree that covered the state space with a basin of attraction is proposed in [125]
with linear quadratic regulator (LQR) feedback-based motion planning. Recently, a
gparse structure RRT (SST) [126] has achieved asymptotic optimality for kinodynamic
planning using incremental sampling-based planners. This approach takes advantage
of sparse structure to return a solution quickly and converges to a sub-optimal solution.

The work in [81] consider atime-optimal motion-planning and control strategy of
multiple nanowires in fluid suspensions. The work takes the advantages of both SST
and RRT* approaches. An improved sparse RRT* based motion-planning algorithm,
called SRRT*, is proposed to generate the asymptotically near time-optimal trajecto-
ries of multiple nanowires. Unlike the two-stage planning approach in [77, 80], the
maximum number of nanowires that can be steered at one time is not limited by an
upper bound. The SRRT* algorithm takes the advantages of the rewiring strategy of
the RRT* and the sparse structure of the SST to efficiently achieve the asymptotically

near time-optimal trajectory with several heuristic techniques.

1.3 Dissertation outline and contributions

There are seven chapters in this dissertation. Chapter 1 presents the introduction and
background. Chapter 2 analyzes the nanowire motion in dilute suspension under EP
force and presents an electric-field model with a simple, generic set of controllable
electrodes. A novel, automated electric-field-based single-nanowire motion control,

planning, and manipulation scheme is presented in Chapter 3. In order to improve
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the efficiency of nanomanipulation, Chapter 4 and Chapter 5 discuss simultaneous
multiple-nanowire motion control, planning, and manipulation problems to achieve
shortest distance and minimum time objectives, respectively. An integrated procedure
for automated characterization, manipulation, and assembly of nanowires is proposed
in Chapter 6 to demonstrate the feasibility of fabricating functional nanodevices using
the proposed planning and control strategies. Concluding remarks and discussion of
the future work directions are presented in Chapter 7. The content of each chapter is
described in details as follows.

In Chapter 2, we first summarize the lowest-order electric field induced forces act-
ing on a particle in suspension and present a dynamic model of nanowires under EP
force. Next, we propose a micro-fluidic device design that is actuated by a smple,
scalable, and generic set of electrodes to precisely generate controllable electric fields.
With the symmetric properties of the electrode array, a superposition approach is devel-
oped to efficiently compute the electric-field distribution in the fluid that is contained
by the micro-fluidic device.

In Chapter 3, an EP-based motion control of the nanowire in dilute suspension
with the aforementioned controllable electrodes is first presented to precisely control
the motion of individual nanowires. We design the motion control algorithm for in-
dividual nanowires by extending the path-following approach in [127, 128]. A time
suspension technique is used to tune the desired nanowire velocity online depending
on the path-following errors and error prediction. We then discuss geometric properties
relevant to the electric-field-based single-nanowire motion planning and control prob-
lem. Due to the NP-hard complexity, we present several heuristic planning solutions
and compare their performance with the other well-known benchmark motion planning
approaches such as RRT and A* algorithms[107]. The comparisons show that the pro-
posed heuristic algorithms obtain sub-optimal minimum time trgjectories. Extensive
experimental and numerical results confirm the performance of the proposed motion

planning and manipulation. Finally, we demonstrate an integrated process to position,
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orient and deposit multiple nanowires sequentially onto the substrate. The integrated
nanowire manipulation confirms the potential of using the proposed EP-based strategy
to steer and deposit nanowires precisely.

Chapter 4 presents the motion-planning and control algorithms for simultaneous
mani pulation of multiple nanowiresin liquid suspension. We first present an EP force-
based control algorithm to simultaneously steer multiple nanowires along given trgjec-
tories. We further provide the control-system properties that capture the relationship
between the maximum number of the simultaneously controllable nanowires and the
available number of actuated electrodes. A two-stage motion-planning algorithm is
then presented to generate the desired trajectories for multiple nanowires with mini-
mum total traveling distances. Furthermore, we demonstrate the motion control and
planning of simultaneous multiple nanowires to form various geometric patterns and
track different trgjectories. The performance of the proposed motion-planning and con-
trol algorithmsis validated through numerical simulations and extensive experiments.

To improve nanomanipulation efficiency, we extend the results in Chapter 4 and
present the time-optimal motion planning and control of multiple nanowires simul-
taneously in fluid suspensions in Chapter 5. The EP-force is still used as the pri-
mary driving force and the motion control design compensates for the electro-osmosis
disturbance. Inspired by the sST and RRT* approaches, an improved sparse RRT*
based motion-planning algorithm SRRT* is proposed to generate the asymptotically
near time-optimal trajectories of multiple nanowires. The algorithm is not restricted
to the time-optimal cost function and any other cost functions can be incorporated
into the algorithm. Moreover, unlike the previous results in Chapter 5, the maximum
number of nanowires that can be steered at one time is not limited by an upper bound
that depends on the number of neighboring electrodes. The SRRT* algorithm takes
the advantages of the rewiring strategy of the RRT* and the stable sparse structure of
the SST to efficiently achieve the near-optimal trajectories with several heuristic tech-

niques. Also, the SRRT* guarantees the asymptotically near-time-optimal performance
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for multiple nanowires. Finally, we demonstrate the minimum-time performance of the
proposed motion-planning and control algorithms through numerical simulations and
experiments.

In Chapter 6, we propose a completely integrated procedure of automated charac-
terization, simultaneous manipulation, and assembly of nanowires to build functional
nanodevices. Particularly, we assemble silicon-nanowire-based FET devices by their
electrical conductivities using the proposed integrated strategies. The measurement
results confirm the effectiveness and feasibility of the integrated characterization, ma-
nipulation and assembly procedure. Finally, we discuss the remaining i mprovements of
proposed work and other potential applications towards biomedical systemsin Chap-
ter 7. The demonstration of the effectiveness and functionality of the biomedical ap-
plicationsis out of the scope of this dissertation and remains as the future work.

The main contributions of this dissertation are described in details as follows.

1. A novel design is proposed for the motion control, planning, and manipulation
of nanowires under electric-fields in fluid suspension. The design and algorithms
are experimentally and numerically demonstrated, and can serve as enabling tech-
niques for scalable and automated manufacturing of nanowire-based functional de-

vices for many potential applications.

2. Theformulation and heuristic solutions of the el ectric-field-based nanowire motion
planning under distributed electrode arrays in Chapter 3 are new and complement
to the existing results (e.g., routing algorithmsfor DMFB [108,110] and minimum-
time trgjectory control of self-propelled kinematic robots [113]).

3. Robust motion control strategies compensate for the un-modeled flow disturbance,
and path-following errors guarantee convergence for both individual nanowire and

simultaneous multiple nanowires.

4. A network-flow based two-stage algorithm captures simultaneous motion-control

capacity limits and generates the shortest path planning for simultaneous multiple
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nanowires. The proposed SRRT* agorithm generates computationally efficient,
obstacle-avoiding, and near-optimal path with no motion-control capacity limita-
tions. All the motion-planning algorithms significantly reduce the computational
complexity, yet maintain comparable or near-optimal performance. Extensive ex-
periments and simulation validate the feasibility and effectiveness. The developed
algorithms and microfluidic device potentially enable the scalable manipulation
of multiple simultaneous nanowires using EP forces and the scalable assembly of

nanodevices for avariety of applications.

5. Finaly, we present a novel integrated procedure for automated characterization,
manipul ation, and assembly of nanowires to fabricate functional nanodevices. Sil-
icon nanowires are separated and deposited using the integrated scheme. The as-
sembled FETs using those separated nanowires have demonstrated different char-
acteristics according to the automated separation criterion. The separated high-
performance-nanowire based FETs have shown excellent performance, yielding
high on-current, small sub-threshold swing and high device mobility. The mea-

surement results confirm the feasibility and effectiveness of the integrated scheme.

In summary, the proposed motion control, planning, and manipulation scheme
builds a foundation for scalable, automated, and precise manipulating nanowires to
build functional nanodevices, and provides appealingly simple and effective means to
hold and position microscopic objects. Finally, the proposed motion planning and mo-
tion control strategies can also be generalized to many other robotics applications, in
which the actuation among a group of multiple robots or agents are coupled or inter-

twined.
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Chapter 2

Electric-Field Based Nanowire Manipulation M odeling
and Configuration

2.1 Introduction

In order to investigate and achieve scal able manipulation of nanostructures, wedesign a
simple and generic set of |attice-shape distributed electrode array to actuate suspended
nanowires under electric-fields in fluid suspension. The precisely controlled electric
fields generated by electrode arrays can be used to control the motion of nanowire.
We then present a dynamic model of nanowires motion in dilute suspension with the
designed set of N x N controllable electrodes. Finally, we present a superposition
approach to efficiently compute the electrical-field distribution for a given set of elec-

trodes.

2.2 System configuration

Figure 2.1(a) shows the schematic of the micro-fluidic device. We consider a device
with N x N electrodes on the bottom surface. The array of circular electrodes with
radius R are fabricated on a glass substrate with equal distance L between centers
(Figure 2.1(b)). Each electrode is independently actuated with a DC voltage. The
electrode arrays are covered by fluid containing a dilute concentration of nanowires. A
glass coverdlip is used to cover the fluid and form a flow reservair.

The use of the electrodes on the non-conducting bottom surface creates an electric

field inside the fluid reservoir that is primarily parallel to the substrate surface. Under
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Figure 2.1: Schematic of microfluidic device with N x N electrodes. (@) 3D view
of micro-fluidic device with N x N independently actuated electrodes on a bottom
substrate, with a common top electrode. (b) Top view of the motion tragjectories of
nanowires induced by the electrode array.
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Figure 2.2: A schematic of an electric-field-based nanowires motion control, planning
and manipul ation scheme.

this largely horizontal electric field, the nanowires orient and move under EP and EO
forces. Asshown in Figure 2.1(a), acommon electrode is used as the top coverdip to
vertically position the nanowires and deposit them at desired locations on the substrate.
When mani pul ating nanowire motion in the horizontal plane, the top el ectrode does not

serve as the ground and no voltage is applied to the top electrode. For example, for the
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two nanowires in fluid suspension at locations S; and S, shown in Figure 2.1(a), we
first actuate the electrode array on the bottom surface to steer and drive the nanowires
to the targeted horizontal locations 7; and 75 in the horizontal plane. Then, the bottom
electrodes are turned off and the electrode on the top surface is turned on to align
and drive the nanowires vertically until they reaches the bottom substrate. Finally, the
electrode arrays are turned on again to lay down and deposit the nanowire onto the
device surface with the desired orientation.

Figure 2.2 illustrates the schematic of the el ectric-fiel d-based nanowire motion con-
trol, planning, and manipulation scheme. The nanowire motion control is based on a
model of nanowire dynamics under EP-force actuation, with vision-based feedback
control of the nanowire positioning. The control system also compensates for the com-
plex 3D EO flow that is un-modeled. The motion planner determines the optimized
motion trgjectory for given target points and nanowire's current position.

We denote the electrode as ¢;; at the ith row and the jth column, ¢, = 1,..., N.
We define the electrode control matrix w = {u,;},4,5 = 1,..., N, with

Vi; if e;; isturned “on”,
wij = { _ _ (2.1
0 if e;; isturned “off”.
where V;; is the voltage applied to e;;. Among u, atotal of N, < N? actuated (i.e,
powered-“on”) electrodes are captured by indexing all non-zero elements ;; into e&f-
fective electrodeset U = {e;, : I = (i,7), u;; # 0} with |{U| = N,, where| - | isthe
cardinality of a set.

For nanowire manipulation using the device shown in Figure 2.1, we mainly con-
sider the following motion control and planning problems.

Motion Control Problem: find electrode control w(t) at timet to steer all the nanowires
to follow a given trajectory.

Motion Planning Problem: for al the nanowires, given starting and target locations &
and 7, find a optimal collision-free path that the nanowires achieve certain objective,

i.e., minimal total travel distance or total travelling time, from S to 7.
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2.3 EP-based nanowire motion model

We model the nanowire as a prolate spheroid shape as illustrated in Figure 2.3. A
body-fixed coordinate system xyz is chosen that is aligned with the principle axes of
theellipsoid. A particle moving in aviscous flow is subjected to hydrodynamic forces.
If the movement of the prolate spheroid particle is aligned with its main axis (i.e.,
z-axis), the hydrodynamic drag of the prolate spheroid can be evaluated by [129]

—8mucv
Fyuy = — _6rubuR, 2.2
aras [(a/c)? + 1] coth™ (a/c) — a/c a 22

where 1 is the dynamic viscosity, v is the relative velocity vector of the fluid with re-

spect to the particle, a and b are the major and the minor radii of ellipse, ¢ = v/a? — b2,

and
4

= 3v/(a/c)? — 1{[(a/c)? + 1] coth™" (a/c) — a/c}'

We assume that the nanowire is always aligned and moving tangential to the electric

field, as any misalignment from the field direction leads to a restoring torque which

tends to orient the nanowire with the field [130].

Figure 2.3: Prolate spheroid nanowire with major radius ¢ and minor radius b.
Assuming athin electric double layer for the particle and no retardation effect, the
EP force F gp acting on aparticle in liquid suspension is given by

Fpp = 6mubu.RE = 67be,n( RE, (2.3)

where E isthe DC electric field vector, ( isthe zeta-potential of the suspended particle
(which can be experimentally determined), and i = €,,(/u, is the electrophoretic

mobility, where ¢,,, is the electric permittivity.
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Due to small Reynolds numbers for the particle motion, the particle is always at
steady state and the inertial force is negligiblefor nanowires motion. Therefore, the EP
force is balanced by the hydrodynamic viscous drag force, so that F'pp + F 40y = 0.
Using (2.2) and (2.3), we obtain

v— [U] _ nlE 2.4)
vy K
Brownian trandation and rotation of the nanowires are neglected in the model for suf-
ficiently large magnitudes of the viscous-flow and electric-field-induced forces [131,
132]. The motion equation (2.4) implies that the velocity of the nanowire is indepen-
dent of the nanowire geometry (e.g., Size and shape), provided we can assume a thin
double layer and uniform zeta potential [133].

From (2.4), the velocity magnitude of the nanowire in the suspended plane is pro-
portional to the magnitude of the electric field | E|, and the direction of motion of
the nanowire is along the electric field. By appropriately switching the powered-“on”

electrodes, the electric field E can be changed and used to control a nanowire’ s motion.

2.4 Electric-field modeling

Since Gauss' law for electric fields is linear, the electric-field E, near nanowire P
can be calculated by superposition of the electric-field vectors for each power-“on”

electrode, namely,

E,= > E\(P), (2.5)

ejkEU

where E(P) isthe electric field near P under powered-“on” electrodee;, € U. Inthe
following, we describe how to efficiently compute E .

We consider ananowire P located at r,,(P) = [z y|. The coordinate of electrode
e;; isdenoted asr., ;. To determine the electric-field at r,,(P), we use the high-fidelity
package COMSOL to evaluate the effect of turning on one electrode near P. Only

activated electrodes within a r,-array-distance range (r, L) with respect to nanowire P
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are found to have a significant effect on the electric field at r,,(P), namely, electrodes

€ij SaIISfy H'I‘n(p) T

< r,L, where |z||; is the 1-norm of vector z € R?, and
rp, € N isthe effective radius. From COMSOL simulation, r, = 2 for the square
lattice arrays designs that proposed in this dissertation. As shown in Figure 2.4(a),
for nanowire P located inside array cell ABC'D and r, = 2, the electric field inside
ABCD isinfluenced primarily by electrodes within A’ B’C” D' shown as the dot-dash
lines. For presentation convenience, we define the atomic and basic electrode sets

E,(P) and &,(P) for nanowire P, respectively, as

EP) = (e + [ralP) — 7oy

< L}, (2.6)
and
E(P) ={eij : |rn(P) = 7ey 1 < mpL}. (2.7)

For example, &,(P) and &,(P) contain the electrodes in areas ABC'D and A’B'C'D’

in Figure 2.4(a), respectively.

OOOOOO“ _______ @ & 9

§
i

Figure 2.4: (4) A schematlc of an atomic and basic areas around nanowire P. (b) An
illustrative schematic diagram to compute the el ectric field by turning on one electrode.

To calculate the electric field in £, (P), we shall compute the electric field gener-
ated by turning on each electrodein set £,(P) (U and then superpose them by (2.5).
Notice that the influence of a powered-“on” electrode only affects the electric field
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within a distance range of r, L. Therefore, let us consider the case when one electrode
is“on” and find out how to compute the electric field. Figure 2.4(b) illustrates a case
that electrode A is“on” and all other electrodes in its neighbor within £,(A) are “off”
(i.e., grounded). Due to symmetry, the electric fields are the same around A in four
guadrant areas. With this observation, we build the electric field data for one quadrant
area(i.e., four atomic cells) and then compute the electric field in the other three quad-
rant areas by symmetry. We here label region of each atomic electrode cell as D; (i),
whereindex i = 1, 2, 3, 4 indicates the atomic cell number in each quadrant area and
j = 1,2,3,4 indicates the left-bottom, right-bottom, right-top and left-top quadrant
areas, respectively, as shown in Figure 2.4(b). Moreover, for the four atomic cells
D (i) on the left-bottom corner shown in Figure 2.4(b), the electric fields are denoted

asFE(i), 1 =1,2,3,4, and assumed known.

Algorithm 1. E-field Generation Algorithm
Input : r,(P),U and E¢(k), k =1,2,3,4

Output : E,
gb( )Z{Z'Hrn( )_re L}
act( ) =&(P)NU, Eu(P ) yi(P) < NULL
E(k) = PYOJx( 1(k)), Eyi(k) = proj, (E1(k))
forzeé’ac( ) do
if 7,,(P) € Dy(k) then
E.(P)<— E,(P)+ E, (k)
E,(P) — E,(P)+ E, (k)

il
eseif r,(P) € DQ(k) then
E,;(P) — mirrorLR(E,,(k))
yi(P) + mirrorLR(E; (k))

E. (P) <~ E.(P)+ mirrorUD(E,;(k))
E — E,;(P) — mirrorUD(E,; (k))

end
E, = ZieSact(P) E;(P)
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Algorithm 1 illustrates the computing of the electric field within £,(P). The ago-
rithm first computes sets £,(P) and &,(P). Since the actuated electrodes are given in
U, the algorithm then finds the subset of powered-“on” electrodes in &,(P), denoted
asEuet(P) = &(P)(U. For each “on” electrode in &,..(P), the agorithm computes
the electric field E; within area £,(P). By flipping up and down, left and right, or
rotating 7, we get the electric field E;(P) within &,(P) for each actuated electrode.
Since |E,.:(P)| < 16, the complexity of Algorithm 1isO(1).

2.5 Conclusion

In this chapter, we present the system modeling and configuration of the electric-field-
based nanowire manipulation in liquid suspension with a smple, generic set of elec-
trodes. The main contributions of the work in this chapter are twofold. First, we
present a novel schematic of design for EP-based nanowires manipulation system in
fluid suspension. Second, with the symmetry properties of the designed electrode ar-
ray, an efficient electric-field cal culation algorithm was designed, which could provide
the foundation of efficient motion control of nanowires with the dynamic model under

EP force.
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Chapter 3

Motion Control, Planning and M anipulation of
| ndividual Nanowiresunder Electric-Fieldsin Fluid
Suspension

3.1 Introduction

To fully realize the enormous potential of functional nanodevices, automated, scal-
able methods are needed to manipulate and assemble nanowires and nanotubes with
controlled orientations at specific spatial locations. This chapter presents one such
technique for the automated motion planning, control and manipulation of individual
nanowires suspended in a fluid. Based on the system design in Chapter 2, the sus-
pended nanowiresin dilute solution are precisely driven by the controlled electric field
generated by the set of |attice-shape distributed electrode arrays. Built on the dynamic
model of nanowire motion in fluid suspension, a vision based path-following control
strategy is presented to guide the nanowire to follow a given desired trgjectory. The
control system design incorporates the potential function approach to compensate for
un-modeled complex electro-osmotic flow motion. We design an integrated process
to steer, orient and deposit multiple nanowires sequentially to form various geometric
shapes. Extensive experimental results are presented to demonstrate the motion control
and manipul ation agorithms.

In this chapter, we mainly focus on the motion control, planning, and manipulation
of individual nanowires under electric-fields in fluid suspension. We first present the
motion control of nanowires under EP in an electric-field. We then discuss geomet-

ric properties relevant to the electric-field-based single-nanowire motion planning and
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control problem. Due to the NP-hard complexity, we present several heuristic control
solutions and compare with the other well-known motion planning approaches such as
rapidly-exploring random tree (RRT) and A* algorithms[107]. Extensive experimental
and numerical results confirm the performance of the proposed motion planning and
manipulation. We finally present a set of experiments to demonstrate the feasibility of
using EP-based devices to steer and deposit nanowires to potentially fabricate nanode-
vices. The results will help provide a foundation for scalable, automated methods for
mani pul ating nanowires to build nanodevices.

The main contributions of this work are twofold. First, we present a novel de-
sign for the motion control, planning, and manipulation of individual nanowires under
electric-fields in fluid suspension. The design and agorithms are experimentally and
numerically demonstrated, which could serve as enabling techniques for scalable and
automated manufacturing nanowire-based functional devicesfor many potential appli-
cations. Secondly, the formulation and heuristic solutions of the electric-field-based
nanowire motion planning under distributed electrode arrays are new and complement
the existing results (e.g., routing algorithms for DMFB [108, 110] and minimum-time
trajectory control of self-propelled kinematic robots [113]).

Therest of the chapter isorganized asfollows. We present the system configuration
and the problem formulation in Section 3.2. The motion control of nanowires under
EP forcesisdiscussed in Section 3.3 and the motion planning al gorithms are presented
in Section 3.4. Experimental results are presented in Section 3.5 before we conclude

this chapter in Section 3.6.

3.2 Problem formulation

Although this chapter only deal with individual nanowires, the microfluidic device is
designed as same as the fluid reservoir with N x N electrodes array on the bottom

surface, as shown in Figure 2.1 in chapter 2. The electrode arrays are covered by
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fluid containing a dilute concentration of nanowires. A glass coverdip is used to cover
the fluid and form the flow reservoir. The actual device is shown in Section 3.5.1.
Each electrode, denoted as e;; at the ith row and the jth column, ¢, = 1,..., N,
is independently actuated with a DC voltage and for simplicity, the same actuation
voltage is applied to all electrodes. Therefore, the electrode control matrix w = {u;;},
1,7 =1,..., N, definedin (3.1) becomes
1 if e;; isturned “on”,
Ui = { _ _ (3.2
0 ife; isturned “off”.

Different from simultaneously control of multiple nanowires as shown in Fig-
ure 2.1, we first only consider the individual nanowire in this chapter. Hence, the
following motion control and planning problems are considered.
Motion Control Problem: find electrode control w(t) at time ¢ to steer the nanowire to
follow agiven tragjectory C(z 4, ya)-
Motion Planning Problem: for given starting and target locations S and 7, find a
planning path P that the nanowire takes minimum timefromS to 7.

In Sections 3.3 and 3.4, we will present how to solve the above two problems,

respectively.

3.3 Nanowire motion control

The goal of the motion control is to steer the nanowire to follow a given traectory
C(xq4,yq). Asshown in the experimentsin Section 3.5, the nanowire motion is affected
significantly by EO flow of the suspending fluid and thus, the control design must be
robust enough to compensate for any un-model ed disturbances.

We extend the potential function approachin[127,128] to design the path-following
control of C(x4(7),ya4(7)), which is parameterized by time variable 7, instead of time

t. We here present the discrete-time motion controller design. The following potential
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function is used to capture the path-following position errors along C at the kth step.

U@k)) = %61 (1 —cos20,(k)) + (1 — cos20,(k)) |, (3.2

where 8; > Oisaconstantgain, (k) = [0.(k) 6,(k)]", 0.(k) = tan~' e, (k), 0, (k) =

tan~! e, (k), and the position errors e, and e,, are defined as

o) - [em(k‘)] ) [m(k) - xd(k;)] | .

ey (k) y(k) = ya(k)
The position variables at the kth step for the nanowire and its desired locations are
respectively as z(k) = z(kAt), y(k) = y(kAt), and z4(k) = x4(73), ya(k) = ya(ms),
where At is the constant sampling period. The updating law for 7, will be given later

in this section.

At the kth step , the desired velocity v/(k) = [vé(k) vi(k)]" is calculated by

T

[vg(k)] ) [f;d] N [sm 2995(1{)] N [éx(k’)] | a4
vd(k) Wa sin 20, (k) é, (k)

where \; = e %2U0O®) N, = 2 — =AUOF) 3, > 0 isasdf-pacing parameter and \s
is a positive constant parameter. The error prediction, namely, the last termin (3.4), is

calculated by

A éx (k)
e(k) = = are(k) + asle(k) —e(k —1)], (3.5

where positive constants a1, a, > 0 are design parameters.

Notethat thefirst termin theright hand of (3.4) indicatesthe direction of the desired
trajectory C, the second term penalizes the tracking direction and the third term triesto
compensate the predicted error for the next time period using the past two-step error
measurements as given in (3.5). The time parameter updating is given by the following
dynamics

Tk+1 = Tk + /\1At (36)
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Finally, we need to determine the powered-“on” electrodes such that the electric
field E,(k) isto steer nanowire velocity v (k) in (2.4) to follow v¢(k) given by (3.4).
To determine the controlled electrodes, we formulate an optimization approach to de-

termine the actuation electrodes control w* (k) as follows.

u*<k> = argeijegb(P) mln ch(k) - vd(k)H? (37)

emCE(u

where v, (k) = <& ) for a given electrode control w (k) for e;; € &,(P).

With the above design, we have the following property.

Lemma3.1. If the nanowire velocity v follows v precisely, then path-following errors

converge to zero, namely, e(t) — 0.

Proof. The proof of Lemma 3.1 extends the approach in [127] and we here discuss the
continuous-time case.

L et us denote the nanowire 2D position vector ¢ = [z y]|? and error (3.3) is then
writtenase(q, 7) = [e, ¢,]7. Wedenote A = [A, A, |" = [26, 260,]". The potential

function (3.2) iswritten as
1
UA) = 561 [(1 —cosA,)+ (1 —cosAy)].

Notethat U(A) islower bounded, i.e., U(A) > 0, and the time derivativeof U(A) is
dU(A)) 1 _ u sin A; .
ar 251 i_zxy sin(A)A; = B i_zxy 1+ e €4, (3.8)

wherewe usethefact A; = 20; = 125¢;,i = z,.

Considering e = $2g and if ¢ = v* given by (3.4), we have

) (7% eg J sin A, [
e = or v v = —)\2 — )\3 . (39)
ey  Oey . N
i sin A, €y
Using error prediction (3.5), i.e, e = aje + ase, (3.9) iswritten as

sin A,
e = —)\2 [ ] — )\3(0(16 + Odzé)

sin A,
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and thus, we obtain

1 sin A,
e=———— )\2 + 041)\36 . (310)
1+ Oég)\g sin Ay
Plugging (3.10) into (3.8), we obtain
d(U(A)) _ —61 Z /\2 SiIl2 Az n 061A3€Z' sin Az
dt 1+ ag)s B 1+ e? 1+ e? '

Noticing that e;sin A; = tan#@;sin20; = 2sin®6; for i = z,y, the above equation

becomes

d(U(A)) —61 )\2 SiIl2 Az + 20[1)\3 SiIl2 0@
— < 311
dt 1+ 0[2/\3 i—zxy 1+ 612 0 ( )
for uniformly positive A, > 0 and positive A3, 51, a1, ae. Theresult (3.11) impliesthat
U(A) converges and thus A converges to a critical point of U(A), i.e., 8 = 0. Since

e = tan @, wehaver — z, and y — y,4 and this compl etes the proof. O

Remark 3.1. The number of elementsin &,(P) is 16 and the most influential electrodes
for electric field E, are those in &,(P), which contains only 4 electrodes. Therefore,
obtaining control w* by searching solution in (3.7) is not computationally expensive.
It is also noted that the powered-“on” electrodes (i.e., u*) can switch between any
consecutive steps. The directions of desired velocity v¢(k) and EP-induced velocity
v.(k) might not align each other perfectly. Therefore, as shown in experiments in

Section 3.5, the nanowire motion trajectories show zigzag patterns.

3.4 EP-based nanowire motion planning

3.4.1 Optimal trajectory property

Asdiscussed in Section 2.4, E,, isonly determined by the 16 electrodesin £,(P). The
motion-planning problem thus becomes to determine “on” or “off” status of these 16
electrodes. However, searching all of the 2'¢ possibilities of binary control of elec-

trodesin &,(P) is prohibitive due to high computational cost. Therefore, we shall use
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the properties of the motion trgjectory to simplify the searching process. It is noted that
when an electrode is turned “on”, the generated electric field is symmetric about all of
the horizontal, vertical and diagonal directions around the electrode. Such symmetry
property is used to simplify the planning complexity.

We first introduce some geometry concepts to facilitate the illustration of the mo-
tion planning algorithms. Figure 3.1 shows the schematic of the motion planning of
a nanowire from starting point S and to target point 7. Let us consider the atomic

electrode set £, = {5, Q, R, G} inthefigure.

Definition 3.1. Amirror of &, is a line segment connecting any pair of vertices of £,
or any of the middle points of each side of £, with its center. A mirror line is the

straight-line combined by co-linear mirrors.

For example, for the atomic cell £, = {S,Q, R, G}, lines SW, WG, GV, VR,
RU,UQ,QT, TS, SO, OR, QO, OG, OW, 0OV, OU and OT are adl mirrors of &,;
mirrors QO and OG are on the same mirror line QG.

We define the control line as the straight line connecting the nanowire current loca-
tion and target point 7 and the cut line as the line perpendicular to the control line and
passing the nanowire current position. For example, lines S7 and nn’ are the control
line and the cut line, respectively, for the starting and target points S and 7 as shown
in Figure 3.1. Line nn’ divides all electrodes into two groups. The electrodes in the
half plane H1.J K L, as shown the shaded area in the figure, are the power sources that
drive the nanowiretoward 7 and we define them as target power electrodes and denote
asér.

Due to symmetry of the electric field in &,, it is straightforward to obtain the fol-

lowing property:

Property 3.1. For any given trajectory P in &,, we can always find an alternative
electrode control such that a dual trajectory P’ achieves the same travel time as that

of P where P’ is symmetric with P about mirror lines of &,.
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Figure 3.1: lllustrative schematic of the traj ectory search area.

With the above observation, the minimum time trgjectory from S to 7 satisfies the

following properties.

Lemma 3.2. The minimum-time trajectory can avoid passing across one mirror line

twice.

Proof. As shown in Figure 3.1, suppose that the minimum-time trajectory A; M A,
passes across the mirror line 4, A, twice. By Property 3.1, it is straightforward to find
that an alternative trajectory A M’ As, symmetric with AL M A, with respect to mirror
line A, A, gives the same time as A, M A,. Therefore, the minimum time trajectory
can be instead chosen as A; M’ A, to avoid across line A; A, twice. This completesthe

proof. O
We now define atrajectory search area A,, asfollows:

Definition 3.2. Trajectory search area A, is the convex hull whose boundaries are
formed by the mirror lines. Moreover, A,, contains all the mirrors that intersect with
the control line. If the control line passes through intersection points of mirrors, then

take all the intersected mirrors on both sides of the control lineinto A,,,; if the control
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line coincides with any mirrors, then only mirrorslie in either half side of the control

line are considered into A,,,.

Using theresultsin Lemma 3.2, we have thefollowing property about the minimum-

time trgjectory:
Lemma 3.3. The minimum-time trajectory fromS to 7 islocated inside A,,.

Proof. Due to the page limit, we only present the sketch of the proof here. Since A,,
is convex and its boundaries are formed by the mirror lines, each vertex point, say B,
of A,, hasonly three possible inner angles: 135°, 90°, or 45°, as shown in Figs. 3.2(a)-
3.2(c), respectively. Suppose that a portion of the optimal trgjectory isoutside A,,,. We

consider the above-mentioned three cases.

Figure 3.2: Schematic of time-equivalent tragjectory within A,,,. (a) Vertex B with 135-
deg inner angle. (b) Vertex B with 90-deg inner angle. (c) Vertex B with 45-deg inner
angle.

For the first two cases as shown in Figs. 3.2(a) and 3.2(b), let A; - - - A4 denote the
minimum time trajectory outside A,,,. Since boundaries A; BA, of A,, are the mirror
lines, A; - - - A, intersects two other mirror linesnn’ and I’ at A, and A;, respectively.
By Lemma 3.2, there exist alternative minimum-time trajectories A} A}, and A, A} that
are symmetric with A, A, and A5 A, about A, B and A4B, respectively. Without l0ss
of generality, we assume that both A’ A, and A}, A}, are located inside A, because the
symmetry lines are the boundaries of A, (if only partials of m and m arein

A, applying the similar symmetry multiple times will lead to completely inside A,



as explained in third case). Moreover, there also exists an alternative trajectory A, A
in A, that gives the same travel time as the rest portion A, A; of A; - - - A,. Therefore,
we find an alternative minimum-time trgjectory in A, that achieves the same time.
For thelast case shownin Figure 3.2(c), asimilar processto the above described can
be applied but more complicated procedure is needed to find an alternative minimum-
timetrgectory inside A,,,. First, we partition the outside-A,,, portion of the minimum-
time trajectory A; - - - Ag into seven pieces by their intersections with mirror lines at
vertex point B; see Figure 3.2(c). For each portion 4;A,,1, i = 1,---,7, a cor-
responding A’A/ :+1 can be found by mapping symmetrically around the mirror lines
multiple times such that A7 A7, generates the same travel time for nanowire motion.

Thus, similar to the above cases, the minimum-time tragjectory can be instead chosen

as A} --- Ag inside A,,. This completes the proof. O

For a given pair of starting and target points S and 7, Algorithm 2 describes the
computational approach to find A,,,. The algorithm takes the intersection of the diago-
nal parallelogram A,, anti-diagonal paralelogram A,, and rectangle A, areas. All of
these parallel ograms or rectangles are computed through finding the convex Polygon
for sets of lines L;, (horizontal with slope &£ = 0), L, (vertical with slope £k = o0),
L, (diagonal with slope k = 1) and L, (anti-diagonal with slope £ = —1). Function
Lineswipe identifiesthese line sets, and procedure Near1 ine finds the ith closest
linesLg and L to points S or 7, with slope k& and passing through any electrodes.
Procedure Linecross then determines whether these g and Il intersect with con-
trol line L.. Function Lineswipe identifies the desired line sets by only testing at
most six timesfor S and 7. The intersection of three polygons costs O(1) since the
polygonsare either parallelograms or rectangles. Thus, the complexity of the algorithm

isO(1).
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Algorithm 2: Find trgjectory search area A,,
Input : S, T
Output: A,
L.« Line(S,7), L, « Lineswipe (S,7,0,L.)
L, < Lineswipe (S, 7T,o,L,.)
L; < Lineswipe (S,7,1,L,.)
L, — Lineswipe (S,7,—1,L,)
A, < Polygon (L, L,), A; < Polygon (L, L,) A, <
pPolygon (L., L,), A, < A.()Aa[ ) As

function L =Lineswipe (S, 7T, k,L.)

whilei =1,--- ,3do
Ls < Nearline (k,S,1)
IsIntersectl <« Linecross(Lg,L.)
if !lIsIntersectl then Break

end

whilei =1,---,3do
Ly <« Nearline (k,T,1)
IsIntersect2 « Linecross (Lp,L.)
if lIsIntersect2 && Ly # Lg then Break

end

L = {Lg, Ly}

3.4.2 Maotion-planning algorithms

We here present two heuristic planning algorithms by using the properties described in
the previous section. For comparison purposes, we a so present the planning results by

using the well-known A* and RRT algorithms.

34.2.1 Heurigticalgorithm —AllPower

A heuristic agorithm, 211 Power, issimply to turn on al the target power electrodes.
At each planning step, the algorithm updates the control line and cut line and then,
the target power electrodes are all activated. The nanowire is driven by the maximum
velocity along the direction towards 7. Although each target power electrode produces
an attractiveforcetowards 7, the resulting trgjectory isnot necessarily the shortest time

since the travel distance could end up longer than the minimum-time trajectory.
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3.4.2.2 Heuristicalgorithm —MinCost

Another heuristic algorithm, MinCost, considers the cost of every possible combina-
tion of power sources. At each planning time step, the algorithm computes the vel ocity
field vy and v, aong the control-line and cut-line directions, respectively, under any
possible combination of target power electrodes. The control .. is obtained by maxi-
mizing a cost function that penalizesthe ratio of |v| and |v, | + v, Wherev, > O isa

small constant to avoid singularity, namely,

v |
U, = arg max ————.
ei; €€ |’UL| + Vg

Under u., a large velocity can be obtained along the control-line direction while a

small velocity in the cut-line direction.

34.2.3 A* pruning

We here modify A* algorithm [107] to solve the planning trgectory. In each planning
step, the algorithm expands the A* graph only in A,,. For each expended node, it
checks whether the node's parents have passed the mirror lines before: if so, deletes
the new node that across the same mirror line. Meanwhile, if the new node's position
has been explored previoudly, then the algorithm compares the cost of each tragjectory
that arrives at that same position, prunes the graph by deleting the higher cost node and
reconnects the deleted node’s children to the lower cost node. Finaly, the algorithm
sorts the cost of each node in the open list of the A* graph and drives the nanowire
using the least cost. For nanowire P(z, y), the (time) cost function is defined as

_ dist(T (2, y), P(z,y)) N

Umax

T.(P) T(P(x,y)), (3.12)

where dist (-, -) defines the distance between two points, v, IS the possible maximum
velocity of the nanowire, T'(P(x,y)) is the travel time to reach point P(z,y), and
T (x,y) isthe target point. It is straightforward to obtain that the cost function never

overestimates the minimum time.
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3.4.2.4 Breadth-first search (BFS)-based planning

With a fixed planning time step, we build trgjectory paths under all possible combi-
nations of powered-“on” electrodes and then a graph is constructed using all possible
trgectory paths. A breadth-first search (BFS) method is used to build a searching tree
to obtain the optimal results. Similar to the A* algorithm, only the trajectories within
A, are used in the searching process, and mirror-line checking and cost-pruning are
also used in thisagorithm. At afixed planning time step, BFS yields the optimal time
result when all the time costs of expanding nodes are equal because it always expands
the shallowest unexpanded node. Therefore, we will use BFS as the benchmark to

compare various planning algorithms.

34.25 RRT pruning

By modifying the sampling based search algorithm [107], the RRT-pruning algorithm
only samples points inside A,,,, enforces the mirror-line checking and employs the
cost-pruning technique asthose in the A* pruning algorithm to steer the nanowire from

the current position to the new nodes and then connect them back to the RRT trees.

3.5 Experimental results

3.5.1 Experimental setup

Figure 3.3(a) shows the experimental setup for nanowire motion control and manip-
ulation test. A microfluidic device (Figure 3.3(c)) with 2 x 3 electrode arrays was
fabricated on glass and mounted on a PCB connector as shown in Figure 3.3(b). The
distance between centers of adjacent electrodes is L = 1200 pm and the diameter
of each circular electrode is /2 = 600 um. A top coverdlip coated with an indium
tin oxide (ITO) layer is used to cover the microfluidic device and as an additional

electrode to control the vertical position of the nanowires and deposit them onto the
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Figure 3.3: The experimental setup. () The inverted microscope setup with embedded
control systems and vision-based nanowire motion feedback. (b) The glass microflu-
idic device is mounted on a PCB for testing and a top coverslip coated with an indium
tin oxide (ITO) layer is placed to cover the device. (c) Thetop view of the microfluidic
devicewith 2 x 3 electrode arrays.

bottom surface of the device. An inverted optical microscope (Olympus I X71) with a
monochrome CCD camera (PCO AG pco.edge 2560 x 2160 pixels) isused to capture
and feedback the nanowire trgjectory. The PCB connector board is mounted on a mo-
torized, computer-controlled XY stage (Prior ProScan I11). An embedded system (NI
cRIO 9074) is used to control the electrode array and a LabView application is devel-
oped to process the vision feedback of nanowire positions. Using a voltage source and
an amplifier, a 100 (—100) V DC potential is selectively applied to the electrode array.

We use metal-assisted chemical etched silicon nanowires suspended in heavy vis-

cosity mineral oil at a concentration of 0.5 mg/ml. Figure 3.4(a) shows a forest of
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10 um

(b)
Figure 3.4: (@) SEM image of as-grown silicon nanowires used in experiments. (b) The
nanowire image under microscope and the processed contour for positioning feedback.
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Figure 3.5: Comparison of estimated and measured values of zeta-potential anong a
total of 35 silicon nanowires.

the silicon nanowires fabricated for the experiments and Figure 3.4(b) shows an image
of an individual nanowire suspended in the oil, with the extracted contour informa-
tion by vision algorithms for positioning feedback. The values of the model param-
eters of the nanowire used in motion control design are as follows: = 251.2 cPR,
€m = 2.17€¢g, a = 210 7 um, b = 100 nm, and sampling time At = 0.5 s. We use the
known electric fields and nanowire motion trgjectories to infer the values of particle
zeta-potential ¢ in (2.4). Figure 3.5 plots the motion-based estimates of the ¢ values

for each of 35 silicon nanowires. The shaded area of Figure 3.5 shows the range of
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Figure 3.6: Trgectory tracking performance. (a) EP model-based nanowire motion
control of astraight-linetrajectory without disturbance compensation. (b) Disturbance-
compensated following a straight-line path. (c) Disturbance-compensated following
a circular path. (d) Disturbance-compensated following an “R”-shape path. In all
plots, the triangular and empty circular marks indicate the starting and ending points,
respectively, of the nanowire trajectory.

zeta-potentials independently measured for an identical silicon nanowire/oil suspen-
sion using a Brookhaven ZetaPAL S instrument. This consistency of the calculated and
measured zeta potentialsindirectly confirms the basic model of the nanowire dynamics

and electric fields described in Sections 2.3 and 2.4.

3.5.2 Nanowire motion-control results

Figure 3.6 shows the motion control and path-following performance for various tra-

jectories. In experiments, we estimated and updated the zeta-potential values for the



41

0 200 600 800 0 500 1000 1500 2000

. 400 .
Timestep k& Time step k&

@ (b)

0 . 1000 1500
Time step k&

©

Figure 3.7: Traectory-tracking errors. (a) Errors for a straight-line trgjectory. (b)
Errorsfor acircular trajectory. (c) Errorsfor an “R”-shape trajectory.

nanowire using the motion information of the beginning few seconds. To demon-
strate the EO effects in experiments, Figure 3.6(a) shows the tracking performance
of a straight-line trgjectory without disturbance compensating. The motion control of
the nanowire shown here is purely based on the EP-model given by (2.4). More EO
flow disturbed motion results are presented in [78]. Clearly, the EO flow disturbance
affects the nanowire motion significantly.

Under the motion control (3.4), Figure 3.6(b)-3.6(d) shows the path-following per-
formance of a straight-line, a circular and an “R”-shape trgjectory, respectively. Fig-
ure 3.7 shows the positioning errors for these three tragjectories. The errors are con-
sistently within 4 xm over afew hundred micrometers range driving distance. For the
straight-line following (Figs. 3.6(b) and 3.7(a)), the tracking errors are within 1 zm

most of the time. The plotsin these two figures confirm that the motion control design
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can steer the nanowire (around 8 m long) to follow a given path with an average error

around 2-4 pm.
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Figure 3.8: Performance comparison among various motion planning algorithms on
an N x N electrode array. (a) Computation time (mean and standard derivation). (b)
Nanowiretravel time. (c) RMSE (benchmarked with the BFS results).

3.5.3 Maotion-planning results

We first use ssmulation to demonstrate and compare the performance of the various
motion-planning algorithms. For an V x N electrode array, wefirst select the locations
of starting and target pointsS and 7. Depending onthesize N, we choose the locations
S and 7 randomly such that the distance between them is at least ?L for N = 2 and
V2(N —2)L for N = 3,--- 8. To eliminate the performance variation, we conduct

10 runs for each algorithm and then compute the statistics of these simulation runs.
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Figure 3.8(a) showsthe comparison results of the computation time, while Figs. 3.8(b)
and 3.8(c) show the planned travel time for nanowires and the root mean square errors
(RMSE) of thetrgectories benchmarked by the BFS algorithm. From the results shown
in the figure, the computation time of the BFS agorithm increases exponentially with
dimension N. The complexity of the A*, RRT and MinCost algorithms are similar.
The heuristic algorithm A1 1 Power showsthe best complexity performance among all
algorithms. Thetraveling time and accuracy confirm asimilar observation: RRT shows
the worst results and all other algorithms demonstrate similar good performance.

Figure 3.9 shows the planning trgjectories by various agorithms for a4 x 4 elec-
trode array. For clarity, the starting and target points and search area A,,, are marked
in the figure. Table 3.1 lists the travel time, RMSE and R? comparisons. Again, the
RMSE and R? resultsin the table are benchmarked with the BSF algorithm. From these
results, we observethat: (1) A* shows superior accuracy performance compared to the
other three algorithms; (2) the heuristic algorithms such asMinCost and A11Power
show similar accuracy and traveling-time performance. These two agorithms show
superior accuracy than that of RRT; (3) al agorithms demonstrate similar path trajec-
tories, except that the trgjectory by RRT shows some significant deviations; and (4) the
RRT algorithm takes significantly much more time than any of the other agorithms.
In summary, the two heuristic algorithms, particularly 211 power, clearly outperform
the other three planning approaches in complexity, and yield comparable travel time
and accuracy. The heuristic algorithms are less computationally expensive than the
A* and RRT algorithms since they require less or no searching actions in each time
step. Although the heuristic agorithms cannot guarantee optimality, they yield compa-
rable travel time and accuracy performance from both the simulation and experimental

results.

Figure 3.10 showsthe motion-planning experiments. In thefigure, asilicon nanowire
was driven from points S to 7 across the line connecting two electrode centers. Two

motion planning algorithms, BFS and A11Power, are implemented. We chose the



Table 3.1: Performance comparisons for the example shown in Figure 3.9

BFS|AllPower | MinCost | A* RRT
Travel time(s) | 947 1062 1046 950 6875
RMSE N/A|69%x10°[59x10°| 0 |1.4x 104
R? N/A 0.995 0.996 1 0.978
x10°
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Figure 3.9: Comparison of the nanowire trgjectories under different motion planning

algorithmsusing a4 x 4 electrode array.
AllPower agorithm here because it outperforms the other algorithms in both com-
plexity and travel time as demonstrated previously, while the BFS is used as a bench-
mark for the optimal tragjectory. The BFS-based motion trajectory was obtained offline
due to the high computational cost. For the A11Power agorithm, the motion plan-
ning and control were conducted online. It is clearly shown in the figure that both
algorithms give almost the same trajectory path. The zoom-in subplot in Figure 3.10
shows that the A11Power trgectory follows closely to the BFS planned trgectory
and both algorithms have demonstrated a zigzag pattern motion due to the switching
of powered-“on” electrodes at consecutive time steps.

It is interesting to observe that both the BFS and A11Power agorithms gen-
erate a similar trgjectory that is not the shortest distance between points S and 7.
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Figure 3.10: Experimental silicon nanowire trgjectories under BFS and A11Power.
Note that the straight-line trajectories shown for comparison is not the minimum-time
trajectory.

For comparison, we also implemented a motion planning and control design that fol-
lows the straight-line (shortest distance) tragjectory between S and 7 as shown in Fig-
ure 3.10. Thetravel timesfromSto 7T are 1180 s, 993 s, and 977 sfor the straight-line,
Allpower and BFS algorithms, respectively. Clearly, the shortest-distance trgjectory
does not demonstrate the shortest time. This is because that the nanowire motion is
determined by the electric-field direction and magnitude. The velocity magnitude is
larger along the BFS and A11 Power trgectories than along the straight-line trgjecto-
ries. In particular, since the strength of electric field is inversely proportiona to the
square of the distance between the particle and electrodes, the nearby electrodes have
much more significant impact on the nanowire motion than that of far-away electrodes.
As aresult, in the A11Power and BFS tragjectories, the nanowire moves rapidly in
the horizontal direction when the nearby electrodes are powered on, and then more
slowly (but for a shorter distance) when they are turned off. Overall, the velocity of
the ALLPower trgectory issignificantly larger than that of the straight-line trajectory.
Therefore, the fastest trgjectory is not always along the shortest distance between two

points.
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Figure 3.11: (&) Velocity profiles corresponding to the ALLPOWER and the straight-
line trgjectories. (b) Normalized distance from target point corresponding to the
ALLPOWER and the straight-line tragjectories.

3.5.4 Steering and manipulating nanowires

In this section, we demonstrate the use of the motion planning and control design for
3D nanowire manipulation. We first demonstrate how to steer, orient and deposit a
single nanowire on the device substrate and then present the sequential manipulation
and deposition of multiple nanowires.

Figure 3.12 illustrates a sequence of snapshots of steering, orientation and manipu-
lation of a single nanowire from location A in fluid suspension to location B on device
substrate surface. First, the nanowire was steered from A to B by the A11Power
and motion control algorithms (Figure 3.12(a) and 3.12(b)). Then, by turning on the
ITO electrode on the top plate, an electric field along the vertical (z-axis) direction
was generated such that the nanowire was aligned vertically and moving towards the
bottom surface (Figure 3.12(c)). Finally, once the nanowire reached the surface, the
ITO electrode was turned off and the electrodes on the bottom surface were turned on
again to re-orient and deposit the nanowire on the substrate in the desired direction, as
shown in Figure 3.12(d). Due to change in the focal plane of the microscope for the
images, several other nanowires and objects on the bottom surface that are seen clearly
in Figure 3.12(d) are not seen in the other images. Figure 3.12(e) shows the overall

trgectory of the nanowire by overlaying the image sequence that is shown in part in
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Figure 3.12: Vertical positioning and deposition of asingle nanowire on the device sub-
strate. (a) nanowireat location A. (b) Nanowireissteered to location B by A11Power
algorithm. (c) Using the top ITO electrode, the nanowire was aligned along the ver-
tical direction and steered to touch the bottom surface. (d) By turning the electrode
again, the nanowire was re-orient and deposited on the substrate surface with the de-
sired orientation. (€) Overlay trgjectory of the entire nanowire motion. The triangular
and empty circular marks indicate the starting and ending points of the nanowire.

Figs. 3.12(a)-3.12(d).
Figure 3.13 further demonstrates the use of the EP-based motion control and ma-

nipulation to sequentially steer and deposit three individual nanowires to form larger
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patterns on the device substrate surface. In Figure 3.13(a), three nanowires were sus-
pended in the fluid in an area of a size of 50 x 100 um?. Then, each of these three
nanowires was sequentially steered and transferred to the substrate as shown in Fig-
ure 3.13(b) using the procedure discussed above. Once the nanowireis settled down on
the bottom substrate, it sticks to the surface due to the Van der Waals interactions. The
nanowire position and orientation is no longer changed by the el ectric field when mov-
ing and reorientating the other nanowires. Thus, we can sequently deposit nanowires

head-to-tail to form alonger, straight-line pattern on the substrate surface.

(b)
Figure 3.13: Electric-field-based steering and manipulation of three nanowiresto form
a straight-line on the device substrate. (a) Initial positions of the three nanowires. (b)
Final positions of these three nanowires after re-positioning and depositing to align
into a straight-line.

Figure 3.14 demonstrates a few more examples of the use of electric-field-based
forces to drive and steer multiple nanowires to form more complicated geometric
shapes than those in Figure 3.13. Figure 3.14(a) shows the result of moving and de-
positing six hanowires in a straight line, and Figure 3.14(b) shows the formation of a
hexagonal pattern with multiple nanowires, while Figure 3.14(c) demonstrates cross

patterns formed by depositing three nanowires perpendicularly on top of three other
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aligned nanowires. These experiments further confirm the feasibility of using electric-
field-based manipulation for fabricating functional nanodevices using nanowires and

nanotubes.
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Figure 3.14: Electric-field-based steering and manipulation of multiple nanowires to
form (a) a straight-line, (b) hexagonal and (c) three cross-shape patterns on the device
substrate.

3.6 Conclusion

This chapter presented electric-field-based motion control, planning and manipula
tion of individual nanowires in liquid suspension. The motion-planning-and-control
schemes take advantages of the symmetry of the electric field generated by the elec-
trodes. A superposition approach was developed to efficiently compute the electric-
field distribution for any given set of powered-“on” electrodes. The EP driving force
on the particles is modeled, and the vision-based feedback control compensates for
un-modeled particle dynamics such as disturbances due to EO flow. The nanowire
motion-planning problem is NP hard and we proposed two heuristic algorithms based
on the reduced search areas. We compared the heuristic algorithms with other existing
motion planning algorithms such as RRT and A*. The results showed that the heuris-
tic algorithms significantly reduced the computational complexity while maintained

comparable performance with those of the RRT, A* and other algorithms. Extensive
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experimental results confirmed the analysis and the design of nanowire motion control,
planning, and manipulation. Using an additional top electrode, we have aso demon-
strated the ability to position individual nanowires vertically as well as horizontally
and then deposit them in sequence at desired locations on the device substrate.

Based on the result of individual nanowires motion control, planning and manip-
ulation, more systematic control methods to achieve optimal performance, as well
as the large-scale motion planning algorithms for simultaneous steering of multiple
nanowiresin liquid suspension will be presented in the next chapter. Theresultsin this

chapter lay acritical foundation for nanomanipulation using EP induced forces.
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Chapter 4

Simultaneous M ultiple-Nanowire M otion Control,
Minimum Distance Planning and M anipulation under
Electric-Fieldsin Fluid Suspension

4.1 Introduction

The automated steering and manipulation of multiple simultaneous nanowires would
enable the scalable assembly of nanodevicesfor avariety of applications. Asdiscussed
in Chapter 3, an EP-based motion planning and mani pul ation scheme was devel oped to
steer and drive a single nanowire in fluid suspension from one location to its targeted
position. The motion control designed in Section 3.3 compensated for the EO flow
induced by the electric field acting on the fluid. While demonstrating the feasibility,
these studies and experiments only dealt with an individual nanowire and cannot be
directly applied to multiple nanowires due to the combinatorial complexity and po-
tentia collision of the multiple-nanowire problem. Therefore, this chapter presents
an electric-field-based design for simultaneous motion planning and control of multi-
ple nanowiresin liquid suspension. The design uses a set of electrode arrays, the same
electrode design asin Chapter 3, to drive and orient multiple nanowiresfrom their start-
ing locations to targeted locations under electrophoretic forces. The motion control of
multiple nanowires in fluid suspension is first presented to steer the nanowires simul-
taneously along given trajectories. We further provide the control-system properties
that capture the relationship between the maximum number of the simultaneously con-
trollable nanowires and the given number of actuated electrodes. A two-stage motion-

planning algorithm is then presented to generate the desired trajectories for multiple
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nanowires with minimized total travel distances while avoiding collision. We present
extensive simulations and experiments to demonstrate the motion planning and control
of multiple nanowires to form various geometric patterns. The results will help pro-
vide afoundation for scalable, automated methods for manipul ating nanowiresto build
nanodevices.

The main contribution of the work lies in the development and demonstration of
the novel efficient and effective motion-planning and control algorithmsfor simultane-
ously manipulating multiple nanowiresin liquid suspension. The devel oped algorithms
and microfluidic device can potentially enabl e the scal able assembly of nanodevicesfor
avariety of applications.

Therest of the chapter is organized asfollows. We present the problem formulation
in Section 4.2. The nanowire-motion-control strategy is proposed in Section 4.3. The
motion-planning algorithms are presented in Section 4.4. We then present ssmulation

and experimental resultsin Section 4.5, and conclude the chapter in Section 4.6.

4.2 Problem formulation

Figure 2.1 shows the schematic of the micro-fluidic device, which is afluid reservoir
with N x N electrodes array on the bottom surface. The square lattice array of cir-
cular electrodes with radius R is fabricated on a glass substrate with equal distance
L between centers (Figure 2.1(b)). The actual device is shown in Section 4.5.2. Each
electrode isindependently actuated with different DC voltage. Fluid containing adilute
concentration of nanowiresis placed on top of the electrode array. A glass coverslipis
used to cover the fluid and form a flow reservoir.

We consider n nanowires in the 2D work space with a coordinate system defined
at the left-bottom corner on device; see Figure 2.1(b). The position of the ith nanowire
P; at timet isdenoted as r;(t) = [x;(t) yi(t)]*,i = 1,--- ,n. For each nanowire P;,

its starting location is r ;5 and the targeted location is ;7. We concatenate the position



53

vectors of al nanowiresas q(t) = [rT(t) --- rI(#)]" € R*" and the sets of starting
and target locationsas S = [rig - rI T and T = [ri --- r1,|", respectively.

We defineapath of timeinterval [¢1, 5], denotedasm(q(t1), q(t2)), for al nanowires
as the collection of the trgjectory of all nanowires. Moreover, g(0) = Stoq(ty) = T
for afinitetime¢;. We also define 7*(S, T') asacollision-free path from S to 7 that
minimizes a specified cost function. The electrode e;;, its position 7., and the elec-
trode control matrix « follow the definition as defined in equation (2.1) in Section 2.2.

Asdiscussed in Chapter 2, for nanowire P; in Figure 2.4, only powered electrodes
in &(r;) influencing the motion of P;. Indeed, &,(r;) includes al electrodes within
an r,-array-distance range with respect to P;, and r, € N is the effective radius. It is
straightforward to show that |€,(r;)| = 4r2, and r,, = 2 for the square lattice arrays
from COMSOL simulation.

Followed by the definition of atomic and basic electrode sets, we also define an
atomic cell area A’ and a basic cell area * A of P, as the area that are formed by
the maximum convex hull of &€,(r;) and &,(r;), respectively. For example, for P; in
Figure4.1andr, = 2, £,(r;) and &,(r;) contain the electrodes within squares ABC'D
and A'B'C’'D’, respectively, and squares ABC'D and A'B'C'D’ are A and A, re-

1

set U should be inside A;,. Hopefully without causing any confusion, we abuse the

spectively. For n nanowires, we define A, = ! A and then the effective electrode
=1

notation to use |.A} | to indicate the number of electrodesin Aj.

The nanowire motion is modeled as that of a non-spherical particle immersed in
a viscous fluid under external electric field as discussed in Section 2.3. Under a DC
electric field, the equation of motion for P; isgiven as

v, =T; = = B =C; ) (4-1)

*We here drop the dependency of A’ and .A! on position vector r; explicitly for notation clarity.
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Figure 4.1: A schematic of an atomic and basic areas around nanowire P; with a re-
indexed electrode order (as one-dimensional array).

where v; = [v;, vy, |7 isthe P’svelocity vector, E; = [E;, E;,]" isthe DC electric-
field vector at r;, C; = €,(;/p, p is the dynamic viscosity, and ¢, is the electric
permittivity. ¢; isthe zeta-potential of theith suspended particle and is estimated online
for each nanowire. From (4.1), the electric field is regulated to steer the nanowires
motion by appropriately applying voltage u to electrodes. Similar to the electric field
calculation in Section 2.3, E; at r; can be calculated by

E; = > V,Er), (4.2)

er, €& (ri) U

where E . (r;) istheelectricfield at r; by only powered-“on” electrodee;, € &(r;) (U
with unit voltage and V7, isthe corresponding voltage that applied.

4.3 Motion control of multiple nanowires

The simultaneous control problem aims to compute the electrode voltages to steer all
nanowires to follow the given 7w*(S, 7). To formulate the motion equations for all n

nanowires, we first re-index the electrodes into a one-dimensional N2-element array
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with a column-wise order; see Figure 4.1. We denote the electric field under unit
voltage at r;(t) by the powered ith electrode as E;(r;(t)) = [E,, (r;(t)) Ey(r;()]7,
j =1,...,n, and the corresponding controlled electrode voltage as u. € R, which

isalso re-ordered column-wise from w in (2.1). By defining a motion gain matrix

_ClEl(rl(t)) ClENz(m(t))_
B - , 4.3
| CoEr(ro(t) - CuEnz(ra(t)) |
we re-write (4.1) for al nanowires as
g = Bu., (4.9)

where B € R2*N* Every two rows in (4.4) represent one nanowire's equation of
motion.
Given the desired velocity g, aleast-square problem is formulated to obtain con-

trol input w.. in (4.4)
min ¢ — gqfs = min | Bue — g4 (4.5)

The motion gain matrix B should have full-row rank and the closed-form solution of
(4.5) isgiven by
u, = B*q,, (4.6)

where B* := BT (BB") ! isthe pseudo inverse of B. To drive the nanowiresto fol-

low agiven trgjectory q,, we define atracking error e = g — g, and consider an expo-

nential convergence profile for e, namely, é = —Ke, where K = diag(ky, - - , kap),
k; >0,i=1,---,2n,isaconstant gain matrix. Plugging the error dynamicsinto (4.4),
we obtain

qg=q,— Ke = Bu,. 4.7

Taking the similar approach in (4.6), we obtain the control input

u.,= B*(q,— Ke)=B"q,— B"Ke. (4.8)
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The computation of B isobtained by extending the electric-field computationin 2.4
with the superposition and symmetry properties; we will also discuss a numerical ap-
proximation coping with physical voltage limitation later in this section. The compu-
tational complexity of the algorithmis O(n). Since only electrodesin &,(r;) influence
the motion of P;, we conclude that each row of B only has 4r§ non-zero elements as

stated in the following lemma.

Lemmad4.1. The maximumnumber of nanowiresthat can be simultaneously controlled

in one atomic cell is 2r§.

Proof. Without loss of generality, we assume that n; nanowires are in one atomic cell,
and no other nanowires in the basic cells. Therefore, the dimension of non-zero ele-

mentsin B is2n; x 4r§. To maintain B asfull row rank, it followsn,; < 2r§. O

Similar to Lemma4.1, we extend the resultsto basic cell area A, without proof.

Lemma4.2. The maximum number of nanowiresthat can be simultaneously controlled

in each basic cell areais|.A,|/2.
For the controller givenin (4.8), we have the following property.

Lemma 4.3. The powered-on electrodes by controller (4.8) are only inside or on the

boundaries of A,

Proof. Let r = |.A4,| be the cardinality of set A,. Without loss of generality, we re-
arrange and decompose B = [B, By:_,|, where matrix B, € R**" corresponds
to the electric field components inside or on the boundaries of the basic cell area, and
By-2_, = 0. Accordingly, were-arrange and re-construct u. = [u. w! = ]* andthus

CN2_y
obtain ¢ = Bu. = [B, By:J[ul u! , ]|" = B,u.. Any solution u. of (4.4)
must contain u., as components. Since the Moore-Penrose solution (4.8) minimizes
the 2-norm of w., it isthe particular solutionwithw, , = 0. Notethat u. , isthe
voltage of electrodes outside A, and therefore, the actuated electrodes must only be the

electrodes inside or on the boundaries of A;,. O
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The control inputs obtained by (4.8) do not consider any physical constraints such
as device voltage limits. To obtain the voltage inputs that are physically feasible, we
modify (4.5) by considering the following optimization problem.

min | Bu, - 4, (4.9)

c

subject to  upmin < |Ueloo < Umax,

where u,,;, and u,., are respectively the lower- and upper-bound of the applied volt-
ages. A quadratic programming techniqueis used to solve (4.9). Because of the physi-
cal constraints, the solution of (4.9) does not necessarily result in the shortest-distance
path.

To compensate for un-modeled disturbances such as EO-induced flow motions, we
also extend the path-tracking control strategy in Section 3.3 to multiple nanowires. The
path-tracking control adjusts the desired velocity profile according to the tracking er-
rorsin real time. A potential function is used to generate the desired velocity q,(7)
that is parameterized by time variable 7, instead of time ¢. A self-placing time sus-
pension technique is used to adjust the desired rate of the progression and then the
velocity profile online within the planning framework at each time step [134]. To get
the desired velocity along «*(S, T), the path-tracking control strategy considers the
direction of the desired trgjectory, penalizes the tracking direction, and compensates
for the predicted error.

The controller given by (4.9) can be proven to have the same properties given in

Lemmas 4.1-4.3. To demonstrate this, we have the following results.

Lemma 4.4. The solution of (4.9) is either the same as (4.8) or at the boundary volt-

ages as Uyin OF Umax-

Proof. Defining @ = (tmax + Umin)/2 @d 6, = (Umax — Umin)/2, the constrained

optimization problem in (4.9) can be written with N2 quadratic inequality constraints



58

min | Bu. - a> (4.10)

c

subjectto  (ue — @)? < 6,%,i=1,2,--- , N?,

where u,; is the ith element of w., namely, u. = [ue - -- uch]T. Since the objec-
tive function is globally convex and the constraints are also convex, the necessary and

sufficient Karush-Kuhn-Tucker (KKT) conditions for a feasible solution .. to (4.10)

are
(B"B + X\*)u. = Xu + B'q,, (4.12)
i =0, (4.12)
X0, — (uei — 0)°] = 0, (4.13)
6 — (ue — )2 = 0, (4.14)

fori = 1,2,---,N?, where X\* = diag(\1,-- -, Ay2) € RV ¥V isadiagonal matrix
formed by the Lagrange multipliers.

From (4.12), \;, i = 1,2,--- , N?, iseither equal to 0 or greater than 0. Let m € N
denote the number of \; = 0 andp = N? —m > 0. We reformulate and re-arrange
the Lagrange multiplier vector A = [07, )\g]T, where A, € R? in which each element
is greater than zero. Corresponding to the same re-arranged order as A\, we re-order
and re-formulate the control u,. = [u! «! ]", and motion gain matrix B = [B,, B, ],
where u,,, € R™, u., € R?, B, € R?**™ and B, € R*"*P,

Since thefirst m elementsin A are zero, from (4.11) we obtain
u., = B} q,. (4.15)

For A\, # 0, from (4.13), 6,° — (u.; — @)* = 0, where u,; is the jth element of

U, = [Ue -~ ucp]T.

Then, ue; = Upmin OF Umax, § = 1,2,---,p. Therefore, the
control solved by (4.9) is either at the inverting solution from (4.8), namely, solution
obtained by (4.15), or at the boundary points as u,i, OF unax. This completes the

proof. O
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Similar to Lemma4.1, in order to maintain B in full row rank, it follows that the
maximum number of nanowires that can be simultaneously controlled in one atomic
cell ismin{2r2,m;/2} < 2r7, where m, isthe number of m electrodes that are located
within the corresponding basic cell £,. Here, m is number of electrodes that are not
operated at the boundary voltages. Therefore, the results in Lemma 4.1 still hold for
the solution obtained by (4.9).

The number of simultaneously controlled nanowires can aso be explained through
numerical computation of the motion gain matrix B in (4.3). Similar to the analy-
sisin [106], we apply singular-value decomposition (SVD) to B. To obtain B, we
uniformly sample n, points inside the atomic cells and then form the corresponding
matrix B, € R*»*l4l Performing SVD to B,, we obtain B, = UXV”, where
U=[UUsy Uy ] e R andV = [V, Vy - V] € R gre
both unitary matrix. Matrix £ = [o, 0]7 € R*"=*I*b] where oy, = diag{o1, -+, 04,}
isadiagonal matrix formed by the singular values of B,. The SVD approach actually
projects and approximates the computation of the electric field through the new or-
thonormal basisU ,, i.e., BV ; = o;U,.

When we compare the nanowire motion given by (4.4) to the above SVD projec-
tion, the orthonormal basis U ; is considered as a unit velocity-field vector amplified
by o; when a unit control vector V'; (also orthonormal basis) is applied to the system.
Therefore, the larger the singular value o;, the larger the velocity that is generated by
the corresponding unit control vector V';. Hereby, we treat the ratio of p; = 0;/0; as
an indicator for the strength of the ith components of the electric field in comparison
to the first (i.e., largest) component when a unit control vector is applied to the elec-
trodes. We truncate X by only keeping thefirst x singular values that are greater than a
threshold, namely, p; > ¢,7 =1, --- | k, where € is determined by the physical voltage
limitation. A truncated electric field matrix isformed as B, = UX, VT, where &, is
the truncated singular-value matrix. We next obtain the truncated B at the nanowires

position r; by interpolation using B;. The control inputs are determined by replacing
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B with B in (4.9). By the above discussions and using Lemma 4.2, we conclude that
the maximum number of the simultaneously controlled nanowiresin the basic cell area

iISkK/2.

4.4 Multiple nanowire motion planning

In this section, we present atwo-stage motion-planning scheme to generate the optimal
trgjectory =*(S,7) for al nanowires, while preserving the constraints given in the
motion-control design in the previous section. The optimized trajectory minimizesthe
cost function, which in this work we consider as the sum of all nanowires traveling

distances, namely,

n l+M-—

C(m(qy, qr0r)) Z H""z k+1)—mri(k)], (4.16)

i=1 k

where M isthe number of planning time steps starting from g, to g ;.

The two-stage motion-planning algorithm is shown in Algorithm 3. As discussed
in the previous section, for all nanowires, if A do not overlap each other at each time
instance, then no coupling effect of the electric field exists for manipulating individ-
ual P;s, and thus the motion control and planning strategy in chapter 3 can be directly
applied to each P;. We consider this case “not OverLoaded”, and Algorithm 3 only
goesthrough the second stage (Lines 4 and 5). If A}soverlap for at least two nanowires
at atime, the algorithm goes to thefirst stage (Lines 1-3). In this case, a min-cost max-
flow (MCMF) global routing algorithm is used to select the atomic cells for each P;
from r;5 to ;7. If feasible, the MCMF generates the shortest total -distance path and
meanwhile guarantees that the number of nanowiresis not greater than the capacity of
the cell. If the MCMF planning fails, the lower bound of the MCMF is relaxed and
an A*-inspired MCMF planning algorithm is used to search for the optimal path. The
second stage of motion planning is to generate collision-free 7w*(S, 7') among the se-
lected cellsto form the shortest path. An RRT-based motion-planning algorithmisused

with a collision-avoidance strategy, called stRRT. The stRRT algorithm is inspired
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by the idea of minimizing the dimensionality of the search space from M * [135]. In

the following, we describe these two stages in detail.

Algorithm 3: Two-stage motion planning and control
Input : S, T

if OverLoaded then
1 Construct flow graph and MCMF global routing
2 If MCMFfeasiblegoto4
3 Run A* MCMF re-planning and go to 4
else
4 Run visibility graph-based shortest path planning
Run stRRT collision-free motion planning

end
Run control design (4.9) for each A;.

4.4.1 First-stage planning

The purpose of the first-stage planning is to select adequate atomic cells for each
nanowire while maintaining the number of nanowires inside A, to be no greater than
|Ap|/2 by Lemma4.2 (or x/2 computed by the SVD method as detailed in the previous
section.) Since nanowires in different atomic cells might move across the cell bound-
aries, with the result of possibly violating the constraints in Lemma 4.2, we use the
MCMF global routing to coordinate the atomic-cell selection. This process maintains
the number of nanowires below the maximum capacity for each atomic cell while co-
ordinating the motion of multiple nanowires by setting the lower-bound path constraint
in the flow graph. If the MCMF is not feasible, an A* re-planning is applied and the
algorithm re-cal cul ates the optimal path each time. If the cell selection ischanged, then
a set of back propagation vertices are added to an open list and no-search iteration is
then initiated with a heuristic cost.

Algorithm 4 describes how the direct flow graph G from S and 7 is constructed.
The agorithm first finds all the paths (sequences of atomic cells) with shortest Man-
hattan distance between A, (S) and A,(7) and then forms these paths as part of the

direct graph. In the direct graph, each node is an atomic cell and the indexing of
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the cells follows the same column-wise labeling rule for the electrode sets. Functions
AllCombination computes the number of combinations of N, that take value of
A, and act takesthe —1 (backward), 0 (no movement), or 1 (forward) to represent
the motion in both the z- and y-axis directions. Function move generates the atomic
cells according to the movement from act, and 1ink creates the links of the atomic
cells from r;5 with the shortest Manhattan distance between A,(S) and A, (7). The
agorithm has complexity of O(nN?).

Algorithm 4: Flow Graph Formulation
Input : S, T
Output: G

for i = 1tondo
Gzadd(/l;(rzg))

A, « proj,([rir/L] — [ris/L]), Ay < proj,([rir/L] — [ris/L])
d, < sign(A,), d, < sign(A,), Ny < |Az| +|A,],
C' «— AllCombination(N,, A,), No « size(C)

for j = 1to Nc do
act « zeros(2, N, + 1), act(1,C; + 1) «— d,
id « find(act(1,2 : end) == 0)
act(2,id) < d,, G;; < link(move(r;g,act))
end
G;.add(Gy)

end

According to the construction, multiple nanowires may exist in the same node in
the flow graph. We introduce capacity upper bound U;;, lower bound L;;, and cost C;;
to edge i that connects to node A7. U;; and L,; represent the maximum and minimum
numbers of nanowires that travel from A’ to A7, respectively, and C;; indicates the

heuristic cost of nanowires from A’ to AJ. The vaue of U;; isgiven as
3
Uij = min(|U 4 — Z Pl 27“;), (4.17)
k=1

whereU ,; = |AJ[/2— 3 ea7 V., isthe capacity of atomic cell Al, N 4 isthe num-
ber of nanowiresuse A’ for routing. Thefirst termin (4.17) cal cul ates the upper-bound

capacity for the edge from A’ to A7 by subtracting the possible number of nanowires
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that travel from other three neighboring edges of .AJ; see Figure 4.2. Denoting A’*,
k = 1,2,3, as the three atomic cells adjacent to AJ, P, is the possible number of
nanowirestravel from A% to A7 if k # i or from A° to A7 if k = i in G, if they travel
along the straight line connecting every pair of corresponding starting and targeted
pointsin S and 7", denoted by ST in both cases. Term P; is calculated as

(Ne m(q(t), qltz)) < ST, 7(t1) € Ak,

r(te) € Al k # 1
Prj =19 N w(q(th), q(t)) € ST, r(t) € AL, (4.18)

r(ty) € A k=i

L0 otherwise.

The lower bound L;; of an edge from A to A/ in G is defined as L;; = P,; inthe
MCMF global routing to minimize the cost by traveling through straight lines, and
L;; = 0inthe A* MCMF re-planning. The cost of an edge from A’ to AJ in G is
defined as C;; = 2

ST .
i1
4z |
\{
: j g2
Aza 'Aa + “’4@
i3 N Ccov
A7 .

Figure 4.2: Schematic of the capacity U;; calculation and CoverCell C,,, illustration as
the shaded cells across S7.

To enforce strictly the constraints of the capacity bounds from S to 7, we define
CoverCell, denoted as C.,,, as a set of sequenced atomic cellsthat ST crosses through
for each nanowire. We build a Bresenham-based cover-cell algorithm to computeC..,,,,.

For P;, theal gorithm findsthe line-segment intersections of ;57,7 and all the boundary



lines of atomic cells; see Figure 4.2. The agorithm then records al the center points of

the atomic cellsthat 757,17 coversand returnsthe linear index sequence of the covered
atomic cell C.,,. The algorithm has complexity of O(nN).

In the MCMF global routing, U;;, L;; and C;; are calculated based on the assump-
tion that each nanowireliesinC,,, for al time, whileinthe A* MCMF re-planning, the
Uij, Li; and C;; are cal cul ated based on the location of the nanowires at the current time
instance. Note that the capacity is always underestimated for the edges and thus, the
MCMF global-routing algorithm finds the minimum number of non-detour and non-
overload atomic cellsfor each nanowire. We use TORSCHE Scheduling Toolbox [136]
and the integer programming solver in the GLPK package [137] to solve the MCMF
problem. The algorithm has complexity of O(N*log(NN)) in the worst case.

The A* MCMF re-planning algorithm first takes the optimal straight-line path and
adds the corresponding atomic cell list Q; into the open list. If the MCMF calculation
result Q! based on the starting configuration’s capacity and cost is different from Q,,
then Q. is added to the open list. Each time a nanowire crosses any atomic cell bound-
ary and the corresponding capacity of the atomic cell changes, the MCMF algorithm
re-calculates with the updated capacity. If the re-calculated MCMF cell selection is
changed, then a set of feasible back-propagation paths are checked and the least-cost
oneisadded to the open list by (4.16). One node in the open list keeps being examined
until the maximum iteration number is reached. The algorithm returns the optimal tra-
jectory and at each iteration, and the most promising vertex (i.e., the cheapest path) is
taken from the open list and expanded. The algorithm has the worst-case complexity

of O(nN®log(N)).

4.4.2 Second stage planning

After obtaining the sequenced atomic cellsfor each nanowire, we construct the roadmap
in the free space. We build the roadmap by visibility graphs using a sweepline algo-
rithm [107] with complexity of O(N log(N)). An A* algorithm [107] is then used to
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search for the shortest path on the road map. The algorithm returns the shortest path
between theinitial and final configuration of each nanowirethat followsthe atomic-cell
selection from the first-stage planning.

A stRRT motion-planning algorithmis proposed to generate the collision-free path
for all nanowires. We denote the configuration space of nanowire P; asadirected graph
Gt = {V, E}, where V isthe set of verticesin G,..; and F represents directed edge
transitions connecting vertices. The stRRT process is similar to the RRT algorithm
with two differences: First, the configuration space is one-dimensional, instead of 2D
continuous space. The sampling points are along the given path. Also, the stRRT
algorithm checks whether the location of nanowiresin gq,,.,, causes the graph to go
above its capacity; if so, stRRT re-samples states. Second, for the distance metric,
only positive distance vectors from nodes on §G,,; to random gq,.,,,, are considered.
The RRT algorithm guarantees the completeness and the A* process guarantees the
optimality. The collision avoidance is included in the stRRT agorithm by checking
whether any collisions occur between pairs of nanowire paths in the new state q,,..,, -
If there are no collisions, then q,,.,, and the edge from q,,.,,,..; t0 q,,.., &€ added to
the G,..; structure. If a collision cannot be avoided without changing the path, e.g., two
nanowire paths are collinear and move towards each other, st RRT then generates two
separate sub-paths for the nanowires and adds the sub-paths into the searching path.
The algorithm finally returns 7w*(S, 7).

4.5 Simulation and experimental results

In this section, we first present simulation results and then show experimentsto demon-

strate the simultaneous motion control and planning of multiple nanowires.
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451 Simulation results

We first demonstrate the performance of the simultaneous motion control of multiple
nanowires. In the ssimulation, we set L = 600 um and R = 150 um to match the
dimensions of the micro-fluidic device in experiments. Figure 4.3(a) shows the ssimul-
taneous motion control of 8 nanowires to form an “RU”-character trgjectory using a
5 x 5 electrode array. To simulate unmodeled nanowire motions due to disturbances
such as background EO flow [ 78], we have added arandom position disturbance within
arange of +10um in each nanowire’'s motion. The actua trajectories are not straight
lineswhen disturbances exist and no tracking error compensation isused. Figure 4.3(b)
shows the simulation result of simultaneous motion control of 3 nanowires to track a
circular shape trgjectory. From these simulation results, it can be seen that the motion
control scheme accurately and effectively steers multiple nanowires simultaneously,
even under random fluid disturbances.

Figure 4.4(a) illustrates the simultaneous motion planning and motion control of
10 nanowires to re-position them into an equally spaced crossed-line pattern. The
MCMF global routing is feasible and the A* MCMF re-planning step is skipped. The
motion-planning algorithm generates the trgectories to avoid the possible collision
between nanowires. For comparison, Figure 4.4(b) shows the direct motion control
of 10 nanowires to form the same cross-line trajectory, but without motion planning
and path tracking. It clearly shows that nanowires #3 and #8 fail to reach the target
locations due to collisions.

We now demonstrate the performance of the two-stage motion-planning and con-
trol algorithms. For an N x N electrode array, we first specify a number of nanowires
and then select the locations of starting and target points. We distribute these nanowires
in randomly chosen atomic cells. The starting and targeted locations for each nanowire
are also randomly determined in these cells. To eliminate the performance dependency
on the simulation specifications and procedures, we conduct 30 runs of each configu-

ration for the same algorithm and then compute the statistics in these simulation runs.
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Figure 4.3: (a) Simultaneous motion control of 8 nanowires to form an RU trajectory
in the presence of random fluid disturbances. The total travelling time is 26 s. (b)
Simultaneous motion control of 3 nanowires to track a circular shape trajectory. The
total travelling time is 877 s. The “+” markers indicate the position of the random
starting points, the “=" and “o” markers are the starting and ending points of each
trajectory segment, respectively. The solid lines are the actual trajectories and the
dashed lines are the desired tragjectories.
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The simulation are running on a computer with Intel Core i7-4700 CPU at 2.40 GHz
and 4G RAM memory. We first conduct simulation testing for three combinations of
numbers of the electrodes and the nanowires. (N,n) = (6,18), (8,30) and (9, 40).
These configurations all satisfy the capacity requirements given in Lemma 4.2. Fig-
ure 4.5 shows the 2D trajectory results under the two-stage motion-planning and con-
trol algorithms for one representative run. From these plots, we clearly observe that
the trgjectories of the nanowires are al near straight-line; this is primarily due to the
choice of distance metric in the cost function.

Figure 4.6 further shows the computation times (mean and one standard deviation)
for the two-stage motion planning algorithm, compared with the RRT* algorithm [123]
fora6 x 6 (/V = 6) electrode array. The RRT* algorithm isimplemented by using the
same control scheme discussed in Section 4.3. The computation time under the two-

stage algorithm shows roughly polynomial increasing with the number of nanowires
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Figure 4.4: (a) Motion planning and control of 10 nanowires simultaneously to form
an equally spaced crossed-line trajectory. The total travelling time is 664.5 s. (b)
Simultaneoudly direct motion control of 10 nanowires try to form the same cross line
tragjectory as (a) without motion planning and path tracking, but fail due to collision.
Thetotal travellingtimeis111.4 s. The*»" markersindicate the position of the random
starting points and the “o” markers are the ending points of each desired trajectory
segment. The solid lines represent the actual trgjectories and the dashed lines are the
desired trgjectories.

and is more than three-order-of-magnitude more efficient than the RRT* agorithm.
The numbers on each data point shown in Figure 4.6 show the associated success rates
under the two motion-planning algorithmswith amaximum iteration number of 30, 000
and a maximum running time of 10,000 s. It is clearly demonstrated that for a small
number of nanowires (e.g., n = 2,3), both the two-stage and the RRT* algorithms
achieve 100% success rates. However, when the number of nanowires increases, the
two-stage algorithm clearly outperformsthe RRT* algorithm. In particular, when more
than five nanowires must be routed, the RRT* algorithm cannot successfully generate
the planning results while the two-stage a gorithm shows robust performance.

To demonstrate the efficiency of using the SVD to compute the nanowire capacity
in atomic cells, Figure 4.7 indicates the maximum number of nanowires that can be si-
multaneously controlled in different numbers of atomic cellswith achoice of e = 0.01.

The comparison between the original electric field and the SV D-truncated electric field
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Figure 4.5: Simulation of simultaneous motion planning and control of different num-
bers of nanowires. (a) 18 nanowiresin a6 x 6 electrode array with the total travelling
time 858 s. (b) 30 nanowiresin a8 x 8 electrode array with the total travelling time
1386 s. () 40 nanowiresina9 x 9 electrode array with the total travelling time 1826 s.

shows that the more atomic cells involved in the control problem, the more nanowires
can be simultaneously controlled within the physical voltage limitation. The results
confirm that the use of the SVD computation can capture the same nanowire capacity
as that by the original electric field-based method. The atomic cell-nanowire capacity

relationship is almost linear and scalable for a large number of nanowires. Therefore,
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an effective motion-planning algorithm is needed in order to control the theoretical-

maximum (Lemma 4.2) number of nanowires simultaneously.
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Figure 4.6: Run-time comparison between the TwoStage and the RRT* algorithmswith
different numbers of nanowiresin a6 x 6 electrode array. The numbers on each data
point show the success rates for both the TwoStage and the RRT* agorithms. The
last five data points for the RRT* algorithm are clamped to 10* s due to reaching the

maximum running time limit.

w
&)

w
o

—8— /2 (truncated by SVD)
[ e [A12 (full rank)

N
[¢)]
T

[any
&
T

[any
o
T

Number of nanowires that can be
simultaneously controlled
N
o

(&)]

0 5

10 15 20 25

Number of atomic cells

Figure 4.7: Comparison of the maximum number of nanowires that can be simultane-
ously controlled in different numbers of atomic cells between the original electric field

and SV D-truncated electrical field.



71

2.d=300 um (cc 600um)

(b)
Figure 4.8: (a) The micro-fluidic device mounted on a PCB testing board. (b) The top
view of the micro-fluidic device with 4 x 4 electrode arrays.
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Figure 4.9: (a) A schematic of the geometry design of the micro-fluid reservoir. The
shaded areas show the common electrical ground on the bottom substrate. (b) Sample
electric-field distribution when a voltage with a magnitude of 10 V is applied to only
one electrode marked as the red color and other electrodes are grounded. The red
arrows show the direction of the electric field and the col or legend shows the magnitude
of the electric field.

45.2 Experimental results

Figure 3.3 shows the overall experimental setup and Figure 4.8(a) shows the micro-
fluidic device mounted on a testing PCB board fabricated for this study. A detailed
view of the electrodes on the bottom surface of the micro-fluidic device is shown in
Figure 4.8(b). The PCB mounting board shown in Figure 4.8(a) is installed on a mo-

torized, computer-controlled microscope XY stage (Prior ProScan 111) on an inverted
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Figure 4.10: Overlaid nanowire trgjectories to form different geometric patterns. All
pictures are obtained by taking and overlaying the nanowire images at a series of time
snapshots. All background images are removed to clearly present the nanowire tra-
jectories. The “=" and “o” marks indicate the nanowires’ initial and final positions,
respectively. (a) A straight-line with the total travelling time 66.3 s. (b) A square with
thetotal travelling time 222 s. ¢) A circle with one nanowire at the center with the total
travelling time 338.6 s. (d) Simultaneous tracking control of three nanowires to form
acircle. The total travelling timeis 253 s. (e) An equilatera triangle with the total
travelingtime 172.4 s.

microscope(Olympus IX71). Bright field images are recorded using a 40 x objective
and alow light high sensitivity camera (pco.edge SCMOS) with a 2560 x 2160 pixels
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resolution. The high-resolution images provide visual feedback of the precise move-
ments of the nanowiresin larger range of motion acrossthefield of view for visual feed-
back. An embedded system (NI cRIO 9074) is used to control the electrode array and
a LabView application extracts nanowire positionsin real time from recorded images
and provide vision-based feedback. The micro-fluidic device shown in Figure4.8(b)
hasa4 x 4 electrode array. The radius of the electrodesis R = 150 um, and distance
L = 600 um. The device was fabricated by lithographic patterning and sputtering of
platinum on aglass substrate through typical MEM S-fabrication procedures. 1n experi-
ments, Uy = 50 V, unin = —50 V and a PWM-based continuously adjusted potential
is selectively applied to the electrodes.

The same asin Chapter 3, we use metal-assisted chemical etched silicon nanowires
suspended in the heavy viscosity mineral oil at a concentration of 0.5 mg/ml. Fig-
ure 3.4(a) shows aforest of the silicon nanowires fabricated for the experiments. The
values of the model parameters of the nanowire used in motion control design are as
follows: 1 = 251.2 cP, ¢,, = 2.17¢y. The dimension of the silicon nanowires after
suspended in the oil isaround 5 to 18 pminlength, 100 to 200 nm in diameter, and the
sampling timeistaken as 0.1 s. Figure 4.9(a) shows the zoomed view of the geometry
design of micro-fluid reservoir. The shaded areas show the common electrical ground
terminals on the substrate surface. Figure 4.9(b) illustrates atypical distribution of the
electric field in the same area when a voltage of 10V magnitude is applied to only one
electrode indicated by the red color (and other el ectrodes are grounded.) Similarly, the
electric field distribution of each electrode on the bottom substrate is stored in alook-up
table, and is used in (4.2) to compute the electric field at each nanowire's position.

We first estimated and updated the zeta-potential values for each nanowire at the
start of the experiments. This was done by applying a constant potential to the elec-
trodes array for a few seconds and recording the motion of the nanowires. We then
calculated the electric field acting on each nanowire using (4.2) and used least-square

fitting to estimate the zeta-potential of each nanowire from the measured velocity and
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given electric field. The online estimation of the nanowire zeta-potential enables the
proposed method independent of the sizes and material characteristics of the nanowires
aslong asthe EP force exists and dominatestheir motions. More detail s about the zeta-
potential estimation can be found in Chapter 4 or [76].

Figure 4.10 shows a series of experimental results of steering multiple nanowires
from different starting positionsto target locationsto form specific geometric shapes. a
straight-line with three nanowires (Figure 4.10(a)), a square with four nanowires at the
vertices (Figure 4.10(b)), a circle with four nanowires at the 12-, 3-, 6-, and 9-0' clock
positions with an additional nanowire at the center (Figure 4.10(c)), and atriangle with
three nanowires at the vertices (Figure 4.10(e)). Figure 4.10(d) further demonstrates
that the motion planning and control methods can be used for continuous tracking con-
trol of three nanowires along a circular trgjectory. In these figures, we show theinitial
and final positions of these nanowires as well as overlaid transient positions. It isin-
teresting to observe that under the proposed motion planning and control algorithms,
the nanowires can be steered into different and sometimes even opposite motion direc-
tions ssimultaneously (e.g., nanowires#1 and #2 in Figure 4.10(a)). Figure 4.11 further
demonstrates the motion planning and control of three nanowires initialy located in
three different atomic cells to form an equally spaced horizontal line while avoiding
any collisions. It is observed in the experiment that nanowire #1 has passed nanowires
#2 and #3 before they reached their targeted locations. Also Figure 4.11 shows that
nanowires can be guided across the atomic-cell boundaries. These experiments clearly
demonstrate the feasibility and performance of motion planning and control for multi-
ple nanowires simultaneously.

Asdiscussed previoudly, the complex EO background flow has a significant impact
on nanowire motion and the motion-control algorithms compensate for the background
flow motion using a path-tracking technique similar to that in Section 3.3. Asan ex-

ample, Figure 4.12 shows the trajectory of three nanowires without compensating for
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Figure 4.11: Motion planning and control for three nanowires simultaneously guided

from three different initial atomic cellsto form an equally spaced horizontal line. The
total travelling timeis 1086.1 s. The“=" and “o” marks indicate the nanowires' initial

and final positions, respectively.

background fluid motion, whereas Figure 4.10(e) demonstrates the results under com-

pensation. Clearly, the motion of these nanowiresis completely disturbed without the

EO-flow compensation.

20um =5 \\fxf
2

Figure 4.12: Overlaid nanowire trajectories and formation control of three nanowires
without compensation for EO background flow. Thetotal travelling timeis401.7 s.



76

4.6 Conclusion

This chapter presented an el ectric-field-based motion-planning and control algorithms
for the simultaneous steering of multiple nanowires in liquid suspension. A motion-
control algorithm was designed to simultaneously steer multiple nanowires to follow
desired trajectories under controlled EP forces. A two-stage motion-planning algo-
rithm was proposed and demonstrated to minimizethetotal travel distancesfor multiple
nanowiresin 2D space. The motion-planning algorithm was built on the network-flow
MCMF problem to generate the feasible atomic-cell areas with incorporating the simul-
taneous motion-control capacity limits. The nanowires' roadmap was then constructed
in the reduced search area to obtain the obstacle-avoiding optimal path. Simulation
results demonstrated that the two-stage algorithm reduced the computational complex-
ity significantly when compared with the RRT* algorithm. We have also demonstrated
the performance of the proposed motion-planning and control schemes with extensive
experimentsto illustrate the automated manipulation of multiple nanowiresin amicro-
fluidic device.

The objective of this chapter is to minimize the total traveling distance of all
nanowires and the total traveling time is not optimized. In Chapter 3, we have found
that the shortest-distance trgjectory does not demonstrate the shortest time. There-
fore, the time-optima simultaneous motion planning and manipulation of multiple

nanowiresis studied in the next chapter to improve the manipulation efficiency.
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Chapter 5

Time-Optimal Simultaneous M otion Planning and
Manipulation of Multiple Nanowiresunder
Electric-Fieldsin Fluid Suspension

5.1 Introduction

Driving nanowires in fluid suspension under electric field has been demonstrated as
an effective way for automated manipulation, sorting and characterization of these
nanowires [69, 70]. In [76, 78, 79] and Chapter 3, we have developed an EP-based
motion planning and manipulation algorithms to steer and drive a single nanowire in
fluid suspension. The extension of the EP-based motion planning and control for si-
multaneously driving multiple nanowires is presented in [77,80] and Chapter 4. Due
to the complexity of the combinatorial optimization, the motion planning algorithm
(i.e., atwo-stage planning approach) in Chapter 4 uses a heuristic technique to quickly
generate the total shortest-distance trajectories for multiple nanowires. Obstacle avoid-
ance is also considered in the planning algorithm in Chapter 4. The performance of
the two-stage algorithm in Chapter 4 can be further improved in several aspects. First,
asillustrated in Chapter 4, the shortest total traveling distances of all nanowires do not
imply the shortest traveling time. Indeed, the shortest traveling-time trgjectory is not
the straight-line connecting the starting to target points due to the electric field distribu-
tion. Therefore, it is desirable to obtain the minimum-time trajectory for fast planning
algorithms. Second, because of the straight-line constraint, the maximum number of
nanowires that can be simultaneously steered in the two-stage algorithm is limited to

an upper bound. For scalability, it is desirable to find an alternative motion planner to
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relax such constraints.

The goal of this chapter is to extend the approach in Chapter 4 to present time-
optimal motion-planning and control of multiple nanowires simultaneously in fluid
suspensions. The EP-force is still used as the primary driving force, while the mo-
tion control design also compensates for the electro-osmosis disturbance. Inspired by
the SST and RRT* approaches, an improved sparse RRT* based motion-planning al-
gorithm, called SRRT*, is proposed to generate the asymptotically near time-optimal
trajectories of multiple nanowires. Moreover, unlike the previous resultsin Chapter 4,
the maximum number of nanowires that can be steered at one time is not limited by
the upper bound that depends on the number of neighboring electrodes. The SRRT*
algorithm takes the advantages of the rewiring strategy of the RRT* and the stable
gparse structure of the SST to efficiently achieve the asymptotically near time-optimal
trgectory with severa heuristic techniques. We demonstrate the performance of the
proposed SRRT* algorithm through numerical simulations and experiments.

The main contribution of the chapter lies in the development and demonstration
of the asymptoticaly near-time-optima motion-planning and control algorithms for
simultaneously steering multiple nanowires efficiently in liquid suspension.

The remainder of this chapter is organized as follows. We present the problem
formulation in Section 5.2. The nanowire-motion-control strategy is proposed in Sec-
tion 5.3. The motion-planning algorithms are presented in Section 5.4. We then present
simulation and experimental results in Section 5.5. Finally, we conclude the chapter

and discuss the future work directions in Section 5.6.

5.2 Problem formulation

As presented in Chapter 2, Figure 2.1 shows the schematic of the micro-fluidic device.
We consider adevicewith N x N electrodes on the bottom surface. The square | attice

array of circular electrodes is fabricated on a glass substrate with equal distance L
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between centers (Figure 2.1(b)). The actual device is shown in Section 5.5.2. Each
electrode is independently actuated with different DC voltage, which is used to steer
and drive the nanowires to the targeted horizontal locations. A common electrode
is used as the top coverdlip to vertically position the nanowires and deposit them at
desired locations on the substrate.

As defined in Section 4.2, we consider n nanowires in the 2D work space with a
coordinate system defined at the left-bottom corner on device; see Figure4.1. The elec-
trode control matrix and other system notations are the same as defined in Section 4.2.

Under aDC electric field, the equation of motionfor P; isgiventhesameasin (4.1).
From (4.1), the electric field is regulated to steer the nanowires motion by appro-
priately applying voltage u to electrodes. The calculation of electric field E; at ith
nanowire position r; has been presented in 4.2.

In this chapter, we mainly consider the following motion-planning problem.

Motion planning problem: For al P;s, i = 1,...,n, given S and 7, find the
optimal collision-free path 7w*(S,7") that achieves the minimal total travel time of
al nanowires. We also need to compute electrode control w(t) at time ¢ to steer all

nanowiresto follow agiven w*(S, T).

5.3 Motion control of multiple nanowires

The simultaneous steering multiple nanowires aims to compute the el ectrode voltages
to steer all nanowires to reach the target location while compensating the fluid distur-
bance. Similar in Section 4.3, to formulate the motion equationsfor all n nanowires, we
first re-index the electrodes into a one-dimensional N2-element array with a column-
wise order; see Figure 4.1. We denote the electrical field at r,(¢) by the powered ith
electrode as E;(r;(t)) = [E.,(r;(t)) Ey(r;(t)]*, j = 1,...,n, and the correspond-

ing controlled electrode voltage as u. € RY’, which is also re-ordered column-wise
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from w in (2.1). By defining a matrix

OlEl(’l“l(t)) ce OIENQ(Tl(t))

_C’nEl('rn(t)) o CrEpN2(1y(1))

we re-write (4.1) for al nanowires as
q = Bu,, (5.2)

where B € R2*N* Every two rows in (5.2) represent one nanowire's equation of
motion.

We define tracking error e(t) = q(t) — g,(t) and consider the error prediction
e(t) = Ke(t) + Kqé(t), where K = diag(ky, -+ , ko), ks > 0,7 =1,---,2n,and
K, = diag(kq,, -, kdy,» ka; > 0,7 = 1,---,2n are two constant gain matrix. Given
the desired velocity g, aleast-square problem isformulated to obtain control input w..
in(5.2)

gﬁﬂdw—qﬂw+é®h- (5.3)

To obtain the voltage inputsthat are physically feasible, we modify (5.3) by considering
the following optimization problem.

win [ B(t)u(t) - 4,(t) + Ke(t) + Kae(t)]s (5.4)

uc(t)

SUb]eCt tO U/min < Huc<t)“oo < umax7

where u,,;, and u,,., are respectively the lower- and upper-bound of the applied volt-
ages. e(t) isimplemented by numerical discrete-time derivative. The inclusion of the
error prediction into (5.3) compensates the predicted error for the next time period us-
ing the past two step error measurements. A quadratic programming techniqueis used
to solve (5.4). We will apply this motion control to the motion planning algorithmsin

the next section.
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5.4 Multiple nanowire motion planning

In this section, we present the sparse RRT* motion planner (i.e., SRRT*) to generate
the asymptotically time-optimal trajectory =*(S,7") for all nanowires. Although the
optimized trgjectory minimizesthe total traveling time of all nanowires, other types of

cost function can be also applied.

5.4.1 Roadmap formulation

The roadmap aims to solve the motion planning problem defined in Section 5.2 by
providing adiscrete, graphical representation of the 2D continuous configuration space.
We use the sparse structure similar to [126] to maintain only a sparse set of samplesto
make the computation efficient.

As the configuration space is 2D continuous plane, we discretize atomic cell A,
(with size of L x L) into many a x a grids. We denote 605 = L/a as the sparse res-
olution, and B, (q, ds) as the witness area, a set of grids for each individual nanowire
at position q. Every grid is considered as a local neighborhood of each nanowire’s
witness position. We define mapping w(q) which finds the witness area correspond-
ing state g. We denote witness as wmin(q) and it represents the least-cost node inside
Bi(q,05), and wpeer (q) asother nodesif existin B, (g, d,). The proposed algorithm will
maintain a single node in the tree to represent that witness, and that node will have the
best path cost from the root within each grid for each nanowire. The grids are used to
only keep record the witness area and thus maintain a sparse structure of the nodesin
the tree. It does not affect sampling, steering, and rewiring processes that are operated
in the continuous space.

We denote the configuration space as atree structure G = {V, E'}, where V' isthe
set of verticesthat represents position g and E represents directed edge transitions con-
necting vertices. We use Euclidean distance as metric and the §-radius closed hyper-

ball centered at g denotes as B2(q, ) = CJ Bs(q;,6). Then, we define a collision
i=1
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checker:

Definition 5.1. Given anindividual state q, a collision checker returns whether g has
at least R,-distance away from each nanowire position, i.e., r; ¢ Ba(7;, R,), i # j,

1,7=12--- n.

To create roadmap, the sampled configurations must be connected by edges with

aid of alocal planner and thus, we define local planner.

Definition 5.2. Given two states, alocal planner steer returnsalocal collision-free

path between the states.

54.2 ThesSRRT* algorithm

The SRRT* motion planner is illustrated in Algorithm 5. The agorithm first tries to
steer the system from the starting location to the target location by using the local
planner (line 3). Thisinitial steering has exponentially fast convergence profile that
minimizes the error between starting and target configurations. If all the nanowire
reach their targets, then the global variable reach is marked as true; otherwise, reach
ismarked as false. Unlike RRT, SRRT* uses a heuristic sampling strategy with higher
probability of avoid collision (line 4); see Section 5.4.3. After generating the random
sample q,4,4- the Best Near function (Algorithm 6) selects the best parent node in
the tree for providing a good quality path (line 5). The nodes of the tree are split into
two sets, the active vertices Vy and the inactive vertices Vipa (line 1). Vinae keeps
record the nodes that are not the witness, i.e., gper € {wper(q)}, While the Vy are
the witness node in each witness areg, i.e., {wmin(q)}. Next, SRRT* tries to steer
the system from the selected qpyey 1O rang (line 6). If any new node is added to the
tree, then the algorithm steers the system from the new generated g, to the target
configuration (line 7). Finally, the algorithm outputs the best trajectory 7* from S to
B, (T, és) according to the updated G (line 8).
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Algorithm 5: SRRT* motion planning and control
Input : S, 7, R,, Re, 05, Opn
Output: 7*
1 Var < S, Vit < I, V (VactUVinact)
2 G={V,E — g}, wo «— S, W « {wp}
3 reach < Initial Steer(S, T, R,, R.)
for Max_iterations do
4 Qiang < Heuristic_sampling(reach, R,, R.)
5 Qparent < Best Near(Vau, Grang, Obn)
6 Qnew < SteerReW(qparentv Qrand> 055 Obns 1)
if ¢y # Dthen SteerRew(qpay, T s, Opn, Ro)

8 m* « path_out(7T,Js)

The SRRT* agorithm generates collision-free near asymptotically-optimal path
7*(S,T) as stated in the following lemma. The proof is followed by the results

in [123] and we omit here.

Lemma 5.1. The SRRT* algorithm is probabilistically complete and asymptotically

Son 1\ 1%
o [ze <1+3)] , (55

where d = 2n isthe dimension of the configuration space.

near optimal if

The SRRT* algorithm keeps the RRT* procedure, while keeping the sparse oper-
ation that does not violate the probabilistically complete and asymptotically optimal
condition. Thus, it is not necessary to keep all samples as nodes in the data structure,
but the lowest-cost ones in the witness areas in the vicinity of the path, so as to get
arbitrarily closeto 7*. Thus, it is possible for a sparse data structure with afinite set of

states to sufficiently represent the whole state space.

Algorithm 6: Best Near

Input : Vact, Grangs Oon

Output: gpaen

Qrear < Near(Vact; Grang; Oon)

if Quear = J then gy < Nearest (Vax, Grang)
OIS G — A1 Milgeq, C05t(q)




Algorithm 6 shows the Best Near parent node selection. As illustrated in Fig-
ure 5.1, Near function returns node-set Q. that includes g € Bs(qang; Ibn), and
q € V. Then, the best path cost node from the root S is selected as the parent node
Gpaen- 1T there is no node in By (g g, dbn), then the nearest node in Vg from qqng is

selected as gpyent-

Figure 5.1: An example of Best Near parent node selection and drain pruning. A
tree structure with witness area 3, (g, 0 ) is centered at the yellow dot with grid length
ds. The nodes of the tree are the shadowed dots (blue, grey and red dots), and the
arrow lines indicate the tree edges. The blue dots are withesses, the grey dot is the
inactive node, and the red dots show the nodes that are pruned in drain. All nodes
q € B3(qang, 0bn) @Nd q € Vay are checked to find gpyen, Which node has the lowest-
cost (2At) fromroot S. After steering from gy, 2 NEW State g, is added into tree
with cost 6At. A feasible solution is also generated and MinC'ost is updated as 6 At.
Any leaf nodeisiteratively pruned along the tree path until reaching any witness node
with cost lessthan MinCost. In this case, the red nodes, the grey node and the dashed
edges are removed.

5.4.3 Heuristic sampling

The sampling strategy is explained in Algorithm 7. If there is any feasible solution
that has been generated, then the uniform sampling will be conducted. For shortest
distance problem, the sampling heuristic ininformed R RT* [138] can be applied after
aninitial solutionisfound. Informed RRT* focuses on sampling new nodes inside an

ellipsoid which cost is no more than the initial solution. Inspired by [138], atrimming
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techniquein Section 5.4.4 will prunethetree if the node has cost greater than the initial

condition.

Algorithm 7. Heuristic_sampling
Input : reach, R,, R.
Output: g,4g

p < rand(0, 1)
if reach or p > 1/|Vag| then q,q < UniformSample
€lSe grag < Gealiison — ¢ VU (Qeoiision)

If there is no feasible solution, the negative gradient of a potential function is used

to generate heuristic sample. The potential function of nanowire P; is

Uy =ele; + R'R;, (5.6)
where e, =7r,—7r;T,,
d/d; — R?
Ri:MSinRe—di—f—l, 57
ddei—Rg( en( )+ 1) (5.7)

di=7r;,—7rj,i,j=12,---nand j # ¢ isthe distance between the nanowire P; to all
the other nanowires. Thefirst term in (5.6) captures the attractive potential, while the
second term is the repulsive potential when other nanowires are treated as obstacles.
Constant R, is the radius of the obstacle (i.e., the length of the nanowire) and R, is
the effective radius of the repulsive potential, namely, distance when nanowire P; is
affected by nanowire P;, i # j, 4,5 = 1,---,n. Note, elements of d; cannot be
less than R,, otherwise collision will occur. In Algorithm 7, the sampling point g, g
has a probability of 1/|V,| to be in the gradient descent direction of the potential
function (5.6).

5.4.4 Steering and rewiring

Algorithm 8 demonstrates how to propagate the sparse-tree structure. Function steer ;.
(g,q,,0s) usesthe local planner defined in Section 5.4.1 to steer the states that start-

ing from g towards to q,. It stops integration until the states reach another witness
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area other than the witness area of g, and generates a new state q,,- If thereis any
feasible solution (i.e., reach = true ), the cost of g, is compared with MinCost,
the minimum cost of the existing solution. If cost(q,e,) > MinCost, then no more
nodes are added to the tree. Cree iSfalseif collision occurs using the collision checker,
and g, returns the previous states before collision. If thereis no collision, and there
IS no existing witness in the witness area (i.e., wpey = ), then a sparse_rewire
procedure updates q,,,, s the best cost nodes in its witness area, connects to its corre-
sponding parents, and prune the tree within the §,,, distance of g, While maintain the
sparse structure. If there exists other statesin the witnessarea of g, (i-€., Wpew # &),
and the cost of q,, 1Sless than the existing least-cost witness, then the new |east-cost
node is added to the tree as a witness (an active node), its corresponding witness is
updated, and the old least-cost one is moved from active-node set to the inactive-node
set. Findly, the drain function prunes the tree structure starting from the tree leaves
and method A11Leaf returnsall the leaf nodes of the tree.

Algorithm 9 is similar to the rewiring of RRT*, which tries to rewire the current
node g to the existing nodes in Q.- It aso checks whether there are any better
parents of the current node. But Algorithm 9 has the following differences from the
RRT* algorithm: First, the algorithm finds the best ancestor g, iN Ba(q, dy,) that
Steers to qemp Within witness area 31 (q, d,). Then the new node q is updated as the
best cost nodesin itswitnessarea, and added into thetree. Variablerewit returnstrueif
there isa collision-free path from q,,.,, the ancestor node of current node, to B;(q, ds).
Variable re marks whether the steer function can steer g, to the exact same (or within
asmaller range of) state g without collision. Second, the algorithm tries to connect the
newly updated g to other nodesin @, that are not ancestor of q. If the cost of the
new node g, islessthan the existing node and e is true, then the children of existing
node q,, are connected to q,,, and the cost of the children will be updated. If re is
false but rewit istrue, then anew node is added as awitnessin the tree, and move q ey

into inactive set. The least-cost withess w, , the active set Vi , and inactive set Vi
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Algorithm 8. SteerRew
InpUt : q, qda(ssa(sbnaRo
Output: gy

iter < rand(1,Max_iter)
for « = 1toiter do
(qnam CYFI’ee) <« steery;; (Q7 4,4, 55)
if reach and cost(que,) > MinCost then break
Whew <— w(qnew)
Qnear A Near(vacta Ahnew> 5bn)
Qagq <— Sparse_rewire(qpay, Qnears Os)
else
Qpeer < wmin(‘]nam)
if cost(gnay) < cost(gpee) then
Vact < Vact\{Qpeer}; Vinact < Vinact U {Qpeer}
Qnear <« Near(vaCty Gnen> 5bn)
Qren < Sparse_rewire(qnays Qe Os)

B el se break
else Acollison < new: break

| 9 < Qney

Qe — AllLeaf , drain(Q)ey)

are updated correspondingly.
Function drain illustrated by Algorithm 10 prunes the inactive node set to keep

the tree structure sparse [126]. It also prunes the leaf nodes with higher cost than
MinCost, which by no means has any child to be added to the tree since the cost is
already greater than the existing solution. This drain heuristic improves the conver-
gence rate and final-solution quality. The drain function startsfrom al the leaves of the
tree, and iteratively prunes each path of the tree until reaching any witness node with

cost smaller than MinCost. Figure 5.1 shows an examples of the pruning process.

5.5 Simulation and experimental results

In this section, we first present ssmulation results and the algorithm analysis, and then

show experiments to demonstrate the near time-optimal simultaneous motion control
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Algorithm 9: sparse_rewire

I npUt q7 Qneara 58
Output: gy

for each gy 1N Q ey @Nd @, 1S @NCestor of g do
(Quemp, Tewit, Te) < steer(Gney; q, Js)
if rewit and cost(qenp) < cost(q) then

L 9 < Giempr 9parent < dnear

Wrin(q) < @ Qg — 4
for each gey IN Qs @Nd g,y 1S NOt @ncestor of g do

(Q@ew, Tewit, re) < steer(q, Gneg, 0s)
if rewit and cost(qney) < cost(qne) then

Vat < Vact\{Qnear}a Vinact < Vinact U {Qnear}

wmin(qnew) “— Qrawr Vact < Vat U Qe
if re then

| ¢, « Parent(qoe), £ — (E\T, = Grea)
| E <« E'Uq — Gpey update Tree Cost(qpey)

Algorithm 10: Drain
Input : Qe
for each g in Q. dO
while g € Vipaet OF cost(q) > MinCost do
q, < Parent(q), I < (E\q, = q)
Vinat < Vinact\@ Vact < Vact\@
q<—gq,

and planning of multiple nanowires.

55.1 Simulation results

We first demonstrate the performance of the SRRT* algorithm through simulation re-
sults. In the ssimulation, we set L. = 600 pm and R = 150 um to match the dimensions
of the micro-fluidic device in experiments. For an V x N electrode array, we first
specify the number of nanowires. We distribute these nanowires in randomly chosen

atomic cells. The starting and targeted locations for each nanowire are also randomly



89

determined in these cells. To eliminate the performance dependency on the simulation
specifications and procedures, we conduct 40 runs of each configuration for the same
algorithm and then compute the statistics in these simulation runs. The simulation

are running on a computer with Intel Core i7-4700 CPU at 2.40 GHz and 4G RAM

memory.
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Figure 5.2: Run-time comparison among SRRT*, TwoStage and RRT* with different
numbers of nanowiresin a6 x 6 electrode array. The last five data points for the RRT*
algorithm are clamped to 10* s due to reaching the maximum computation time limit.

We conduct simulation testing for different number of nanowires: Figure 5.2 shows
the computation times (mean and one standard deviation) of the first time stamp when
theresults hit thefinal solution after constraintsfor the SRRT* algorithm and the RRT*
algorithm [123], together with TwoStage [80] algorithm for a6 x 6 (/N = 6) elec-
trodearray. The RRT* algorithmisimplemented by using the same control schemedis-
cussed in Section 4.3. To obtain the resultsin the figure, a maximum iteration number
of 10, 000 and a maximum running time of 10, 000 s are used. The lower computation
timesfor first reaching the final solution under the SRRT* and TwoStage algorithms
show they perform more efficiently than the RRT* algorithm. Figure 5.3 showsthe cor-
responding travel-time comparison among the asymptotically optimal-time trajectory
using the RRT* algorithm, proposed SRRT* algorithm, and the shortest-distance tra-
jectory using TwoStage with different numbers of nanowiresin a6 x 6 electrode array.

The RRT* result is obtained with maximum running time of 50, 000 s and maximum
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10, 000 iterations, while SRRT* has the same constraints as in the previous results in
Figure 5.2. The nanowires' starting and targeting configurations are randomly chosen,
but kept same for the compared algorithms. The results show the SRRT* can converge
to the optimal solution much faster than RRT*, and the traveling time obtained by
SRRT* ismore than two times shorter than the shortest-distance trgjectory. It isclearly
demonstrated that for a small number of nanowires (e.g., n = 2, 3), SRRT* algorithms
can be used in online implementation. However, when the number of nanowires in-
creases, the TwoStage algorithm outperforms the RRT* and SRRT* algorithms due
to the enforced straight-line heuristic. In particular, when more than five nanowires
are routed, the RRT* algorithm cannot even successfully generate the planning results
before reaching the maximum time constraint, while the SRRT* and the TwoStage

algorithms show robust performance.
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Figure 5.3: Travel-time comparison among the minimum-time RRT* agorithm, the
SRRT* agorithm, and the TwoStage agorithms with different numbers of nanowires
inat6 x 6 electrode array.

Figure 5.4 further shows the motion-planning tragjectory of controlling 4 nanowires
in opposite target directions, 8 nanowiresin twisted target directions, and 9 nanowires
from one atomic cell to different target directions. In [80], the maximum number of
nanowires that could be steered at one time is bounded by 8 due to the TwoStage
algorithm. The results in Figure 5.4(c) clearly demonstrate that the SRRT* motion

planner is able to handle more than 8 nanowires simultaneously and therefore, it is
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more scalable for the motion planning and control of alarge number of nanowires.
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Figure 5.4: Simulated trajectories for motion-planning and control of (a) 4 nanowires
in opposite target directions, (b) 8 nanowires in twisted target directions, and (c) 9
nanowires from one atomic cell to different target directions. The“=" and “o” markers
indicate the nanowires initial and final positions, respectively.

5.5.2 Experimental results

The experimental setup isthe samein Section 4.5, as shown in Figure 3.3. The micro-

fluidic device is shown in Figure 4.8(a). Figure 4.8(b) shows a view of the electrodes
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Figure 5.5: Experimental comparison between SRRT* and TwoStage trajectories for
motion planning and control of one nanowire crossing an atomic-cell boundary. The
overlaid nanowire trajectories are obtained by using SRRT* agorithm and overlaying
the nanowire images evenly spaced every 5 seconds. The total traveling times are
(8 SRRT* : 40.8s and shortest path: 157.2s. (b) SRRT* : 137.2s and shortest path:
345.7s. (c) SRRT* : 89.1s and shortest path: 158.7s. The“=" and “o” marksindicate
the nanowires’ initial and final positions, respectively.

on the bottom surface of the micro-fluidic device with 4 x 4 electrode arrays. The
entire device is mounted on a motorized, computer-controlled microscope XY stage
(Prior ProScan 111) on an inverted microscope (Olympus|1X71). Bright-field images are
recorded using a 40 x objective. To control the electrode array, an embedded system
(NI cRIO 9074) is used with visual feedback of the nanowire positions. We use silicon

nanowires suspended in the heavy viscosity minera oil to perform experiments. The

dimensions of the silicon nanowires used are approximately 5 to 18 pum in length and
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100 to 200 nm in diameter. Zeta-potential values for each nanowire are estimated at
the start of the experiments by applying a constant potential for a few seconds and
recording the motion of the nanowires.

We first demonstrate the near time-optimal motion planning by the SRRT* algo-
rithm. Figure 5.5 shows a series of experimental results of steering one nanowire
from a similar starting position to a target location. These nanowire trgjectories go
across the atomic-cell boundaries. The experiments are conducted by first steering
the nanowire from starting to target locations by an online SRRT* motion planning
and control scheme. For comparison purpose, we steer the same nanowire back to the
original starting location and then drive the nanowire from the same starting point to
the target point using the pre-computed shortest-distance trajectory by the TwoStage
algorithm in Chapter 4. The traveling time of the nanowires under these two algo-
rithms are listed in Table 5.1. It is interesting to see that even the traveling distances
under the SRRT* planner are larger than those shortest-distance trajectories under the
TwoStage algorithm, the total traveling times are much shorter. It takes around 2-4

times longer under the TwoStage planner than those under the SRRT* planner.

Table 5.1: Traveling time (s) comparison between the SRRT* and TwoStage algo-
rithms.

Figure 5.5(a) Figure 5.5(b) Figure 5.5(c)
SRRT* 40.8 137.2 89.1
TwoStage 157.2 345.7 158.7

Figure 5.6 further compares the performance of the SRRT* and TwoStage plan-
ners for steering two nanowires simultaneously. Again, we tried to drive these two
nanowires from about the same starting locations to the same target locations. The to-
tal traveling time under the SRRT* planner is20.4 s, whilethetimefor the shortest-path
trgectory under the TwoStage planner is273.3 s. From Figure 5.6, it isalso clearly

noted that the shorter traveling time actually takes a much longer traveling distance



94

than the shortest-distance trajectory. This is because traveling along the straight-line
does not achieve the fastest velocity under electric field distribution. These experi-
ments clearly demonstrate the feasibility and performance of the time-optimal motion

planning and control for simultaneously steering multiple nanowires,

SRRT " trajectory trajectory of nanowire 1
—-=-— SRRT* trajectory trajectory of nanowire 2
—— TwoStage trajectory of nanowire 1
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Figure 5.6. Experimental motion-trgjectory comparison between the SRRT* and
TwoStage planners for steering two nanowires ssmultaneously from the same ini-
tial and ending locations. The overlaid nanowire trgjectories are obtained by using
SRRT* agorithm and overlaying the nanowire images evenly spaced every 1 seconds,
and the TwoStage trajectories are marked evenly spaced every 10 seconds. The ="
and “o” marksindicate the nanowires’ initial and final positions, respectively.

5.6 Conclusion and futurework

In this chapter, a near-time-optimal motion planning scheme for steering multiple
nanowires under electric-field in liquid suspension is developed. The proposed SRRT*
motion-planning algorithm takes advantage of the sparse RRT structure to generate
computationally efficient high-quality paths while at the same time trying to maintain-
ing the optimality. The use of the potentia fields in the planning aso helped quickly

generate a feasible solution. Simulation and experimental results demonstrated that
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the SRRT* agorithm reduces the computational complexity significantly when com-
pared with the RRT* algorithm. We have demonstrated the experimental performance
of the proposed online motion-planning and control scheme by steering two nanowires
simultaneously in a micro-fluidic device. We are currently working to improve the
computational efficiency of the algorithms to cope with more nanowires. A scheme
similar to SST* in [126] might be adopted to enhance the proposed algorithm for on-
line real-time motion-planning and control of more than 4 nanowires simultaneously.

We also plan to conduct further extensive experiments as future work.
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Chapter 6

Automated Characterization, Manipulation, and
Assembly of Nanowires

6.1 Introduction

1D nano-materials, such as nanowires, nanotubes, and nanorods, have attracted grow-
ing interests for the past two decades due to the numerous potentials offered by their
nanoscale size and various physical properties. Especialy, single-crystalline silicon
nanowires (SINWSs) are attractive semiconducting components for solution processed,
low-cost printed electronic devices [139]. Those semiconducting 1D nano-materials
are used in various application areas, such as chemical and biological sensors [38],
memory devices [140], nano-electronics (e.g., field-effect transistors (FETS) [141]),
etc.

Nanowire based high performance FETs have been intensely investigated [42,142—
144]. Crystalline silicon nanowire based FETSs are reported to have 10* to 10° times
higher sengitivity than conventional planar FETs [145-147]. A concept of nanowire
thin-film transistors (NW-TFTs) has been discussed in [148-150]. A TFT is a spe-
cial kind of FETs made by depositing thin films of an active semiconductor layer as
well as the dielectric layer and metallic contacts over a supporting but non-conducting
substrate. Recent studies have shown that high-performance NW-TFTs and high-
frequency circuits can be produced from SINWs on a variety of substrates, including
glass [151] and polymers using a solution assembly process. Especialy parylene type
C films have been used to fabricate FETs as substrates[ 152], dielectric layers[153] and

encapsulation materials [154, 155]. Besides high performance, parylene based organic
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transistors have a number of advantagesin its highly biocompatible, biostable, flexible
packaging, excellent solution processability, completely conformal with uniform and
controllablethickness, and pinhol e-free coating. With the substrate and dielectric layer,
1D nano-materials are widely used to bridge the source and drain electrodes to fabri-
cate high-performance TFTs. Typically in NW-TFTs fabrication, multiple nanowires
are placed in paralel between the source and drain electrodes. Thus, charges travel
from source to drain within single crystals, ensuring high carrier mobility [156].

However, it is well known that the nanowires of the same composition, fabricated
within the same batch, and even from the same sample, often exhibit various electri-
cal properties, especially the conductivities of the nanowires may have different orders
of magnitude. Therefore, it is crucial to characterize the electrical properties of the
nanowires and sperate those nanowires according to their characteristics before as-
sembling them into electronic devices, such that the assembled electronic devices will
exhibit the desired electrical properties. As noted before, the use of DEP and EP to
position and sort micro-nanoparticlesin fluid suspension has been reported previously
in many publications, and the characterization methods of avast ensemble of hanopar-
ticles via various scalable techniques are widely investigated. When it comparesto the
probe based characterization methods, the sol ution-based characterization methods are
efficient and less costly. The solution-based characterization techniques are based on
DEPs, which emphasize characterizing large quantities of nanowires and nanotubesfor
separation [157] and assembly [158], lacking precise and quantified measurement and
direct relationship of physical properties of individual nanowires.

Therefore, the goal of this chapter is to propose and demonstrate the potential of
the intergraded online process: automated characterization, manipulation, and assem-
bly of nanowires (ACMAN). By extending the contactless electro-orientation spec-
troscopy (EOS) for single nanowire in [70] and applying the motion control, planning,

and manipulation strategies proposed previoudly in this dissertation, multiple SINWs
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can be characterized, separated, steered, and deposited to form a thin film automati-
cally. To evaluate the intergraded process, we fabricated and tested proof-of-concept
SINW-based FETs with different electrical conductivities. The contributions of this

chapter are listed as follows.

* Integrating solution based automated online characterization, manipulation, and
assembly of 1D nanoparticles. Theintegrated ACMAN system is capable of pro-
cessing simultaneous multiple nanowires in a completely online and automated
manner. The ACMAN system also precisely controls nanowires with electric-
field-induced force, plans their optimal trgjectories, and automated assembles

each nanowire with its desired physical properties at precise locations.

» Theintegrated ACMAN system is capable of quantifying the direct relationship

of physical properties of each individual nanowire precisely.

» Experimentally demonstrate the feasibility of the proposed ACMAN system to
build functional nanodevices. Using ACMAN, SINWs are separated by their
electrical conductivities, and further assembled into FETs. The measurement
data of the FETs confirm the separation effectiveness and feasibility of the inte-
grated ACMAN process.

The approaches proposed in this chapter address the challenges of integrated char-
acterization, automated manipul ation, and assembly of simultaneous multiple nanowires
as a completely automated procedure. The designed scheme enables the scalable, au-
tomated, and precise manipulating nanowires to build functional nanodevices, inter-
connects, and other electronically useful components. Although the SINWSs are used
as subjects, the ACMAN process is not limited by materials, and it can be used to

characterize, manipulate and assemble any other 1D nano-materials.
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6.2 Automated characterization of multiple nanowiresusing electro-

orientation spectr oscopy

The electrical conductivities of nanowires are among the most important properties for
controlling many basic functional characteristics of nanodevices. The nanoparticles of
the same composition, even within the same batch of samples, may vary by orders of
magnitude in electrical properties, and therefore, efficient and automated characteriza-
tion of nanowiresis needed to be addressed in order to make functional nanodevicesin
industrial scale.

Characterization of nano materials can be achieved by el ectrical-transport measure-
ments using microfabricated electrodes [159] or SEM based nanoprobes [160]. These
testing techniques require ultra-high-vacuum environments, clean rooms, specialized
equipment for precisely positioning and probing. Other nano-characterization tech-
niques include atom probe tomography [161, 162], electron holography [163], Kelvin
probe force microscopy [164,165], and scanning photocurrent microscopy [166]. How-
ever, all those techniques are laborious, and the characterization procedures are ineffi-
cient, costly, and hard to apply to large numbers of measurements.

The solution-based characterization methods are instead efficient and less costly.
A very closely related characterization method is DEP based techniques. Motion re-
sponses under different DEP frequencies are used to separate [157, 167] and assemble
nanowires into functional nanodevices [141, 158]. The DEP-based determination of
nanowires electrical properties reported in [141, 158] provides a selection mechanism
at high signal frequencies to isolate SINWs with the highest conductivity and lowest
defect density. The fabricated FET device using nanowires collected at high DEP sig-
nal frequency range above 10 MHz shows two orders of magnitude higher current,
when it compares with the SINW-base FETsthat are collected at lower DEP signal fre-
guencies. However, compared with probe-based measurements, those solution-based

methods do not precisely quantify the direct relationship of physical properties of each
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individual nanowire. To address this challenge, a contactless and solution-based EOS
(CS-EOS) was proposed in [70] to measure the electrical conductivities of nanowires.
The CS-EOS is based on nanowire transient alignment motion in AC electric fields of
different frequencies. The CS-EOS approach in [ 70] focuses on characterizing each in-
dividual nanowirein fluid suspension using el ectric fields, which is compatible with the
nanowires mani pul ation techniques proposed in this dissertation. Both methods are so-
lution based and utilizing electric field as the main actuation source. By extending the
CS-EOS for multiple nanowires and combining the techniques discussed in previous
chapters, we can achieve the automated characterization, manipulation, and assembly

of multiple nanowiresinto functional nanodevices with desired electrical properties.

6.2.1 Contactlessand solution-based EOS (CS-EOYS)

The CS-EOS is built upon the direct optical visualization of the frequency-dependent
alignment rates of nanowires when they are suspended in aliquid of known properties
and subjected to a spatially uniform AC electric fields of different frequencies[2]. Ac-
cording to Maxwell-Wagner interfacial polarization [168], large frequency dependency
contributes to the dielectric response. The rotation alignment rates of nanowires under
changing frequencies of AC electric fields vary for the 1D nanomaterials of different
electrical properties. In particular, the crossover frequency indicates the transition of
the alignment rate at low frequencies (fast alignment rate) to that at high frequencies
(slow alignment rate), depending on the conductivitiesand permittivities of the particle

and solvent, respectively. The crossover frequency w. can be expressed as
O'pLH + Um(l — L||)
We = ) (61)
eply + em(1 = Ly))

where o, and o,,, are the conductivities of the particle and medium, respectively. Pa-

rameterse, and ,,, are the permittivities of the particle and medium, respectively. Vari-
able L in equation (6.1) is the geometric depolarization factor given by

In25 -1

Ly~ o

(6.2)
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where 5 = a/b is the aspect ratio of the prolate spheroidal shaped nanowire, and a
and b are the semi-major and semi-minor axes of the prolate spheroid, respectively.
For high aspect-ratio nanowire suspending in alow-conductivity solvent, the crossover
frequency w. simplifiesto
Op

-1\
em(Ly” — 1)
By measuring the rotation alignment rates of the nanowires at different frequencies,

(6.3)

We

crossover frequency w. can be extracted. The geometric depolarization factor L is de-
termined by estimating the dimension of the particle using acquired images. Therefore,
using (6.3) the effective electrical conductivity of the nanowire o, is estimated with a

known permittivity ¢,,, of the medium.

6.2.2 Simultaneous multiple-nanowire CS-EOS

When applying electric fields to the liquid suspension, a torque is exerted on the
nanowire, under which the nanowire tends to align with the electric field. This ef-
fect, called electro-orientation, works for both DC and AC fields, and it is irrespective
of the spatial uniformity of the electric field. The CS-EOS mentioned above is based
on the electro-orientation principle. Although the electro-orientation does not rely on
the spatial uniform electric field, the electric field exerted torques of the nanowires are
however influenced by different electric fields, both in strengths and directions [168].
Under non-uniform electric field, nanowires at different locations may experience dif-
ferent electric fields. In planar motions, the exerted torque about the z-axis that is

perpendicular to the plane (see Figure 2.3) can be expressed as
|T.| = Tab’e,, B sin(20) Re[x], (6.4)

where
S~ Em (6.5)
K= ) .
N 3[§m + (ép - ém)LH]

g, and g, are the complex permittivity of the fluid and the particle, respectively and

e istherea part of the fluid permittivity ¢, .
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From (6.4), it is clear that the rotation alignment rate depends on the electric field
strength, and the orientation of the nanowire tends to align with the electric field di-
rection. In addition, the induced dipole moment of the particle interacts with the non-
uniform field to give rise to a frequency-dependent DEP force. The DEP force is
proportional to the polarizability of the particle and the gradient of the field squared,
namely,

(Fpgp) = 2mab’c,, RE[E|V E,.s°. (6.6)

The DEP force results in translation of the nanowires in the suspension. This motion
leads to the inaccurate estimation of the crossover frequency. In order to enable the ca-
pability of characterizing multiple nanowires simultaneously using the CS-EOS princi-
ple, apair of parallel electrodes are designed to generate uniformly distributed AC elec-
tric fields. Ideally, the uniformly distributed field only generates electro-orientation,
i.e., no DEP-induced tranglation motion. The rotation alignment rate of each nanowire
is not affected by the variations of electric fields. Therefore, the extracted conduc-
tivities of multiple nanowires by their alignment rates are comparable, which can be
utilized asthe separation criterion. Another reason for not using the electrical field gen-
erated by the electrode array design presented in the previous chapters is that, in real
time, it isdifficult to calculate the exact electric field at a given location to compensate
for the inaccurate CS-EOS measurement due to the electric field-induced orientation
and translation.

Therefore, we incorporate a pair of parallel electrodes as shown in Figure 6.1 to
characterize nanowires. One pair of parallel electrodesis actuated by AC electric field
of different frequenciesto extract different alignment rates of each nanowire, while the
other pair of parallel electrodesis used to re-orient the nanowiresfor repeated measure-
ments under different frequencies. In the multiple-nanowire-characterization process,
multiple image regions of interest are tracked simultaneously, and each image region

of interest contains one nanowire. The dimension and orientation of each nanowire are
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experimentally estimated in the time-lapse image series. Then, the maximum align-
ment rate at each measured frequency is recorded and plotted to observe the crossover
frequency. In order to obtain the crossover frequency, we use the least squares method

to fit the alignment rate at different frequencies as

Q-1 (6.7)

1+ (5)2 |
where Q' is normalized alignment rate of the ith nanowire, w is the different frequen-
cies of the applied electric field, and w! is the fitted cross-over frequency for the ith
nanowire. Finaly, the conductivity of each nanowire can be calculated by plugging
the crossover frequency into (6.3) and (6.2) with the known medium permittivity ¢,
and the aspect ratio of the particle 3, estimated from the online measurements of the

nanowires dimension.

6.3 Automated characterization, manipulation, and assembly of

nanowires (ACMAN)

To demonstrate the concept and feasibility of the automated characterization, manip-
ulation, and assembly of nanowires (ACMAN), we combine the multiple nanowires
EOS in the previous section with the motion planning, control and manipulation ap-
proaches discussed in the previous chapters. Figure 6.1 illustrates the schematic of the
complete ACMAN procedure to fabricate SINW-based functional nanodevices. Three
regions are defined in the intergraded design.

» Characterization region: a 150 um x 150 um square region in the center marked
by the red dash line in Figure 6.1. The nanowires experience uniformly dis-

tributed electric field in the characterization region.

» Manipulation region: a 3D workspace among the centers of the outer electrode
array. The magenta dash line shows an example in a2 x 2 electrode array in

Figure 6.1.



104

Figure 6.1: The schematic for automated characterization, manipulation, and assembly
of SINWsinto FETswith different electric properties. First, nanowires are steered from
their starting location to the characterization region (a 150 um x 150 um sguare region
in the center marked by the red dash line). Simultaneous multiple-nanowire CS-EOSis
used to measure the electrical conductivities of multiple nanowiresin the characteriza-
tion region. Meanwhile, the motion control, planning, and manipulation of nanowires
strategies are used to keep the targeted nanowires inside the characterization region
with uniform AC electric field. After characterization, those nanowires are separated
according to their conductivities, driven to the assembly areas (blue dash line), and
finally deposited between the source and drain electrodes to form FET nanodevices.

» Assembly areas: the regions to deposit separated nanowires according to their
characteristic measurements. In Figure 6.1, the finger shaped dual electrodes are

used as the source and drain electrodes in the FET application. The blue dash

lines show the assembly areas for two different FETSs.

With thisdesign, we propose theintergraded ACMAN scheme to assembl e nanode-
vices with different electrical conductivities. The intergraded process mainly includes

the following four steps.

1. Initial manipulation



105

Nanowires of interest in the manipulation region are spotted and steered from
their starting location to the characterization region using the proposed motion
control, planning, and manipulation strategies. In this step, only circular elec-

trode array are activated, and other electrodes are not powered on.

. Characterization

Simultaneous multiple-nanowire CS-EOS is used to measure the electrical con-
ductivities of multiple nanowiresin the characterization region. To minimize the
electric field influence on electro-orientation as discussed in Section 6.2.2, only
characterization electrodes (charac. electrodes) shown in Figure (6.1) are acti-
vated. In this particular design, either charac. electrodes 1 or 3 is connected to
the signal source (AC field), while the corresponding counter charac. electrodes
2 or 4 is switched to ground, respectively. To extract different alignment rates
of each nanowire, AC fields with frequency ranging from 1000 Hz to 4 MHz are
applied to charac. electrodes 3, while the charac. electrodes 4 is grounded, and
al other electrodes are floating. After each alignment under one frequency, a
2000 Hz AC field with the same magnitude is applied to charac. electrodes 1,
while the counter charac. electrodes 2 is grounded, and all other electrodes are
floating. This 2000 Hz AC field is used to reorient the nanowires for repeated
measurements at different frequencies. When the characterization isin process,
only characterization electrodes are activated as mentioned above, and all other
electrodes are floating. Due to the AC electroosmosis, Brownian motion, imper-
fect electrode boundary condition caused non-uniform field distribution and flow
disturbance, the particles are experiencing unexpected motion and drifting in the
characterisation process. Therefore, the motion control, planning, and manipu-
lation of nanowires strategies discussed previously are used to keep the targeted
nanowires inside the characterization region. After reposition the nanowires, the

characterisation process resumes.
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3. Separation manipulation

After online characterization, the nanowires are set to different target locations
according to the separation criterion, namely, the threshold conductivity .
Again, the motion control, planning, and manipulation of nanowires strategies
are used to control the nanowire motion horizontally to separate and manipu-
late those nanowires with preferred conductivities towards different assembly
areas. With this particular design, a separating direction is assigned to each
nanowire according to their conductivities. Less conductive SINWS (o, < oy)
are moved to the right pair of the assembly electrodes, while higher conductive

SINWSs (0, > oy,) are steered towards the | eft pair of assembly el ectrodes.

4. Deposition

When the nanowires reach their desired deposit locations, an additional common
top electrode, the ITO coverdip on top of the microfluidic channel as shown
in Figure 2.1(a), is turned on, while all the other electrodes on the substrate
are switched to ground to drive nanowires vertically to reach the device bottom
surface. Finaly, different AC fields are applied to charac. electrodes 3 and 4,
respectively, according to the separation criterion and the counter finger-shaped
electrodes are switched to ground. The generated DEP forces capture and attract

the nanowires to align cross the finger channel gaps.

In each experiment, a droplet of nanowire suspension is applied to the microflu-
idic channel. Then the aforementioned steps 1 to 4 are repeated sequentially until the

desired number of nanowires are deposited.

6.4 Automated assembly of SINW-based FETsusing ACMAN

With the intergraded ACMAN system presented in the previous section, we demon-

strate the automated characterization, manipulation, and assembly of SINWSs to form
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different FET devices with different electrical conductivitiesin this section. First, the
micro-fabrication of the FET device is briefly discussed. Next, the performance and
characteristics of the experimentally assembled nanodevices are measured and evalu-

ated.

6.4.1 Microfluidic device and SINW FET fabrication

We use photolithography techniques to fabricate the microfluidic device that conducts
the whole automated characterization, manipulation, and assembly process. The as-
sembled nanowires with different conductivities on the microfluidic device eventu-
aly form the FETs with different characteristics. Figure 6.2 illustrates the fabrication
schematic of the SINW-based bottom-gate FET using photolithography process.

Wrap-around
. _ l: Cr-Au-C
Manipulation i metal: Cr-Au-Cr
electrodes

2z

Silicon Nanowires

—~ Source electrode: Au

Drain electrode: Au

Isolation layer

Gate electrode: Al

Si0, Substl‘ate

Figure 6.2: Fabrication schematic of the SINW-based bottom-gate FET using pho-
tolithography process.
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The FETs are designed to be fabricated on glass wafers (SiO, substrate). A 300
nm-thick aluminum layer with 12 ;m width in channel gap is patterned as the bottom
gate on the SIO, substrate. Parylene C thin film is used to serve as the isolation layer
between the gate and the body of the semiconductor. The thickness of parylene C film
isdesigned as 600 nm. Asdiscussed in Section 6.1, parylene films are biocompatible,
biostable with high flexibility and excellent solution processability. The thicknessis
uniformly controllable, and the coating is conformal and completely pinhole-free at
thicknesses greater than 500 nm. On the top of the substrate and dielectric layer, gold
electrodes are patterned using photolithographic lift-off step. The gold-electrode struc-
ture is 300 nm in thickness including around 10 nm chromium adhesion layer. The
gold structure contains finger shaped source/drain metal contact padsand 2 x 2 manip-
ulation electrode array with the center to center displacement L = 900 um. The finger
shaped gold electrodes in assembly areas are 30 ym in width with 15 gm channel gap.
Due to the conformal coating of parylene films, the channel gap isfilled with parylene
as the same height as the source and drain electrodes. Therefore, the air gap between
the SINWSs and the dielectric layer is minimized to enhance the high performance of
the FET.

To form the microfluidic device, a12 um-thick adhesive spacer (Nitto Dekko Corp)
and an ITO top coverdip are placed on the electrodes to form the fluid reservoir. The
SINWSs used in the experiments are fabricated using metal-assisted chemical etching
from lightly doped/intrinsic (3000 - 5000 2-cm in average resistivity or 3.3 - 2 x
1072Q'm~! in bulk conductivity) and heavily doped (3 - 5 2-cm in average resistivity
or 20 - 33 Q~'m~! in bulk conductivity) n-type silicon wafers. Figure 3.4(b) showsthe
SEM image of as-grown SINWSs. The produced SINWs were treated with dry oxygen
passivation (950 °C) for 15 min and then vacuum annealed at 350 °C for severa hours
prior to experiments. Before each experiment, the SINWs are detached from the afore-
mentioned two types of wafers and suspended in mineral oil to form amixture of SINW

suspension with alarge variation of conductivities. Mineral oil (Drakeol 7 LT Mineral
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Oil, Calumet Specialty Products and Partners, L.P; ¢, = 2.0 x 10~ F/m, and viscosity
Im =25.9 cP) are used to suspend the SINWSs because of its low conductivity. Also,
the use of mineral oil yields athick electrical double layer around the particles, which
minimizes induced-charge EO (i.e., electro-osmotic) flow at the particle-fluid inter-
face [2]. Then the integrated automated characterization, manipulation, and assembly
of nanowires are performed as discussed in Section 6.3. Up to +50 V DC voltages
are applied to electrodes array and 50 V pe-t0-pe AC fields with various frequencies
from 1000 Hz to 4 MHz are used in CS-EOS characterization. SINWSs are separated by
threshold conductivity o, = 0.2 S/m to either side of the assembly areas and finally
deposited as athin film of SINWsto bridge the source and drain electrodes. The selec-
tion of threshold value o4, = 0.2 S/m are based on the effective measurement range of
CS-EOS using mineral-oil-SiINW suspension (from 10~° to 10 S/m) and the measured
conductivity distribution over 100 as-produced and passivated SINWSs (ranging from
103 to 10 S/m with average about 0.2 S/m) [2]. In the final deposition process, two 50
V peak-to-peak AC fields with w;, = 20 kHz (attracting SINWs with conductivities above
or = 0.001 SY/m) and wy = 2 MHz (attracting SINWs with conductivities higher than
oy = 0.15 §m) are utilized to trap the nanowiresin the less conductive and conductive
assembly areas, respectively. Figure 6.3 showsthe overlaid nanowiretrajectoriesfor si-
multaneously automated characterization, manipulation, and assembly of two SINWs
by their electrical conductivities. The less conductive (o, = 0.045 S/m) SINW is
placed between the right pair of contact electrodes, while the higher conductive SINW
(crc = 0.46 S/m) is placed between the left pair of contact electrodes. The star and
ellipse marks represent the starting and target locations of each nanowire. The corre-
sponding alignment rates measurement and crossover frequencies extraction are shown
in Figure 6.4.

After assembly, the top coverdlip and adhesive channel are removed with care. The
deviceisthen soaked in hexane for 10 minutesto remove excess of mineral oil, next the

substrate is gently rinsed with hexane to remove oil residues, followed by rinsed with
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Figure 6.3: Overlaid nanowire trajectories for simultaneously automated characteriza-
tion, manipulation, and assembly of two SINWs by their electrical conductivities. The
less conductive SINW (o = 0.045 S/m) is placed between the right pair of contact
electrodes, while the higher conductive SNW (o ¢ = 0.46 S/m) is placed between the
left pair of contact electrodes. The star and ellipse marks represent the starting and tar-
get locations of each nanowire. The figure shows overlaid center-of-mass trajectories
of the two simultaneous nanowires.

isopropy! alcohol (IPA) and gently dried under N, flow for the clean purpose. All those
solvent removal and evaporation processes are handled with great care, not disturbing
the nanowires trapped in the device channel.

Finally, a second 350 nm-thick Cr-Au-Cr (100 nm chromium, followed by 150 nm
gold, and then 100 nm chromium) layer is sputtered on the top of patterned nanowires
with the same pattern as the first gold layer. The top “wrap-around” Cr-Au-Cr layer
increases the nanowire-metal contact area and enhances charge carrier injection. Prior
to the wrap-around metal deposition, the edges of the SINWs at the source and drain
contact regions are etched in a buffered hydrofluoric acid (BOE) for 3 seconds to re-
move the native oxide layer of the nanowires, forming clean contact regions of the
SINWSs and contact metal. The choice of the contact metals is dictated by both p-type

and n type semiconductors since p-type is usualy observed in undoped SINWs while

n-type is observed in phosphorus doped semiconducting materials. Gold metal work
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Figure 6.4: Measured alignment rates of two simultaneous SINWs in Figure 6.3 with
respect to applied electric field frequency. The solid lines are curve fit of the form
Q = 1/[1 + (w/w.)?], from which the crossover frequency and hence the nanowire
conductivity can be extracted.

functions are closely matched to the valence band edge of silicon to enable near-Ohmic
contact for p-type transport, while chromium and aluminum metal reduce the Schottky
barrier for n-type transport [169].

In addition, the above-mentioned procedures yield transparent devices with low-
temperature fabrication processes. By replacing the SiO, substrate with the biocompat-
ible materials such as parylene C, the fabricated micro-fluidic devices can be directly
applied in biomedical applications.

The schematic of a bottom-gate SINW FET is illustrated in Figure 6.1, showing
the bottom gate and the top contact wrapping around nanowires. Figure 6.5 shows
the overlaid motion trajectories of 14 nanowires and their deposit locations in the ex-
periment using the automated characterization, manipulation of multiple SINWs, and
deposit them between the source and drain electrodes as thin films. Less conductive
SINWs (g, < 0.2 §m) are placed between the right pair of contact electrodes, while
higher conductive SINWs (0, > 0.2 S/m) are placed between the left pair of contact
electrodes. The star and ellipse marks represent the starting and target locations of

each nanowire. Due to the manipulation electrode array has 2 x 2 circular electrodesin
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Figure 6.5: Overlaid nanowire motion trajectories in the automated characterization,
manipulation, and assembly of SINWSs as thin-film FETs. Less conductive SINWs
(0, < 0.2 9m) are placed between the right pair of contact electrodes, while higher
conductive SINWSs (o, = 0.2 S/m) are placed between the left pair of contact elec-
trodes. The star and ellipse marks represent the starting and target locations of each
nanowire. The figure shows overlaid trajectories of the center of mass of 14 nanowires
and their deposit locations.

the current design, the maximum number of nanowires that can be independently and
simultaneously controlled in one atomic cell is two according to Section 4.1. In the
experiment, one or two nanowires were characterized, steered, and assembled simulta-

neously in each round.

6.4.2 Characteristicsand performance of assembled SINW FETs

The effectiveness of the proposed ACMAN design for separation of SINWSs according
to their electric conductivities is evaluated by the characteristics and performance of
assembled SINW FETs. Followed by the fabrication process in Section 6.4.1, four

assembled devices are evaluated and each device contains two SINW FETSs, where one
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side is assembled using less conductive SINWs with o, < oy, while the other side is
assembled using conductive SINWs with o, > o,, where oy, = 0.2 Sm.

The current-voltage characteristics of the assembled SINW transistors are mea-
sured using an HP 4140B Picoammeter semiconductor analyzer system. The transfer
characteristics of Devices Charact. 1 to 4 are shown in Figures 6.6 - 6.9, respectively.

Device Charact. 1 contains total 24 SINWSs using the intergraded ACMAN pro-
cess, where 12 nanowires (NWs) were characterized, selected and deposited on each
side according to their conductivities. However, the resulting FETs remained 10 NWs
on each side after the wrap-around electrode fabrication by the metal lift-off process.
Both FETs of device Charact. 1 show N-type characteristics. The FET constructed by
conductive NWs shows two orders of magnitude higher current in the device on-state
than the FET with less conductive NWs as shown in Figure 6.6(a). Figure 6.6(b) plots
the measured conductivity distribution of the separated and deposited 24 SINWs using
simultaneous multiple-nanowire CS-EOS. The red dash-line represents the separation
threshold o, = 0.2 S/m. In the experiment, one or two NWs were characterized, sep-
arated, and deposited at one time due to the electrode array dimension. Figures 6.6(C)
and 6.6(d) illustrate the output characteristics of the FETs in less conductive and con-
ductive sides, respectively. The output characteristics show an ailmost two-order dif-
ference between the two FETs. Thisresult is consistent with the transfer characteristic
and the conductivity distribution measurements.

Similarly, Device Charact. 3 deposited total 20 SINWSs, where 10 NWs were se-
lected and deposited on each side according to their conductivities. After the wrap-
around electrode fabrication, 3 NWs on each side were kept in the channel gap. The
FET constructed by conductive NWs shows N-type characteristics, while less conduc-
tive NWs formed FET demonstrates P-type characteristics. The resulting on-current
in the device on-state is more than two orders of magnitude higher than the less con-

ductive NWs constructed FET as shown in Figure 6.8(a). Figure 6.8(b) shows the
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Figure 6.6: Device Charact. 1. A proof-of-concept demonstration of the integrated
automated characterization, manipulation, and assembly of 24 SINWs as FET devices.
12 nanowires (NWs) were characterized and deposited on each side. After the wrap-
around electrode fabrication, the resulting FETs have 10 NWs on each side, showing
N-type characteristics. (a) Transfer characteristics in logarithmic scale showing the
drain current per nanowire at source-to-drain voltage Vps = 1 V for the two N type
FETs after separation. (inset) The transfer characteristicsin linear scale. (b) Measured
conductivity distribution against the number of characterized nanowires by CS-EOS.
(c) Output characteristics of the FETs showing the drain current per nanowire in less
conductive side at gate voltage Vg = 0t0 20 V in 5 V steps. (d) Output characteristics
of the FETs showing the drain current per nanowirein conductivesideat Vg = 010 20
Vinb5V steps.

measured conductivity distribution of the separated and deposited 20 SINWs using si-
multaneous multiple-nanowire CS-EOS. Figures 6.8(c) and 6.8(d) illustrate the output
characteristics of the FETs in less conductive and conductive side, respectively. As

shown in Figures 6.7 and 6.9, Devices Charact. 2 and Charact. 4's characteristics also



115

:less
Le ductiveV __=1V,P . T N -
—w— Less conductiveV ¢ type :‘ ive

- @ ~Conductive V ;. =1V, N type

= Separation threshold

I

w

I
I
I
I

ap>1
: 1NW
102

107 10° 10
Conductivity (S/m)

(b)

Ip (A)/NW

w

Number of nanowires
[ %]

L

1

0
40 10

x10710

T
808
Ol ga-a™

>k e 5o

e 3
- e
1 . *-*‘

-0.5 -0.4 -0.3

Figure 6.7: Device Charact. 2: A proof-of-concept demonstration of the integrated au-
tomated characterization, manipulation, and assembly of 16 SINWs as FET devices. 8
NWSs were characterized and deposited on each side. After the wrap-around electrode
fabrication, the resulting FETs have 3 NWson each side. The FET assembled with less
conductive SINWs shows P-type characteristics whilethe FET assembled with conduc-
tive SINWSs shows N-type characteristics. (a) Transfer characteristics in logarithmic
scale showing the drain current per nanowire at Vps = 1 V for the P type and N type
FETs after separation. (inset) The transfer characteristicsin linear scale. (b) Measured
conductivity distribution against the number of characterized nanowires by CS-EOS.
(c) Output characteristics of the FETs showing the drain current per nanowire in less
conductive side at Vg = 0 to —20 V. (d) Output characteristics of the FETs showing
the drain current per nanowire in conductivesideat Vg = 0 to 20 V.

confirm the effectiveness of the intergraded ACMAN scheme and yield conductive
SINW-based FETs with at least one order of magnitude higher on-current as compared
to the less conductive SINW-based FETs. The corresponding output characteristicsand

the conductivity distribution measurements substantiate similar conclusion.
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Figure 6.10 illustrates the characteristic of the FET device fabricated using the
DEP assembly scheme proposed in [139, 141]. SINWswere collected at different DEP
frequencies. 2 MHz and 20 kHz frequencies and 50 V peac-to-peak AC fields are used to
fabricate the conductive and less conductive FETS, respectively, which are the same
fields as used in the deposition step to trap nanowires for Device Charact. 1 to 4 in the
ACMAN scheme.. After the wrapping electrode fabrication, the resulting DEP only
FETs have 3 NWs on each side, both showing P-type characteristics.

The on-current (I,,) comparisons of the different FETs among those four ACMAN-
based devices and the DEP only device are presented in Figure 6.12. From the on-
current ratio of the higher conductive (HC) to less conductive (LC) SINW-FETS, the
separated HC SINW FETs show at least one order of magnitude higher on-current, and
up to more than three orders of magnitude higher on-current. Whereas, the DEP only
device demonstrates 3.8 higher current magnitude of HC FET to the LC FET.

To further quantitatively eval uate the performance of FETS, the sub-threshold swing
(s-s), NW trap density (Ny), and device mobility are calculated for both less conduc-
tive and conductive FETsin each device. Figure 6.11 presents the graphical estimation
of the sub-threshold swing (s-s), on/off current (/on/orF) @nd transconductance g,,, Us-
ing the less conductive FET measurement data of Device Charact. 3 as shown in Fig-
ure 6.8(a). The s-s (V/dec) describes the amount of gate voltage required to increase
drain current by one order of magnitude in the sub-threshold region. The transfer char-
acteristics of the SINW FETs in logarithmic scale shown in Figures 6.6 (a) - 6.9 ()
and 6.10 are used for the extraction of s-s using equation (6.8) for the assembled AC-
MAN based and DEP-only based devices, respectively. The smaller s-s, the quicker
or sharper increasing of drain current. This sub-threshold behavior aso indicates the
difference in defect/trap states in the NWs or at the NW/dielectric interface. A higher
density of traps results in a less steep current increase, as more trap states need to be

filled. In other words, N4 expresses the level of defects. Equation (6.9) shows the
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Figure 6.8: Device Charact. 3: A proof-of-concept demonstration of the integrated
automated characterization, manipulation, and assembly of 20 SINWs as FET devices.
10 NWs were characterized and deposited on each side. After the wrap-around elec-
trode fabrication, the resulting FETs have 3 NWs on each side. The FET assembled
with less conductive SINWs shows P-type characteristics while the FET assembled
with conductive SINWs shows N-type characteristics. (a) Transfer characteristics in
logarithmic scale showing the drain current per nanowire at Vps = 1 V for the P type
and N type FETs after separation. (inset) Thetransfer characteristicsin linear scale. (b)
Measured conductivity distribution against the number of characterized nanowires by
CS-EOS. (c) Output characteristics of the FETs showing the drain current per nanowire
inlessconductivesideat Vg = 0to —25 V in —5 V steps. (d) Output characteristics of
the FETs showing the drain current per nanowire in conductivesideat Vg = 0to 25 V
in5V steps.

relationship between the Ny5, and s-s.

§—8§=———, (6.8)

Nyzp = [w _ 1] ﬂ, (6.9)
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Figure 6.9: Device Charact. 4: A proof-of-concept demonstration of the integrated au-
tomated characterization, manipulation, and assembly of 20 SINWsasFET devices. 10
NWs were characterized and deposited on each side. After the wrap-around electrode
fabrication, 9 NWs remain on the less-conductive-side FET, and the conductive-side
FET has 7 NWs | eft, both showing N-type characteristics. (a) Transfer characteristics
in logarithmic scale showing the drain current per nanowire at Vps = 1 V for the two
N type FETSs after separation. (inset) The transfer characteristics in linear scale. (b)
Measured conductivity distribution against the number of characterized nanowires by
CS-EOS.

where g isthe elementary charge, k is the Boltzmanns constant, 7 is absolute temper-
ature, n is the total number of NWs across the channel gap, » is the NW radius (vary
from 25 - 150 nm [2]), L, is the channel gap width (15 xm), and Cnw is the total
gate capacitance. Figure 6.13 showsthe s-sand N4, data extracted from transfer char-
acteristics plots. The FETs constructed by conductive SINWs separated by ACMAN
scheme demonstrate consistent smaller value in s-sand trap densities.

The carrier mobility is another performance metric to describe how quickly the
carrier can move through a semiconductor. For NW-based FETSs, the cylinder-on-plate
model [170] is used to calculate the mobility (1) from the linear regime transfer char-
acteristic. Thismodel considersthe finite number of NWsin the channel, aswell asthe
electrostatic fringing effect of the gate field acting on the aligned NWs. The mobility
and gate capacitance are calculated respectively as

. Ligm

_ _Zddm 6.10
CnwVsp (6.10)
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Figure 6.10: Device DEP only: SINWs were collected at different DEP freguencies.
2 MHz and 20 kHz frequencies and 50 V peac-to-peak AC fields are used to fabricate the
conductive and less conductive FETS, respectively, which are the same fields as used
in the deposition step to trap nanowires for Device Charact. 1 to 4 in the ACMAN
scheme. After the wrapping electrode fabrication, the resulting DEP only FETs have 3
NWs on each side, both showing P-type characteristics.
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Figure 6.11. Graphical presentation of the sub-threshold swing (s-s), on/off current
(Zonjorr) @nd transconductance g,,, using the less conductive FET measurement data of
Device Charact. 3 as shown in Figure 6.8(a).

cosh ™' (2t4)

where n is the total number of NWs across the channel gap, r isthe NW radius (vary

Crw = (6.11)

from 25 - 150 nm [2]), L, isthe channel gap width (15 xm), &4 is the absolute permit-
tivity, epay 1S the dielectric constant of parylene C (3.15) and d is the thickness of the
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Figure 6.12: The on-current (the absolute value | I,n|) comparison of the FET Devices
Charact. 1to 4. and the DEP only assembled devices.

6IDS

gate dielectric layer (600 nm). The transconductance g,,, = I

isfound by using the
transfer characteristics of the SINW FETsin linear scale shown in Figure 6.6 (a) - 6.9
(a) and 6.10. A graphical presentation of g,,, can be found in Figure 6.11.

Figure 6.14 compares the carrier mobility of the FETs on each device. The error
bar represents the uncertainties in nanowire diameters and variations of the dielectric
layer thickness. It is clear that the mobility of the FET with the higher conductivity
NWs is greater than the FET with less conductive NWs on each ACMAN based de-
vice. The DEP only method fails to assemble higher mobility device with the higher
DEP frequency, which is contradictory to the argument in [141]. In[141], DEP aigned
nanowires in the high frequency range demonstrate higher mobility values, as com-
pared to the lower frequency range.

Table 6.1 summarizes the performance comparison of the FETSs fabricated using
ACMAN scheme (Device Charac.1 to 4) and DEP only method. In the table, HC
stands for the FETSs that are assembled by the selected higher conductive nanowires

(HC FETSs), and LC represents the FETSs that are fabricated using the separated less
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Figure 6.13: The sub-threshold swing (s-s) and traps density (N4,) for Device Charact.
1 to 4 and the DEP only assembled devices. The transfer characteristics of the SINW
FETs shown in Figures 6.6 (a) to 6.9 (a) and 6.10 are used for the extraction of s-s of
the assembled devices, respectively.
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Figure 6.14: Mobility comparison for Device Charact. 1 to 4 and the DEP only assem-
bled devices.

conductive nanowires (LC FETs). Ry, denotes the ratio of the HC FET characteris-
ticsto LC FET characteristics. According to the performance measurements, the FET
devices based on the integrated ACMAN scheme have demonstrated excellent perfor-

mance and characteristics, yielding high on-current (ranging from 0.1 to 4.4 A per
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Table 6.1: Performance comparisons for the FETSs fabricated using the ACMAN pro-
cess and DEP only method.

Ion/NW(A) | sS(V/DeC) | Nivap(m™2)|  p(cm?/Vs) | NW No. | Type
Device | HC | 1.3 x 1077 1.43 2.8 x 10 [994+22x10"1| 10 N
Charac. 1| LC [1.3x107°| 438 |87x10% |62+14x1073| 10 N
Ri/L 100 33% 0.32 ~ 160 same | same
Device | HC | 7.9 x 1078 0.16 2.7 x 101 47+1.1 3 N
Charac. 2| | C |56x10°| —042 |-89x10'|—-45+1.0x10"| 3 P
Device | HC | 4.4 x 1076 0.31 5.8 x 10 | 4.7+1.1x10 3 N
Charac. 3| LC |1.8x1079| —0.62 |-1.3x1016|—-1.240.3x10"!| 3 P
Device | HC | 9.3 x 1077 0.11 1.6 x 101° 9.0 +2.0 7 N
Charac. 4| | c[32x1078| 070 |13x10% |75+17x107%| 9 N
R/ 29 16% 0.12 ~ 12 less | same
DEP orly HC |1.0x 1077 | —247 |—5.0x10%|—-3.240.7x107" 2 P
LC |26 x1078| —10.10 |[—2.0x10'7 | —8.1+1.9x10~" 3 P
R/ 3.8 24% 0.25 ~ 0.4 less | same

nanowire), small sub-threshold swing (less than 1 V/dec) and high device mobility
(greater than 1 cm?/Vs) for separated conductive SINWs built FETs. The ratios Ry,
demonstrate the significantly improved performance of the separated higher conductive
SINW FETsto theless conductive FETs by ACMAN scheme, with two orders of mag-
nitude higher on-current per nanowire, 16% to 33% lower sub-threshold swing, and up
to 160 times higher mobility values. Therefore, the ACMAN strategy can discriminate,
separate nanowires, and assemble nanowires based FETs with different characteristics.

The overall performance of the ACMAN fabricated FETSs is consistent with the
devices datain [139, 141], where SINW are collected at various DEP frequencies and
further assembled into FETs. In [141], DEP aligned NWs in the high frequency range
(10 MHz and 20 MHZz) are considered as high quality, as compared to the lower fre-
guency range (30 Hz, 300 kHz). The characteristics of the ACMAN fabricated less
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conductive FETs are consistent with the measurement results using lower frequen-
cies induced DEP in [141]. Meanwhile, the ACMAN based conductive FETS show
superior on-current per nanowire and sub-threshold swing than the high frequencies
collected FETs in [141]. The conductive FETs in this work show at least 0.1 p/A or-
der on-current and less than 1.5 V/dec sub-threshold swing, and the high quality FETs
in [141] demonstrate at most 0.1 1A order on-current and greater than 2.1 V/dec sub-
threshold swing. The average trap densitiesand mobilitiesof FETsusing the integrated
ACMAN scheme do not show superior performances than those in [139, 141] due to
the fact that using metal-assisted chemical etching fabricated SINWs have more defects
and impurities than the CVD-grown SINWs used in [139, 141].

6.5 Summary

In this chapter, we presented the integrated ACMAN process of automated character-
izing, manipulating, and assembling of nanowiresinto functional nanodevices. Firstly,
we extended the CS-EOS to characterize the simultaneous multiple nanowires. Sec-
ondly, the integrated process incorporated the proposed strategies of motion control,
planning, and manipulation of nanowires in the characterization and separation of
nanowires with preferred conductivities, and further, deposited them at different lo-
cations to form functional nanodevice with different electrical properties. Proof-of-
concept SINW-based FET devices were fabricated and assembled by separating var-
ious SINWSs according to their electrical conductivities. Finally, the characteristics
measurements of separated higher convictive SINW-based FETs show superior perfor-
mance comparing with the less conductive counterpart, which confirmed the separation

and assembly performance of the proposed integrated ACMAN scheme.
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Chapter 7

Conclusions and Future Wor k

7.1 Conclusions

In this dissertation, we presented a novel scheme for motion control, planning, and
manipul ation of nanowires under electric-fields in fluid suspension. We thoroughly in-
vestigated and analyzed different aspects of EP-based nanowire manipulation, whichis
based on nanowires dynamic model in dilute suspension with the micro-fluidic device
containing a set of controllable electrodes. The micro-fluidic device allows effectively
controlling individual nanowires sequentially and multiple nanowires simultaneously
while compensating the flow disturbances. We proposed difference planning strategies,
such as sampling based (RRT* variations), graph based (A* variations), network flow
based (MCMF), and heuristic based motion planning algorithmsto generate collision-
free motion trajectoriesfor efficient and effective nanowire manipulation. The compar-
isons among the proposed algorithms and the existing algorithms showed that the pro-
posed algorithms reduced the computational complexity significantly and effectively
obtained the shortest distance, or near-time-optimal trajectories.

The EP-based motion control and planning scheme of individual nanowires took
advantages of the symmetry properties of the electric field generated by the electrode
arrays. A superposition approach was developed to efficiently compute the electric-
field distribution for any given set of powered-“on” electrodes. The EP driving force on
the particles was modeled and the vision-based feedback control compensated for un-
modeled particle dynamics. The path-following control design guaranteed the nanowire

motion performance to track a given trgjectory. The attractive property of the motion
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control design lied in online velocity tuning for high path-following performance and
proven converging tracking errors. The feedback control also compensated for the
motion disturbances due to the un-modeled EO-induced flow motion.

Given the fact that the nanowire motion-planning problem is NP hard, we proposed
two heuristic algorithms based on the reduced search areas. We compared the heuristic
algorithms with the other existing motion planning algorithms such as RRT and A*.
The results showed that the heuristic algorithms significantly reduced the computa-
tional complexity while maintained comparable performance with those of the RRT,
A*, and other algorithms. Extensive experimental results confirmed the analysis and
the design of the nanowire motion control, planning, and manipulation. Using an ad-
ditional common top electrode, a nanowire manipulation scheme was also presented
to steer the individual nanowires horizontally to the desired positions, and vertically
deposit them onto the device bottom surface to form a certain geometric pattern se-
quentially. We presented extensive experimental results to validate and demonstrate
the performances of proposed control and planning algorithms.

In order to achieve simultaneous multiple-nanowire motion control, planning, and
manipulation, we first proposed a motion-control algorithm to independently control
multiple nano-wires to follow desired trgjectories. The motion-control algorithm was
designed to simultaneously steer multiple nanowires under controlled EP forces with
the exponentially decaying tracking errors. A two-stage motion-planning algorithm
was proposed and demonstrated to minimize the total-traveling distances for multiple
nanowires in 2D space. The motion-planning algorithm was built on the network-
flov MCMF problem to generate the feasible atomic-cell areas for each nanowire.
The algorithm aso incorporated the simultaneous motion-control capacity limits. The
nanowires roadmap in the reduced areawasthen constructed to determine the obstacle-

avoiding optimal path. Simulation results demonstrated that the two-stage algorithm
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significantly reduces the computational complexity when compared with the state-of -
art RRT* agorithm. Finally, we have also demonstrated the performance of the pro-
posed motion-planning and control schemes with extensive experiments to illustrate
the automated manipulation of simultaneous multiple nanowiresin a micro-fluidic de-
vice.

For efficient manipulation of simultaneous multiple nanowires in liquid suspen-
sion, we proposed a time-optimal motion planning algorithm SRRT*. It took advan-
tages of the sparse RRT structure to generate computationally efficient high-quality
paths while maintaining the near-optimal performance. The use of the potential fields
in the planning algorithm also helped quickly generate a feasible solution. Simulation
and experimental results demonstrated that the SRRT* algorithm reduces the compu-
tational complexity when it compares with the RRT* algorithm. We demonstrated the
experimental performance of the proposed online motion-planning and control scheme
to efficiently steer two nanowires simultaneously with 10 timesfaster than the straight-
line trgjectories.

The proposed motion control, motion planning, and manipulation of nanowires us-
ing electric-fieldsin fluid suspension serves as an enabling technique of the automated
manufacturing of functional nanodevices. In the last part of this dissertation, we in-
tegrated automated online characterization, manipulation, and assembly of nanowires
to fabricate SINW based FET nanodevices with selectable electrical conductivities.
We extended CS-EOS with the proposed motion control, planning, and manipula-
tion strategies to enable characterizing and manipulating the simultaneous multiple
nanowires. These nanowires were then deposited at different locations to form func-
tional nanodevice with different electrical properties. Proof-of-concept SINW-based
thin-film FET devices were assembled by nanowires electrical conductivities. The
measurement results confirmed the effectiveness and feasibility of the integrated char-
acterization, manipulation, and assembly process. The designed scheme provided a

foundation for the scalable, automated, and precise manipulating nanowires to build
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functional nanodevices, and providing an appeaingly smple and effective mean to

hold and position microscopic objects.

7.2 Futurework

As the future extensions of this dissertation, we plan to further develop the “smart”
el ectric tweezers to mani pul ate nano-particles with the capability to automatically char-
acterize, sort, and position nanowires for micro-/nano-electronics and biomedical ap-
plications. With the enabling techniques of precisely and efficiently manipulation of si-
multaneous multiple nano-particles with independent motions, applications of electric
tweezers include nanoelectronics assembly, manufacturing functional nano-devices,
nano-neuron interface, bio-sensors, cell characterization and sorting, probing the re-
sponses of cellsto mechanical and biochemical stimuli, etc. Here we summarize afew

on going work to further improve the electric-filed based nanomanipulation.

1. On the subject of the micro-/nano-electronics application, we are currently fab-
ricating the SINW-based FETs with DEP based self-assembly method using the
same device design proposed in Section 6.4. More comparison of the charac-
teristics and performance of the assembled SINW-based FET devices will be
evaluated to quantitatively study the pros and cons of the CS-EOS based and
DEP based assembly. Improved fabrication process with dry etching technique
to reduce the number of lost deposited nanowires in the photolithography pro-
cess will be conducted. More measurement and testing results of assembling
large numbers of simultaneous nanowireswill be discussed to further investigate
the performance of the integrated automated characterization, manipulation, and

assembly scheme.

2. Asto the functional nanodevices for biomedical applications, we are working
on patterned micro/nano-tubes based axonal guidance, neural circuitry, and neu-

ral computing. In order to communicate with the correct targets, neurons send
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out axons to follow very precise paths in the nervous system. Axonal guidance
concerns the process on how axons manage to find their way so accurately to
reach the targets. Microchannels have been used to guide the growth of ax-
ons [171,172]. In [173], microtubules |loaded with nerve growth factor (NGF)
have been demonstrated to release and deliver drugs to enhance the growth of
axons. Lipid tubes filled with NGF have shown a great potential to guide the
axon’s growth inside the tubes. Therefore, manipulating the position of the
tubes could enable the artificial manipulation of the axonal growth. With the
nanomani pulation techniques developed in this dissertation, we are working on
manipulating connections among target neurons with precisely controlled and
patterned micro/nano-tubes to achieve automated axonal guidance and, finally,
form desired neural circuitry or rebuild neural system. Figure 7.1 illustrates the
schematic of the patterned micro/nano-tubes based axonal guidance. The lipid
tubes are manipulated to form desired patterns, and conductive micro/nanowires
are used as bio-sensor to detect the action potential propagation. Furthermore,
it has been reported that the action potential propagation in myelinated neurons
is 100 times faster than in unmyelinated neurons because of saltatory conduc-
tion. Therefore, by varying materials of the tubes, we plan to mimic the myelin
that surrounds the axon. Those myelin-like tubes could function as electrically
insulating layer to increase the speed of the nerve impulse and reduce energy
expenditure over the axon membrane. The manipulation of the myelin-like tubes
could be an appealing and potential tool to treat and even possibly cure the ax-

onal degeneration diseases, suchasALS.

3. In device and system design aspect, in order to test the large-scale motion plan-
ning algorithms, design and fabricate multi-layer electrodesto form large dimen-

sional electrode arrays in the micro-fluidic devices is aso an ongoing work.

4. To achieve real-time online replanning for multiple nanowires, we are currently
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Figure 7.1: Schematic of the patterned micro/nano-tubes based axonal guidance.

working onimproving the computational efficiency of the simultaneous multiple-
nanowire motion planning algorithms to achieve online replanning coping with
large numbers of nanowires. The scheme similar to SST* in [126] might be
adopted to enhance the proposed algorithm for online motion-planning and con-
trol. More extensive experiments will be conducted to demonstrate the online
motion planning and control of multiple nanowires simultaneoudly in the future

work.

5. Fundamentally, we plan to understand the more precise motion model of par-
ticles in various scale and take higher order terms into modeling phase. Since
the proposed methods do not limit to actuation, we also intend to extend the
techniques to many other bio-compatible actuation, such as magnetic fields to

incorporate with the Magnetic Resonance Imaging (MRI) for in vivo scans.
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