Nano Scale Devices: Fabrication, Actuation,
and Related Fluidic Dynamics

Hao Jing

A dissertation submitted to the faculty of the University of North Carolitizhapel Hill in
partial fulfillment of the requirements for the degree of Doctor of PhilosapRurriculum
in Applied and Materials Sciences.

Chapel Hill
2006

Approved by:

Advisor: Professor Richard Superfine

Professor Sean Washburn

Professor Otto Zhou

Professor Leandra Vicci

Professor Brian Stoner



© 2006
Hao Jing
ALL RIGHTS RESERVED



ABSTRACT
Hao Jing

Nano Scale Devices: Fabrication, Actuation,
and Related Fluidic Dynamics

(Under the direction of Professor Richard Superfine)

Using external actuating magnetic fields to manipulate magpatis is an efficient
method to manipulate mesoscopic actable devices. Extensive hesehave explored the
potentials of self-assembly techniques based on capillary fdate sharge force, drying,
surface tension, and even dynamic fields as a low cost method foeai2i@ or 3D super-
lattice structures for new materials and devices. But théyabfl tunable patterning nano-
particles for designed actable devices is still a requrgnget to be met. Utilizing anodized
aluminum oxide (AAO) membranes as templates, soft-magnetmmees around 200 nm in
diameter, 10 microns long have been fabricated. In this thesis,ctillea method to
assemble these magnetic nanowires into a two dimension Wignetuse, of which the
wire-wire distance is conveniently adjustable during the faboicagprocedure. Using
geometric tailored magnetic fields, we can plant theseassEémbled magnetic nanowires
with desired patterns into a thin soft polymer support layer.fihbhédevices may be readily
actuated by an external actuating magnetic figlsk(f-designed magnetic system, 3-dimensional

force microscope (3DFM)) with precise patterns and frequernigies micro-fluidic system This



method offers a general method to fabricate mesoscopic devicesaframde range of
materials with magnetic dipoles to desired structures. Andctlbla devices themselves can

find direct usage in low Re number flow mixing and bio-physical fluidic dynaesearches.

The beating of cilia and flagella, slender cylinders 250 nanomietelismeter with
lengths from 7 to 50 microns, is responsible for many important bi@lbfyinctions such as
organism feeding, propulsion, for bacterial clearance in the lungsfaanthe right-left
asymmetry in vertebrates. The hydrodynamics produced by thegmgbestructures,
including mixing, shear and extensional flows, is not understood. We opedelan
experimental model system for cilia beating through the useaghetic nanowires. We
apply our custom magnetic system, 3DFM, to drive these magraetmwires rotating with
desired patterns and frequencies in a liquid chamber. High speed mbpassive tracers in
the oscillating 3-D flow fields reveal the spatio-temporal s$tmec of the induced fluid
motion. Complementing these experimental studies, we have developeda df exact
solutions of the Stoke's equations for a spheroid sweeping a double cereespdce, and an
asymptotic solution for a spinning slender rod sweeping an uprightatmwe a flat, infinite
no-slip plane. We are using these solutions to develop a mathempadickhge to
guantitatively model, and predict the tracer motion induced by the sgimaino-rods with

and without Brownian noise.

To understand the effect of these epicyclical flows on molecdaformations, we
have studied the conformation of fluorescently labeled, single Di¢kecules X-DNA) in

the flow produced by a precessing nanowire. The flow patternsviacaelastic medium



about a precessing nanowire are also presented to reveal thdiepli¢lows in a more bio-

related environment.
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CHAPTER 1 — Overview of Thesis

Actuable mesoscale devices are key functional daits lot of applications, such as
micromixers, lab-on-chip separation chambers, gigt@ camouflage coatings. Fabricating
sub-micron scale actuable devices by bottom-ugesfies instead of by more expensive
photolithography techniques is the critical steprtake these devices feasible for practical
applications.

Self-assembly techniques, as one of the most impbkottom-up strategies, are not
unfamiliar techniques to nanoscientists. Most einth however, are more or less like an art,
not easily controlled or predictable. Magnetic digso such as magnetic nanowires or lines of
paramagnetic beads, were suggested in recent gequstential candidates for actuable sub-
micron scale devices. In our lab, soft-magneticomares with a mean radius of 200 nm were
electrodeposited in anodically etched commerciamatum oxide membranes. We found
that magnetic nanowires form 2D Wigner structuneden a parabolic magnetic confinement
field. These magnetic dipoles experience a neefatang the magnetic field gradient as well
as a torque under an external magnetic field. Basedinite element analysis modeling,
parabolic magnetic potential wells were realizethvei home-made solenoid electromagnet.
The lattice distances of the final Wigner structuneere tunable between several microns to
tens of microns depending on field strength, totainber of the nanowires, and nanowire

dipole strength. A dimensionless Monte Carlo simoiawas performed on an idealized



model for a better understanding the self-asseipdierns. Free standing magnetic nanowire
devices were fabricated with this self-assembly masm and the roots of the nanowires
were cured within a thin soft polymer layer. Afteuring this thin layer of polymer, we
demonstrated a fast-response actuation by pladiegstanding nanowire devices in a
magnetic manipulation system designed by our grthen3 Dimensional Force Microscope
(3DFM).

In nature, sub-micron scale cilia and flagella fimend in almost all single cellular
animals and complex multicellular animals. The imgptof cilia and flagella, slender
cylinders 250 nanometers in diameter with lengthsnf7 to 50 microns, is responsible for
many important biological functions such as feedang propulsion, for bacterial clearance
in the lungs and for the right-left asymmetry inrteerates. Inspired by these naturally
evolved sub-micron actuator arrays, and basinglesigns on the self-assembly patterns we
discovered, we proposed and fabricated sub-micobnator arrays which can mimic the
movements of a specific kind of motile cilia, primanodal cilia. These devices were
actuated and observed inside the 3DFM. Besides timiious engineering applications,
these devices are good platforms for studying itudi/namics about mobile primary cilia
due to the similarities between precessing rigiomares and nodal cilia.

Researchers have long recognized that flow indoReynolds regime is the central
mechanism for many biological processes, includingrobe swimming, feeding, and
mucociliary clearance. In the past 20 years, rebeas have shown that nodal flow has a
direct effect on right-left asymmetric developmémtvertebrate embryos. It is a general
belief now that this nodal flow is a direct consence of beating nodal cilia (belonging to

the class of cilia known as motile primary cilidlhe fundamental fluidics of this flow,



however, is still a mystery due to the unansweneelstion of what the flow field about a

precessing slender body is. It is of interest taousxplore this flow based on rigorous fluid
dynamics studies on the sub-micron scale. Thikasfitst time, as far as we know, that an
experiment modeling fluid flow was performed on lsug small scale to understand a
biologically related flow with thermal noise of cparable magnitude. Collaborating with
Terry Jo Leitermann from the Department of ApplMdthematics at UNC, we compared
our experimental results to the exact solutionseteiann derived from basic Navier-Stokes
functions in a low Reynolds viscous environmentisTéxact solution is not trivial, and

because of the accurate predictions it provides, iththe first time that researchers can
interpret experimental measurements on such a stdle presence of prominent thermal
fluctuations.

In this thesis, | describe the details of soft metg nanowire (Ni:Fe) fabrication
based on the template methods outlined in Chaptier hapter 3, the actuation of standing
magnetic nanowires in the 3DFM is demonstrated explained in detail. In Chapter 4, |
focus on Wigner structures formed by magnetic naresan a parabolic assembly field. The
mechanisms for these self assembly phenomenatarereted by the coordinate-dependent
part of the Hamiltonian and tested by dimensionldsnte Carlo simulations. The
epicyclical flow about a precessing nanowire isexkpentally and theoretically revealed in

Chapter 5. | describe the epicyclical flow in mbrelogically relevant media in Chapter 6.



CHAPTER 2 — Nanowire Fabrication

2.1 Introduction

In this chapter, fabrication procedures for magnetéetal nanowires are introduced in
detail. Here, “nanowire” means a rod-shaped matefith a sub-micron radial scale and an
aspect ratio of about 50-100. There are severahadstof fabricating this kind of 1-D nano
structure. The most straightforward methods ardghthography and e-beam lithography.
It is possible, however, to use bottom up strategile self-assembly or template methods
for nanowire fabrication as well.

Template methods include a large family of veryfaddnt techniques like growing
materials by step edges on a layer structuredalrgstface, growing materials inside self-
assembled templates formed by surfactants or lpobfmers, and growing materials inside
reactive ion etched polymer membranes or anisatrefghed inorganic membranes [1] [2] [3]
[4]. By far, the template method is the most comipoised and easily accessible method for
producing large quantities of inorganic nanowirdget chemistry synthesis and chemical
vapor deposition (CVD) have been recognized as gsioategies for growing materials
inside confined geometries. 1-D nano structurederr@$s can be grown directly inside

appropriate templates.



Two of the most commonly used templates are trackeel polymer films and
anodized aluminum oxide (AAO) membranes. Track edchmembranes are typically
polymer films which have been irradiated by heawgsi The damaged bonds along the
particle tracks are preferentially etched awayyileg pores inside the membrane. The pores
fabricated by this method are generally distributaddomly across the surface, and the
orientation of these channels cannot be contradasily. Channels tilted over 3@re not
hard to find in this kind of template. To producetal nanowires with precise geometries,
AAO is a better choice. AAO membranes are fabritdtg anodizing Aluminum in an acid
electrochemical bath. Unlike the track etched paynfiiims, AAO membranes form
hexagonal close-packed channels perpendiculaetmtfmbrane surface and parallel to each
other. There are many techniques for growing naresninside AAO templates, such as
vapor phase deposition, solution injection, mellinfj, electrophoresis deposition and
electrodeposition[5] [6] [7] [8].

Among the growing techniques listed above, eleepodgition is especially attractive
for metal nanowire growth due to its economy andvenmience. For modern scientists, it is
not unusual to control the plating procedure irighly precise layer-by-layer (atomic level)

manner [9].

2.2  Electrodeposition of Soft-magnetic Ni:Fe PermalloyNanowires

2.2.1 The Concept of Electrodeposition

Electrodeposition is the process of producing aiegausually metallic or at least
conductive, on a surface by reductant-oxidant (xgdeactions along with charge exchanges

[10]. This is achieved by applying negatisieargs to the object to be coated and allowing



them combine with the hydrated ions of the metdlg¢aleposited. In other words, the object
to be plated is the cathode of an electrodepostt@in(an electrolytic cell). The metallions

carry positive charges. When they reach the neggitistharged object, the redox reaction
occurs so that desired metal film is coated oncetbode surface. The reduction of a metal

can be generalized as,

M.~ +2z6* - M(s) 1),

(aq)
meaning that to reduce on®le of a Z valence metal, z moles of electrons areired. The

total cathodehargeconsumed in the deposition Q, Coulomb, is
Q=2zN,Q, 2)
N, is Avogadro's number and.@® the electrical charge per electron [10]. Thrltcharge

transferred in the deposition can be obtained byiritegration of theurrentl and the time

of deposition t if the deposition current is hetohstant.

Q= j|dt @)

Solving for thickness while assuming the depositarrent efficiency is 100%,

H =M JIGE
ZFAO (4)

Here H is the deposited film thickness,, M the molecular weight, F is the Faraday constant
A is the effective plating area, apds the metal density. As function (4) indicates)ang as
the current efficiency remains constant, the dejosiayer thickness is proportional to the
deposition time. By controlling the time or the banged total charge, the deposition

thickness is easily controlled.

2.2.2 Co-deposition of Ni:Fe Nanowires



Permalloy, a soft magnetic Ni:Fe alloy, is an impot industrial material known for
its high saturation field strength and low coercfeece. Nanowires made of Ni:Fe have
benefits such as being able to respond to a nosivevanagnetic field and saturate easily in a
moderate magnetization field [11, 12].

Electrodeposition of nickel-iron alloys is clasedi as an anomalous co-deposition
because the discharge rate of the more noble caenpoNi, is inhibited, causing the less
noble metal, Fe, to exhibit a higher atomic ratidhe final deposited material than its share
in the electrolyte [13]. The explanation of thisspbmenon is that the local pH value rises
due to the hydrogen dissociation accompanying léetredeposition process. | performed an
optimizing procedure to find a more stable deposithath. Pressing a multi welled PDMS
template to a polished Cu sheet and injecting edbtés of various compositions into the
wells, | produced an array efectrolytic celé and plated multiple samples at one time (figure

2.1). I measured these plated samples using EDAX¥gtmal composition.

\ Separated electrolyte reservoir

Anode wires

Channeled
PDMS stamp

Figure 2.1, Representative structure of a multi-welled PDM&ng used to screen the
optimized electrolyte bath for Ni:Fe co-depositi@tectrolytes with different Ni:Fe* ratio
were injected inside the wells for electrodeposititmder the same plating parameters. The

composition of plated metal layers was measured#X to determine the optimal recipe.



There are several techniques which can be usednpoove magnetic nanowire
growth. One way chosen to reduce the Fe contentreamdby reduce the anomalous behavior
is by pulse and pulse reverse plating[13]. By allmpenough time for fresh metallic ions to
diffuse, a much more uniform deposited materialldde collected. Organic additives like
saccharin (figure 2.2) can suppress the hydrogetuon by absorbing metallic ions on the
surface of the substrates. The presence of orgaldiitives also helps relieve the stress of the
deposited alloy[13]. With the help of devices ithaded in figure 2.1, | produced an
optimized sulfate-based plating bath working inspufjalvanostatic deposition mode by a

VoltaLat® work station from Radiometer Analytical Co. (taBlé).

0

N Na“

5/
N

Figure 2.2, Thechemical structuref saccharin.

The applied potential for Ni:Fe co-deposition isowbd the water decomposition
voltage -0.994 V at pH 4 which can be valued thioad?ourbaix Diagram of water[14]. We
designed our plating cell with an angle betweeniniexting end (lower) and the outlet end
(figure 2.3). The hydrolyzed +bubbles could be pushed to the outlet end duleealightly
lower hydrostatic pressure there. With this desigmyas possible to reduce the effects of
hydrolysis B for a smoother plating procedure inside the sutrani channels of the AAO

membranes. In conclusion, we realized Ni:Fe co-gigipo in sub-micron scale channels.



The length of the deposited nanowires, as welhasaspect ratio, could be easily controlled

by the total deposition time.

Table 2.1 Optimized electrolyte bath used in my dissertatmriNi:Fe soft magnetic

nanowire fabrication

comments
composition (g/L) NiSQ6H,0 200
FeSQ.7H,0O 9
NiCl,.6H,O 5
Boric Acid 25
Saccharin Sodium 3
pH Using 1 M HCI adjust to 4
deposition mixing gentle
pulse galvanostatic 4V; 1 kHz; Gate wave, bottom 0 V, peak 4 V;
parameters Duration time, on : off = 1 : 1 per pulse

solution need to be mixed overnight before using

to minimize the oxidization, N2 purge is necessary

two electrode system, Cu as working and Pt as eount
electrode
others
three electrode system, Cu as working, Pt as counte

electrode, and Ag wire as reference electrode

Fe " can be oxidized to F& easily, so use a fresh

solution




counter electrode ref electrode
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i >

o

T
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I

o

¥
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< working electrode ’“l‘:jspl‘ing holder

’

Figure 2.3 Schematic of the electro-deposition cell desmnNi:Fe nanowire deposition. It

is a three electrode plating system with a Au ceuatectrode, a Ag reference electrode, and
a steel spring pressed Cu layer at the back of @ Afembrane as a working electrode. The
fresh electrolyte was pumped through the lower and then pushed out from the higher
outlet end. There are two “O” rings to seal andasafe the deposition chamber from the

outside.

Commercial AAO membranes were purchased from Whatmih open channels
of different sizes. | sealed one side of the memdbraith a thin layer of Cu, which served as
a working electrode as well. Different target misrsuch as Cu, Ag, and Au were all used
in a thermal deposition chamber to produce a 30Gonductive metal layer on one side of

the AAO. Due to the inner stress generated by tlaed metal films, | also deposited a 10-

20 ;& Cr layer between the AAO membrane and the seatietpl layer to prevent the
peeling off of the deposited metal layer. A custmade holder was hung inside the chamber
at a 45 angle to the metal target holder plane for betéaling. SEM measurements (figure
2.4) and diffusion tests (one side of the membamgaining Ag solution and the other side

containing Cl will remain clear only when the two sides are eetly separated) both
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showed a soundly sealed surface after thermal deposf 300 nm of metal to an AAO
membrane with 200nm channels.

In my electrodeposition system the plating speeg bwaffected by several issues,
especially the diffusion of the hydrogen bubblesd #me metallic ions. By increasing the
electrolyte flow speed, we achieved a more stafmevilp speed (typically, 1-gm / 10 min).
Worthy of notice is the fact that the optimizedotlelyte bath (determined by the screening
methods mentioned earlier on a macroscopic Cu stiehot produce the same plated film
composition when adopted for nanowire growth. Tlengosition of plated nanowires

changed to Ni:Fe= 90:10 (insert of figure 2.6) instead of the oraiNi:Fe= 80:20 (figure

4.11) of the plated films on a macroscopic Cu shiele¢lieve this is related to complicated
kinetic effects such as metallic ion diffusion, hygen formation and diffusion, local pH
variance in a confined environment. Subsequently, ©, Ag were all able to be easily

etched away by wet chemical solutions like'Gmmercial Cr etchant and HNO

After a 300nm Cu
deposition

Bare AAO

UNC 0.5kV 7.0mm x25.1k SE(U) 04/16/2003

Figure 2.4, SEM images of a 200 nm channeled AAO membranie @it deposition. AAO
membrane was hung at 45° to the metal target baaép
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2.2.3 Half and Full Released Ni:Fe Nanowires

After deposition, the channels inside the AAO meamk were filled with Permalloy
nanowires. The appearance of the membranes chalggeshding on how much Permalloy
was deposited inside. The final membrane was gleagdgnetic. Deposited nanowire arrays
typically exhibited a high number density of upli®@, which makes them a good candidate
for a high density magnetic memory device[15].

Half-etched deposited AAO membranes formed a stradike a “wheat field” with
many metal nanowires extending beyond the remairteilgplate. Researchers have
demonstrated the possibility of using this struettw improve electrical contact between
nanowire-containing membranes and substrate mettces[1]. AJO; was easily etched
away by 2M NaOH. | inserted the deposited AAO mambrsideways in a 2M NaOH bath.
The level of the NaOH solution was adjusted soa®rly submerge one third of the
membrane. Due to the good wetting, the NaOH salufmrmed a wetting film with a
thickness gradient along the membrane surface.dtitbxternal agitation, a gradient in the
degree of etching along the membrane occurred. Whss an efficient way to obtain SEM
images of nanowires in their densely packed form.

Figure 2.5 is an image of a half-etched deposité@Anembrane. Two issues need
to be noted:

1. The nanowire pattern is strictly a copy of tamplate. Better self-assembled

AAO templates will lead to more crystal-like stamglinanowire arrays.

2. The number density of the nanowire array as siggbis around Fo10%cnm?

which copies the channel density of the AAO meménased.

12



Figure 2.5 SEM images of half-etched Ni:Fe plated AAO membkm Left, top view of a
half etched plated AAO disc, leaving nanowires dilagp out from their template; right, side

view of the same disc. The nanowire number deisigyound 18&cn?.

My research requires released magnetic nanowiresctoation purposes. To get free
released magnetic nanowires, the Cu working eldet(also serving as a sealing layer) was
etched away by saturated ammonia, while the AAOthrddeposited Permalloy nanowires
were preserved. After NaOH etching and rinsing vidthwater, we obtained an aqueous
nanowire suspension. Unless noted otherwise, @&l rttagnetic nanowires used in this
dissertation will be these 200 nm wide, variablegté Ni:Fe nano structures. According to
the literature [16] [17], magnetic nanowires of dbedimensions are not single-domain
structures. Research has shown that similar magmetierials have an easy magnetic axis in
the longitudinal direction. According to the Stoed Wolfarth model [18], the total energy

for an ellipsoid of revolution is the sum of magmation and shape anisotropy energies:

_ HoM 2
E= —BMScosgo—TS(Nb -N,)cos (p-6) (5)

where ¢ is the angle between the field and the magnetizatioment of the rod artdis the

angle between the field and the easy axis of tde Mg is the saturation magnetization;, N

and N, are demagnetizing factors along width and longitddections respectively. For a
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high aspect ratio nanowire,,M, = 0.5 [19]. The exact solution f@ obtained by setting

3_5; =0 indicates that the approximation

B -1
¢D6D|:1+ iUOMs(Nb - Na):| (6)

is valid for small B[20]. SincéimBﬂO% -1, ¢ is commensurate over a wide range of 0

<0 <n/2 as long as the field strength is low. For exanl= 0.03T will introduce intg
only a 3% bias away frod (Ms = 8.33 x 186 A/m). So it is reasonable to treat my high
aspect ratio magnetic nanowires as magnetic dipmiested along the longitudinal axis in

my experimental setup, which operates below 0.03hé sample area.

Figure 2.6, SEM image of a released Ni:Fe nanowire. The fatimension is around 200
nm and the length is abouty®n. The insert is the EDAX measurement of an etdidiede

plated AAO membrane.

2.3 Properties of Magnetic Nanowires and Nanowires of Other Materials

14



EDAX is a powerful tool for exploring the compositi of my magnetic nanowires.
Though typically not viewed as an accurate quaitéamethod, it is reasonable to assume
that the elemental analysis will give us the reswith accuracy no worse than 5% with
heavy metals. My measurements showed that the negsowere alloy of Ni:Fe in an atomic
ratio of 90:10.

It is interesting to know the magnetic property af individual nanowire. The
sensitivity of the commercially available supercoctihg quantum interference device
(SQUID) is no higher than T0emu. The magnetic moment of a single nanowire ithée
range of 10 to 10+ emu, two to three orders of magnitude smaller thandetection limit
of the SQUID [21]. Another graduate student in group, Tim Meehan, measured magnetic
properties of a small piece of a Ni plated 200nranciel AAO membrane [22]. His plating
procedure was very similar to mine and the AAO meme was also from the same supplier.
Based on the channel density, his calculation sHotlvat the saturation magnetic moment

per rod with the applied field oriented paralletigrerpendicular to the rod axis respectively
were m, = 7010 ° An? and m, = 7.9010™° An?. There was no significant difference of the

magnetization between the parallel and perpendiariantations of the nanowires. He also
applied a linear fit to obtain the remanence ardstisceptibility of Ni nanowires. The results
showed Ni nanowire is “soft” magnetic material wibercive field 100G and reaches 90%
saturation at 4000G. To get a sense of the “saftrefany Ni:Fe nanowires and at what field

strengths they are saturated, | also did a quicksomement on a Ni:Fe plated AAO

membrane without normalization of volume or madgh@ugh the data was too sparse to be
exact, it is obvious that the coercive field of Pgrmalloy nanowire was no more than 100G

and the material reached 90% saturation at 200@refdre, under most of my magnetic
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manipulation experiments, it was safe to treateagaturated Ni:Fe nanowire as a constant
dipole as long as:

1. the initial field strength was stronger than 200G;

2. there was no de-magnetization procedure applied.

Due to the ferromagnetic nature of the Permallayomares, there is a remanence left
in each nanowire even without an external magrfetld. The remanence field led to the
head-end configuration of nanowires when droppingiamowire suspension on a flat

substrate (figure 2.7) in the absence of a stratereal magnetic field.

LI R R | LI |
UNC 10.0kV 8.1mm x4.50k SE(V) 07/23/2003 10.0um UNC 10.0kV 8.0mm x3.50k SE(U) 07/23/2003 10.0um

Figure 2.7, SEM images of Ni:Fe nanowires adopted a soutthnor “head-end” chain
configuration. The yellow circles indicate the “deand” configuration. Noticeable here is
that, due to the nanowire growing from an uneven Sgaling layer, the feet (end) of

nanowires are not very regular and are easy tmdigssh from the head.

The template plating method was used for other Inmetaowires in our lab as well,
such as Au, Ag, Cu, Co, and Ni. Also of interest sggmented nanowires composed of more
than one element. | synthesized Co nanowires capfhdlL um Ag in a custom made AAO

membrane with 100 nm channels as well (thanks td_8rZhang’s help). The capped Ag is

16



a good surface plasmon material which may introdotaresting optical properties into the
final product. TEM images (figure 2.8) showed thHahave successfully resolved the
hydrolysis problem in AAO templates with channeésd than 100 nm. The electron

diffraction pattern of the Ag-capped portion in &M revealed the crystal nature of the

deposited Ag nanowires (figure 2.8).
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Figure 2.8, TEM images and electron diffraction patterns ofdagpped Co nanowires from a
home made AAO membrane. The nanowire diameteoishar100nm.
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CHAPTER 3 — Standing Ordered Nanowire Structures

3.1 Introduction

In Chapter 1, | discussed the potentials of megwecactuators in different
applications such as sensors, mixers, and fundtmoatings. Significant progress has been
made in mesoscopic actuable device fabricationniqoles. Traditionally, lithography has
been used for sub-micron actuator fabrication [18lt the limited aspect ratio in the
direction of the exposing beam and the high cosit lits application in many areas. Bottom
up strategies have been gaining more interestpe$of avoiding some of the shortcomings
of lithography. A significant challenge is the dtlyilto fabricate actuators through a bottom-
up strategy. Self-assembly strategy is a commomoaph in the field of nano technology.
Researchers have demonstrated many strategiesdduging highly ordered sub-micron
structures with static charges, interfacial stressbemical affinities, and magnetic forces.
Specifically, nano spherical particles with stati@rges or magnetic dipoles are well-known
to be building materials for self-assembled 2D DrsBructures such as lithography templates
[3], photonic crystals [5], and exotic new mategif8] [6]. However, my research represents
the first time that magnetic nanowires have begiioe®d as a building material for patterned

structures [7, 8.



The fabrication strategy described in this chasex significant step forward in the
field of bottom-up actuator fabrication since iaddy controls the standing nanowire array
lattice structures without the help of any kind lwhography, while still being flexible
enough to adjust wire-wire distance if requirede@ey concept here is the separation of the
assembly steps from the fabrication proceduresnl mmanipulate free magnetic nanowires
into desired patterns without being concerned whth template confinements. Researchers
have already shown that a long-range force, eveara weak one, leads to a quasi-long-
range ordered structure, a 1-D Wigner structurgtead of an amorphous structure [9]. |, for
the first time, fabricated standing magnetic nameveirrays with Wigner structures using a
weak long-range magnetic force. The semi-perioditepns of these free standing nanowires
were tunable in-situ during the fabrication proaedu The adjustable mean lattice constant
of the self-assembly patterns was controlled, nreasuand shown to be theoretically

predictable.

3.2  Theories on Tunable Self Assembled Wigner Structures

3.2.1 Formation of Close-packed Wigner Lattice Structures

Studies have shown that multiple dipoles (like ®tets, plasma clouds or, in our
case, magnetic dipoles) inside a radially symmetoiential confinement will self-assemble
in closely packed ordered patterns, and specificdlis well known that paramagnetic
particles form a semi-periodic lattice under suUgaagnetic confinement [5, 10-14].
However, the use of ferromagnetic nanowires to fpredictable super-lattice structures has

not been reported.
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The permalloy nanowires used in this dissertati@mewferromagnetic (Chapter 2).
Similar to paramagnetic particles, they can forwsetpacked patterns in a magnetic field
with a parabolic profile. Before discussing thigtpan based on scaling arguments, it is
interesting to see the visualized simulated seffelably patterns of multiple magnetic
nanowires based on a Monte Carlo simulation.

The Monte Carlo simulation method | used here wt introduced by Nicholas
Metropolis [15, 16] and then applied to a 2-D plassystem [17]. If we know the positions
of N particles in a finite space, it is easy tocaddte the potential energy of the whole system.
| simplified the simulation by treating my magneat@nowire system as N identical magnetic
dipoles starting from a perfect hexagonal latticeai parabolic-shaped magnetic field, E =
A+(x>+y?)/B, where A and B are two parameters definingshape of the magnetic field, x
and y are the dimensionless 2-D coordinates, aisdhie dimensionless field potential.

If we assume the balanced dipole-dipole distanaaush larger than the nanowire
radial size, we can simplify the pair-interactiatween these nanowires as,

_Ho D,

4 '

MM,

r=r

int

I @,

Here, M, r; are dipole strength and position respectively. fléld energy is then

E,, =t EN M.B

field — i (ri)
g (2).

The energy of the whole system can then be wréten
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In 2D case, the new position 8 given as,
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X - X+a¢§

Here the parametery is the maximum allowed displacement, afild’ & are o odom

numbers between -1 to 1. This means the movemeanyfparticle in mysimulation is

equally likely to be anywhere within a square®®. For each move, dajculate the energy

changdE . If AE<Q, | accept this new position due to its lowerrggeif AE >0, the move

will be taken based on the comparison between arﬁg\g,om numbee, T [01hnd the

probability exp(AE /KT). Whené, < exp(-AE /kT), the new position is accepted and when

>exp(-AE /kT), the old position is retained. ¢

The simulated dipole pattern shown in figure 3.hibits a hexagonal feature.
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Figure 3.1, A self-assembled Wigner lattice structure of deragnetic dipoles from Monte
Carlo simulations. The dimensionless simulated [rasubased on uniform ferromagnetic

dipoles in a magnetic field with an arbitrary paskd profile.

Besides ferromagnetic nanowires, | studied the chsnultiple paramagnetic spheres
in a magnetic field with a parabolic profile to theer understand this assembly mechanism.

Ferromagnetic particles behave as superparamagesetites if they are smaller than a
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minimum single domain size at a specific tempemtilihe characteristic coercive field and
the remanence in the hysteresis loop (dashed Ioofgure 3.2) of bulk ferromagnetic
materials will not appear in an ideal superparareignmaterial (solid loop). Under
relatively low magnetic field strength, when the jondy of the atomic dipoles are not
aligned with the field, paramagnetic materials bxhimagnetization according to Curie's

Law,

M=c2
T (5)

where M is the resulting magnetization, B is thegnsic flux density of the applied field, T
is absolute temperature, and C is a material-gpeCifirie constant. For the simulation of
superparamagnetic beads, the only difference i thstead of a g constant, in

M=C—
the Permalloy nanowire case. Again, this simulaticas only for T

the purpose of
a qualitative comparison, and was done on an arpitscale. The similarity between the
simulated patterns in both of the ferromagnetic #nr@dparamagnetic cases are obvious, both

showing a hexagonal structure (figure 3.3).

Figure 3.2 Schematic of typical hystersis loops of ferromgtgnmaterials (dashed line) and
paramagnetic materials (solid line).
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Figure 3.3 A self-assembled Wigner lattice structure of psagnetic spheres from Monte
Carlo simulations. The dimensionless simulated Itasubased on uniform paramagnetic

dipoles in a magnetic field with an arbitrary paskd profile.

3.2.2 Mean Lattice Constant Manipulation

One unique feature of my magnetic self-assemhdgerlure as compared to
other self-assembly techniques is that the dipgletd distance of the final self-assembled
patterns is tunable [11-13]. The mean lattice amstorrelates to the magnetic field strength
by a simple power law relation as revealed below.

There are two methods of calculating the mearesealue g from a 2D
position coordinate matrix. In the first, by usiagpair distribution function (PDF), it is
possible to find the mean dipole-dipole distancenfithe first peak position. The second is
by triangulation. | adopted Delaunay Triangulatwin2D data for its straightforwardness
(figure 3.4). One of its properties is that the esigf every triangle do not contain any other

data point [18].
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Delaunay Veronoi Delaunay

triangulation diagram and Voronoi

Figure 3.4, Demonstration of the Delaunay Triangulation psscand its relation to Voronoi

diagram in 2D (copy from [18]).

Based on a custom modified, double precision aetion open executable C++
package by Hua yang (which has been tested extndnr its correctness) which reads a
file of point coordinates in 2-D, | produced a FBusipt file containing an image of the
Delaunay Triangulation of the data points. | albtamed the mean lattice constant, which is

calculated by

Here @ is the mean lattice constant, N is the particleber and Lis

L = \/(Xi+1 =X+ (Y - ) 7).

The X and Y values are the readouts from the Dalpdmiangulation.
The ferromagnetic dipole configuration is obtairfesin the coordinate dependent

part of the Hamiltonian, which can be written as,

N 2
_ by M
H = _Clz MBOI ri2 +ﬁTZ
i=1 i<j ri _rj

| (8)
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based on equation (3) and an assumed external tradmdd with a parabolic profile

B=B, (C,-Cyr?) (as in equation 11). Here r is the radial diStmelongitudinal axis of

the tapered core,(Bis the field strength at the center of the sanpfd@e, and gandC; are
two constants defining the parabolic shape of ilé.fScaling considerations yield a power

law relationship

HoM é
a, [ (B—m) 9)

In the ferromagnetic nanowire case (M being a @niktthe dimensionless lattice distance

1
scale gis tunable by tuning field strength,Bvith a simple scaling lava, [ (Bi)5 :

0l

3.3  Experiments with Standing Nanowire Structures
3.3.1 Self Assembled Standing Nanowires in Liquid

Figure 3.5 outlines the setup for nanowire arrdyritation. Through a custom-
designed magnetic field with a parabolic profilanawires first aligned along the magnetic
field direction. Then, the convergent magnetic gratpulled the nanowires toward the tip
position. During the entire procedure, the nanosvikere relatively parallel with each other
and would repel each other when they were too cliise competition between the attractive
and the repulsive forces would lead to a balantedtsire.

The magnetic field at the sample area was reahyea solenoid with a magnetic core
at the center. The core material is soft iron véathigh saturation field strength and small
remanence. The core was designed with a sharpethfipr(6 mm in diameter and 15 mm in

height) to produce the desired magnetic field. Meaments showed the tip end was aib0
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diameter flat plane. The magnetic field strengtthatsample area (1Q0n above the cone
tip of the home-made solenoid) was simulated ugiidMLAB (Comsol Group) with

MATLAB (Mathworks) as (figure 3.5)

B =0.196-65%10°r? (|r| <100um) (10)

or B=B,, (C, —C;r?) (|r|<100um) (11).
Here r is the radial distance to the longitudingisaof the tapered core, Bis the field
strength at the center of the sample planear@C,; are two constants defining the parabolic
shape of the field. The input is 300 Amp-turns.Bexperiments and simulations showeg B
was linearly related to the surface current densftyhe solenoid with moderate current
inputs (0.1 Ato 2 A). Simulations also showed tihat parabolic shape of the magnetic flux
density would not change in this input range. Ineotwords, @ andC; are constants in the
linear region. This parabolic potential can exeneatical force to drive nanowires down
toward the solenoid tip and a spherical contraatimefinement to densely pack them at the
same time.

Self-assembled nanowire arrays were planted inftgpsbymer supporting layer for
actuation purposes which are discussed in detaténnext chapter. An aqueous nanowire
suspension was dropped inside a PDMS well whichphaased on top of an uncured polymer
layer as in figure 3.5. The substrate was a #O0sgtawer slide which had undergone an
intensive Q plasma treatment. By controlling the spin spedtjralayer (<5 um) of uncured
Sylgard 184 (Dow Corning) PDMS mixture was coatadtos cover slide. It is worth noting
that to produce PDMS thin films without bubblesdedects, the PDMS pre-mixture should
undergo an intensive vacuum de-gassing procedtaibleSself-assembled patterns appeared

within seconds after we turned on the assemblyl.fiuring this time, the polymer mixture
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was still uncured and worked as a lubricant betw#ennanowires and the cover slide,
allowing the nanowires to move laterally. By seagtithe sample on a 70 °C hot plate
overnight, the roots of the free standing nanoairay were cured inside the PDMS film. To
limit the water evaporation, a layer of mineral @ila lid on the sample was necessary. For
better adhesion between the polymer mixture ancctiver slide, a layer of HMDS (spin-
coated with 4k rpm for 50 s) was applied beforehandour moderate magnetic fields,
typically no more than 0.2T, these magnetic dipagsented parallel with each other and
stood perpendicular to the polymer substrate. féi§u6 is a top view image of this patterned
structure taken by a CCD camera. Here each blatkisda standing nanowire pointing

toward the viewer.
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Figure 3.5 Top, schematic setup for standing magnetic namodevice fabrication. The

solenoid was made of a lead iron core (15 mm lapgred end on a 6 mm(diameter) X 40
mm(height) cylinder) with 300 turns of copper wifehot plate with a thermal couple feed
back control was used as sample holder. Througmaloand lateral (not shown here) CCD

video microcopy, self assembly fabrication proceduand the subsequent actuation were

recorded; bottom, magnetic field at t.ﬁ%mple plane (300A) as simulated by Femlab. In the

sample areal| <100um), and ith medium field strength (H < 0.2T), the magnetid

strength could be approximated by a parabolic ca@nfient very well.

30



Figure 3.6, Top view of the self-assembled magnetic nanowinay rooted inside an
uncured PDMS supporting layer. The black dots msgre standing nanowires pointed
toward the viewer. As seen in this image, there s@se irregular debris still inside the

sample. This might be one of the reasons thatdttied pattern was not very regular.

3.3.2 Standing Nanowire Arrays in Air

Many applications have been suggested for freedstgnstructures. For example,
researchers have already demonstrated that sinslarctures fabricated either by
photolithography or by self-assembly of magnetiad$ can be used as surface property
controllers, optical switches and separation desyic¥ [20] [21].

| have tried to make self-assembled standing magmetnowire arrays in air to
explore applications other than stirring in fluiddbannels. C@critical point drying is a
routine process used to dry delicate structures.wWater used for standing array fabrication
was replaced with COAnd CQ has a critical temperature 35 °C at pressure pad(R2].
Ethanol was used to aid the mixing between, @@d water. Therefore, if the water was
replaced with liquid CO2 and the temperature wasnthaised to above the critical

temperature, the liquid CO2 would change to vapithaut surface tension effects which
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might have otherwise distorted the morphology of dewvices. However, Cfethanol
solution swells the PDMS, limiting the effectivesed this critical point drying procedure.
Other problems may also contribute to the poorisalvrate of the nanowires after drying.
For example, the poor wetting between the PDMS thedmagnetic nanowires might not
form a strong enough bond between the nanowires taadsupporting PDMS layer.
Therefore, | made standing devices using epoxydaseto resists AZP 4620 and Su-8
series as the supporting layer.

The details of the procedures were similar to tfeegdures that used PDMS. First, a
thin layer of photo resist was spin-coated on acalide. The solvent in AZP 4620 dried out
quickly during spin coating which might have male tincured polymer film too hard to be
penetrated by nanowires under moderate field gnadience, | spin coated AZP 4620 with
4000 rpm for only 20 s in order to retain its sefia. This coated cover slide was placed on
the hot plate shown in figure 3.1. Because epoxgtghksists harden when heated, a
subsequent heating at 70 °C would hold the rooth@patterned nanowires firmly. | used a
solenoid to generate a magnetic field with a pdralqmrofile as described earlier in this
chapter. Ideally the final standing devices woudgddrmimicked the pattern shown in figure
3.6. Figure 3.7 are the SEM images of my best tesuding AZP 4620 as the supporting
layer. The original close packed self assemblyepast seen in liquid were not shown
because most of the nanowires were pulled dowmgduhe drying procedure. In most cases,
only several individual nanowires survived, stagdinside the SEM chamber. It is of
interest to us to find appropriate supporting makerthat can sustain the drying process

while bonding strongly to the roots of the nanowirrgside, in the future.
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One interesting finding is that the standing namesvion top of a rigid supporting
layer like AZP 4620 and Su-8 never showed deteetabtuation by an external actuating

field around 0.2 T. This is further discussed ia tiext chapter.

QA B4 Srvm W <1

Figure 3.7, SEM pictures of magnetic nanowire standing framAZP 4620 supporting film
in vacuum. 1. SEM image from a 45 degree stagan@.3., SEM images from a 90 degree

stage.

3.4 Discussion

Figure 3.8 is another experimental self-assembtyepaof a much smaller
number of magnetic nanowires than in figure 3.6Chapter 3.2, | have mentioned that the
mechanism for this regular structure is due tolb#l@nce between a contraction force due to
the external magnetic field and a repelling forae tb the parallel magnetic dipoles.

Both experimental and simulated results (figure &8 figure 3.1) showed a close
packed Wigner lattice. Due to the fact that magnptbperties of a single nanowire were
hard to measure, and the difficulties in measutitg magnetic field strength at this small
scale, the simulation was only performed to shogualitative similarity. The scales in the
simulated data are arbitrary. Noticed “defects’agieid from a perfect hexagonal lattice
structure) in the experimental results were cabsed

(1) the competition between two types of orderimige into a radial symmetric shell

lattice and the other into a Wigner lattice[10,;23]
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(2) the distribution of rod length, and therefolne dipole strength. For example, in
experiments, the strongest dipole will be attradtedhe lowest energy position,
repelling the near neighbors further away. This l&xpd the reason why we
sometimes saw longer dipole-dipole distance in déeter instead of the shortest

dipole-dipole distance predicted by the simulation.

Figure 3.8 Self-assembled Wigner lattice structures of f@agnetic dipoles in a magnetic
field generated by a sharp taper-shaped solenord my experiments. Each black dot here

represents a standing nanowire pointing towardigeer.

Mean lattice constants of my experimental reswise calculated by the exact

method demonstrated earlier in Chapter 3.2. Fi@®es the triangulation result of part of

the figure 3.6.

34



Figure 3.9, Delaunay Triangulation of part of a self-assemlgattern image in figure 3.2.

Every apex position is where a standing nanowipgmisating toward the viewer.

| used a home-made solenoid as shown in figuret@.8ssemble and fabricate
ordered standing nanowire arrays. Scaling condidesa of function (9) can be further
derived to

8, 0 (44> o (Hhy:
ol (12)

as long as the B and input current | maintain a linear relationsfwhere g is a mean
dipole-dipole distance scaleyBs the magnetic field strength at the radial syitnime&enter
under current input I). In the ferromagnetic namewcase (M being a constant), the
dimensionless lattice distance scajeisatunable by tuning field strengthyBSo, in the
ferromagnetic case, as long as the linear relatiprisetween the input current | and the field
strength B holds (in our set up, this correspdndse current input from 0.1A to 2A X 300
turns), this simple -0.2 power law relation betwées lattice constant scalg @nd the input

current | is valid. The linear Ln-Ln fit of the essppmental mean lattice constant\es. input
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current | showed a power law relation of -0.19 (fig 3.10), close to the theoretical
calculation of function (9). It is worth noting thahen the input current approaches 0 A, the
remanence of the core will be the dominant compbriére scaling law may likely be biased
from this simple scaling argument in that casesfias, due to measurement difficulties has
not been studied.
In the paramagnetic case, unlike what was predibie&olosovsky [23], we found

the mean lattice constant of 2u8n paramagnetic beads also varied with changingeotrr
inputs. There is no simple scaling relationshiphsas that found in function (9) in the

paramagnetic case. This is becaleis a position dependant variable, and so ther®is

simple coordinate dependent Hamiltonian functiochsas (8) and the scaling argument in
function (9) is no longer valid.

This scaling argument is a general guide for asegimesoscopic ferromagnetic
materials by parabolic magnetic confinement. Byiglesag magnetic fields with desired
profiles or artificially inducing pre-patterned nmagjic lattices, we believe modifications of
this self-assembly procedure can lead to more deaiptl assembled structures and lattice

structures with a wider range of tunable latticestants.
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Figure 3.1Q Dependence of the mean lattice constant on therduinput. Ln-Ln plot of
nanowire array average lattice distance vs. curnmgmit shows a -0.19 power law decay
relation.

3.5 Summary

In this chapter I, for the first time, demonstratew explained the possibility of self-
assembling magnetic nanowires into a predictalilsecpacked Wigner lattice structure. The
fundamental mechanism was interpreted based orcdbedinate dependent part of the
Hamiltonian of this system.

One unique advantage of the self-assembly techmnguaeluced in this chapter is that
the dipole-dipole distance of the final self-assBnpattern is tunable in situ. This is the first
controllable self-assembly experiment demonstréedising magnetic nanowires. | found
that the mean lattice constant followed a simple/grolaw relationship with the solenoid
input current. My experiments demonstrated the ipogg of using relatively simple
methods to efficiently manipulate the self-assemiflysub-micron diameter nanowires for
real applications. This may inspire the idea ohganagnetic dipoles for more complicated

and regulated structures.
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CHAPTER 4 - Actuating Standing Nanowires by Externa
Actuation Magnetic Fields

4.1 Introduction

As discussed in Chapter 1, one of my researchesiterns to precisely manipulate
sub-micron magnetic nanowires in 3-D. Researchare lsuggested using a single free
floating magnetic nanowire or a chain of paramagnbeads as stirrers in microfluidic
systems[1] [2]. As far as we know there have beersurccessful attempts to use standing
magnetic nanowires (as introduced in Chapter 33ulismicron actuators. These standing
magnetic nanowire arrays could be actuated in aafhuedic device by a home-made three-
dimensional magnetic force microscope (3DFM) sy§sénWe believe they can find direct
applications as active micro-mixers in microfluidigstems, surface property modulators or
prototypical man-made rigid cilia.

Figure 4.1 demonstrates how these ideal structcoetd be used as mechanical
actuators. The inherent magnetic dipoles of thes@rhagnetic nanowires will align to an
external magnetic field. By programming the magnégld, these magnetic nanowires can
realize complicated and time variant 3D orbits.tthis chapter | describe the actuation

experiments and discuss the mechanism of this amtua



magnetic nanawire
/ self-assembly array

# 0 cover slide

Figure 4.1, Schematic of patterned magnetic nanowire array&ing as actuable devices.

Our 3DFM combines a conventional optical microscegth a custom designed
magnetic force subsystem. Forces are exerted thrthug magnetic pole pieces by a set of
computer controlled coils. The subsequent respoas@sagnetic tracers inside the sample
cell are then able to be measured. This enables rBdahanical manipulations and
measurements to be performed on specimens in avasive way [3].

There are several advantages to using magnetiedoover other manipulation
methods. For example, due to the fact that mosh@fsamples relevant to biologists have
very limited magnetic permeability, magnetic foreeertion offers us the ability to treat
samples without direct contacts. It offers the tépg to exert larger forces than other
noninvasive techniques, such as laser trappingedg3].

In our lab, we are attempting to explore forcestesl to many biological functions.
Some of the experiments require maximum force,noatthe ability to exert forces in three
dimensions. Others require the application of amem3D torque to the sample while not
requiring a large force. Obviously it is not possito fulfill all these requirements with just
one pole piece design. In this chapter | demorsttheé design and fabrication of thin

Permalloy magnetic pole pieces.
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The major challenge in the design of pole platespatial coexistence of imaging and
the application of forces. In the 3DFM, the imagargl tracking subsystems share the same
optical path near the specimen, both travelinguphothe objective and condenser lens. A
typical high numeric aperture lens has very limieatking distance (specifically, one of the
3DFM setups,Hercules when using a water immersed Nikon 60X1.20 WI Phgro
objective lens, has a total working distance ofuatb 220um). Hence, thin film, high
permeability magnetic pole pieces are necessargn EHvough most of our pole pieces are
laser cut today, we have developed a procedurabtachte thin film pole pieces of different

complex designs with superior accuracy that may &pplication in the future.

4.2 Materials and Methods

4.2.1 Design of Thin Film Magnetic Pole Pieces

One specific force subsystem is a so-called “6 p@sign” which is under patent
application by our group [4]. Figure 4.2 demongsahe conceptual setup of this design, the
purpose of which is for applying a time variant, Blagnetic force and torque in the sample
area. Six poles sit at the centers of the six fades cube in a face centered cubic (FCC)
geometry. Thin magnetic films with high permeapildan guide magnetic flux generated
from a set of flat cores to the tapering tips. Ctaxptime variant magnetic fields can be
realized by controlling magnetic flux in betweere tholes through a computer controlled
interface program called “Blender” [5].

For a superparamagnetic sub-micron particle, tdtedad moment m is proportional

ms(yr -1
21y, +2

to the incident fieldn =

)B, where 1, is the permeability of free spacg, is the
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relative permeability of the bead, and d is thewrditer of the bead [6F = um(B, so the
force applied by the pole tips is highly dependamtthe field strength B. To get a better
force response, the distance between these sixtipslavas small, typically 200-400m

away from each other according to the experimertalirements.

Y,

-..{ /T
<\/i.;

Optical axis (dashed line) is These points form a pair of Magnetic flux is conducted by
perpendicular to two planes. parallel equilateral triangles thin film cores in two parallel
each containing three face- with a cylindrical working planes to the pole tips having

centered-cubic (FCC) points.  volume between them. centers at the FCC locations

Figure 4.2, Schematic of the face-centered-cubic thin filngnetic pole pieces placement in

two closely spaced parallel planes. (Publishedyarfeom [3])

Another design was a so called ‘comb’ design wiéchiustrated in figure 4.3. The
six feet guiding magnetic flux to the sample araa be divided into two groups. The comb
design can apply force to relatively large areatdad of applying the force in a 3D manner
as described above, this design uses pole piecaslyrone plane and exerts an essentially

2D magnetic force.
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1 0.0B8mm setback
2 0.1mm set back
3

Figure 4.3 Designs for thin film magnetic pole pieces usedarce subsystem in 3DFM.
Top, 6-pole design and the actual fabricated pm@eep bottom, ‘comb’ design and the actual

fabricated pole piece.

4.2.2 Magnetic Pole Piece Fabrication

The masks used for photolithography were desigmezbrelDRAW, offered by the
Corel Corporation. Due to our resolution requiretagriwe used a laser spray printing
technique to print negative or positive designgransparent sheets depending on what kind

of photoresists were to be used. These transpahets act as the masks in contact mode
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photolithography. Both the positive and negativetphesists were used for magnetic pole
piece fabrication.

1. negative tone photoresist NANY Su-8 2000 series (MicroChem), near UV

(350-400 nm); epoxy based resist, used for thiok RIEMS application

2. positive thick film photoresist AZP 4620

The fabrication procedures associated with eachopdsist are very similar. Both
were first spin-coated on a plasma treated surfforeAZP 4620, in order to improve the
adhesion between the photoresist and the subs&rddexamethyldisilizane (HMDS) EtOH
solution (kindly offered by MCNC-RTI with unknownoncentration) was spin-coated at
around 3000 rpm over 60 s prior to applying thetptesist. HMDS is widely used to form a
strong bond to the surface by silylation procesg[7Then, after a careful pre-baking
procedure, cover slides with photoresists were aatrexposed with optimized dosages of
near field UV radiation. Depending on the positirenegative nature of the photoresists used,
complementary masks were chosen. A subsequent beltthg procedure was required
especially for AZP 4620 for better mechanical praps and faster chemical reactions inside
the polymer. After using suitable developer, amsing carefully, the templates were ready
for electrodeposition [8].

In Chapter 2, | mentioned that electrodepositioa iIsommon method for fabricating
Micro-Electro-Mechanical Systems (MEMS). Bare glassan insulating material. The
successive plating of metal inside the templatetimead above requires coating a layer of

metal prior to the plating procedure. We thermalmporated 40 nm of Cu on the cover slide

[0}
surface as a conductive layer with a AGof Cr as an adhesive layer between the Cu and the

glass. Not only does the inner stress betweerhgrenally deposited Cu and glass need to be
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released here, but the interfacial stress betweemplated Permalloy and this Cu layer was
also carefully released by adding organic additiVgpically, electro deposited Ni:Fe (80:20)
alloy is a mixture of FCC and BCC polycrystallinaterial [9]. | noticed that without fine

tuning of the chemical bath, the composition of fihael magnetic plated film was not stable
and the plated film did not adhere well to the s@te. By using some organic additives as
stress releasers, using a pure Ni sacrificial anadé screening through different electrolyte

recipes, | deposited shiny Ni:FFe 80:20 permalloy films inside the templates (Chagie

The bonding strength between the plated film asdsiibstrate was high. Even under
intensive chemical and mechanical processing aadeajghe final plated pole pieces would
not peel off of the Cu substrate. Figure 4.4, shthvesimproved composition stability of the

deposited Permalloy films.

—m—recipe 1
—e—recipe 2

i

Fe content (atomic ratio %)

2 -

T T T T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
deposition time (min)

Figure 4.4, Fe content of deposited Permalloy films vs. démostime. Improved recipe 2
shows much better composition stability compareth wihe starting recipe. Recipe 2 is
available in Table 2.1.

47



The reasons for using Cu as a conductive layeelmtrodeposition are the following:
first, CuO itself can react with HMDS, causing afaresist such as AZP 4620 to bond to it
well; and second, Cu can be easily etched away bgtarated ammonia solution without
damgaging any plated Permalloy parts. The thinrlajehe HMDS will not insulate the Cu
surface, so this Cu layer can act as the workiegtelde for plating Permalloy on Cu. The
chemical bath | used was the same as listed in t€hdy table 2.1. The final plated
permalloy film had a composition Ni:Fe atomic ratifbaround 80:20 as measured by EDAX
(in Appendix). It was a shiny silvery metal layer.

After these steps, | etched away the photoresiebtain pole pieces. AZP 4620 was
easily dissolved away by acetone or other polaamigsolvents. Su-8, however, was much
harder to wet etch without damaging the plated hiayar. | peeled the Su-8 template off by
placing the specimen in a vacuum oven and raisiegeémperature to 20 - 250°C at a
rate of 50°C/min and leaving it in the oven overnight. The &turned to a dark brown film
full of cracks after this treatment and was eabitywn off afterward. This procedure was
also shown to be practical for Su’s application][10

The detailed procedures are listed below as “Pruaeed” for the AZP 4620 based

system and “Procedure B” for the Su-8050 systethemAppendix.

4.2.3 Pole Piece Force Measurements

The plated pole pieces were all tested for magretice exerting capability. The
force measurements were performed under the assumtpat there were no inertial effects
in the system, so there was no acceleration whenonparamagnetic beads were pulled by

plated pole pieces. In other wordsuirg = Faragging @t all times. This was satisfied because
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the dimensionless number Reynolds Number, Re <qichwwill be explained in Chapter 5)
in this experiment. Therefore, based on the tratk®icrobeads inside the sample cell, we

=F

can determine the magnetic pulling force by thek&ofunctior dragging

=67mav,

pulling
where 1 is the viscosity, a the bead radius, and v thel vetocity [11]. We found that for a
specific pole piece, the force measurements wéatvely repeatable (figure 4.5). The force
exerted by a typical plated pole piece can rang®® pN on a 4.nm paramagnetic bead
at a radial distance of 20m away from the pole tip end.

The near field about the tip ends is where theelstrgnagnetic force can be applied.
The magnetic field strength, however, is very deresio the geometry of the plated pole tips
in this near field. Our pole fabrication is not precise as to make the fabricated poles
exactly the same each time, and so each magndéi@meze must be calibrated before use in
the 3DFM. Without fine-tuning the magnetic flux angothe six poles in our 6 pole setup, it
is not possible to generate a repeatable 3D complegnetic field from the same current
input set with different pole pieces. The plot show figure 4.6 is a force measurement of
paramagnetic beads being pulled by two differeategal pole pieces. We applied a magnetic
force to one of the three poles to pull paramagneiicrobeads through Karo syrup. The
other two poles were not activated during the arpant. The difference in the force exerted
by each of the two pole pieces was at least plrtc@used by the pole piece fabrication
(other reasons, including not being normalized lte same relative spatial positions,
differences in the bead diameters, and imaginggssing errors when the beads were too

close to the tip ends, might also contribute te thiference).
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Figure 4.5 Force measurements in Karo syrup onyhrbparamagnetic beads by the plated
pole piece #1; the input current was 2 A.
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Figure 4.6, Force measurements in Karo syrup on b paramagnetic beads by 2 plated

pole pieces starting at approximately the sameatatistance from the tip end; the input
current was 2 A.

4.3 Actuation and Actuation Mechanisms

4.3.1 Torque-Tilting Nanowires with a Soft PDMS Supporting Layer
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There are two mechanisms which could be used toatr standing magnetic
nanowires:

1) the nanowire can be actuated as a bending eaertdd beam;

2) the nanowires can be anchored in a soft substrat can be tilted without bending.

We demonstrated for the first time that a nanowe@ed in a soft polymer could be
actuated by a moderate external actuating magfielic The experimental setup shown in
figure 4.10 is a lateral microscope with a CCD widautput focusing through a liquid
reservoir with two parallel glass walls. The extdractuating magnetic field was generated
by moving a permanent magnetic bar (NdFeB Disdi&’x 0.25” thick) in the same plane of
the sample, toward and away from the sample, whimiiesponded to a field strength
ranging from 291G to 6G normal to the nanowire Bipdirection. The snapshots from
recorded movies are also shown in figure 4.7.

The supporting film materials were not limited tOMS. Photoresists like AZP 4620,
UV curable silicon coating and other materials was® tested, but only the nanowire arrays
with a PDMS substrate were actuable.

Due to the fact that the actuating magnetic fieeswormal to the nanowire easy axis,
the dot product of the forcé,= mB is trivial. Therefore the external actuating magne
field applied a torque to the nanowire instead dbrae. The tip end displacement of the
nanowire in figure 4.7 could either be caused btitaver bending or tilting of a rigid body
due to the softness of its supporting substratethin cantilever case (figure 4.8), the

displacement of the rod projected in y directiopjsuthen [12],

uy(x):Lx2
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Or rewriting it in terms of torque per volumg, andl, = Jyszzgr“(lz is the area

moment of inertia of the rod),

T L
v X2

Er? )

0=

Here E is Young's modulus; L is nanowire lengths manowire radius; and x,y are the

coordinates illustrated in figure 4.8.

o . g . LT E 1 [ &

Figure 4.7, The lateral microscopy system to explore actmaticechanisms. Top, lateral
microscopy video system with 20X objective useddoord the movements of nanowires
actuated by an external magnetic field. The cenelibw part is the sample cell with two
glass walls. The sharp tip at the bottom can gémeranagnetic field with parabolic profile

in the sample area. The actuation was realized @ying a permanent magnetic bar on a
micro-stage. The CCD video output was recorded byideo tape; bottom, side view
snapshots show a standing magnetic nanowire rootB®MS layer actuated by an external
magnetic field ( from image A 291 Gauss to imagé Gauss and then back to G 291 Gauss).

The length of this nanowire is 22 um.
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In the Stoner and Wolfarth model for the total gyeof a magnetic ellipsoid of

revolution, the energy is the sum of magnetizatiod shape anisotropy enerdi&3]:

_ HoM 2
Erod - _BMs COW_T(Nb - Na)COSZ(w— 6) (3)

where ¢ is the angle between the field and the magnebzatioment of the nanowire afd

is the angle between the field and the easy axiseofod; Ms is the saturation magnetization;
Ny and N, are demagnetizing factors along the width anditad@mal directions respectively.
For a high aspect ratio nanowirey,-N, = 0.5 [14]. Taking the derivative with respectgo

to be zero,

luOMs

0= |3singo+T(NID - N,)sin[2(¢-6)] (4)

and solving forg at smallg—6 (at week field,¢ ~6[15]), and smalb,

B
IUOMS(Nb - Na)

¢7D9D{1+ } =901+ 2B )™ (B)

MM

For B<0.3T, which was satisfied in my experimenis noticed that this approximate
solution holds well even whehapproaches/2. The direction of the magnetic moment of a
Permalloy nanowire is basically the same as itgitade axis direction when the field
strength is small and the nanowire itself is véender.

r=MJVBsing (6)

So we found

3 M _BLX?
uy(x) = ZS—

. 2B .,
= SII’][HD(1+ Y ) } (7)

oVl's
from equation (2) for the projected nanowire displaent in the X direction. Here V is the
nanowire volume. Using M= 8.33x18 A/m for a pre-saturated Permalloy magnetic
nanowire shown in figure 4.7 (200nm wideu@2long), the displacement of the rod tip is 30

nm under a field of 0.03T, artdapproaches/2. This is negligible compared to the 1@

53



displacement measured in my experiments. | thezefoncluded that the displacement in

figure 4.7 must be due to the rigid rotation of tiamowire in the soft PDMS substrate.

- —
.-_
.‘_
L
-
.._
.‘_
‘_
S
FE—
-
.‘_
.-_
P
S E—
.-—

T=m~B

v
¥

Figure 4.8 Schematic of field bending of a high aspect ratagnetic cantilever, wherg is

the angle between the field and the magnetizatiomemt of the nanowirej is the angle
between the field and the easy axis of the rods magnetic dipole, and B is the magnetic
field.

4.3.2 Actuating Standing Nanowire Arrays in 3DFM

In our lab, we have had a long-time interest iruml movement in living creatures.
To imitate mobile primary cilia such as the noddiacinside vertebrate embryos, we
generated a complex external 3D time variant actgamnagnetic field with a computer
controlled “six-pole” magnetic force sub-systemour custom made 3DFM. One set of the
base functions for the oscillating current inptsampled in figure 4.9 (note that, for each
pair of pole pieces, a fine-tuning based this asetion is necessary). This specific current

input was designed to make a nanowire precess avithne-shaped orbit. Magnetic poles
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were glued to only the upper coils of coils paiy8,1and 5, and to only the lower coils of coil
pairs 2, 4, and 6. The glue used was Elmer’s GliheFhis magnetic field arrangement
worked so well that in most cases a supporting rpelylayer to hold the roots of the
nanowires was not necessary to prevent the nanewom sliding on the bottom cover slide
during actuation. By using either a thin layer ofjfase or plasma treating the bottom cover
slide surface, the friction between the nanowirets@and the bottom cover slide due to the
downward force was strong enough to hold the nam®wn place.

Following procedures similar to those mentionecChapter 3, | fabricated standing
magnetic nanowire arrays inside a flow chamber. fidee ends of the flow chamber were
connected to an external reservoir. Driven by P@trotled current inputs through an
interface program, “Blender,” written by Ben Wild#ganding magnetic nanowire arrays beat
as sub-micron mechanical actuators inside this flelk Figure 4.10 contains the snapshots

of an array of nanowires beating inside a flow cham
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Figure 4.9 The 6 pole force subsystem used to generatece@gsi®g movement. Top, coll
wiring scheme (courtesy b&andra Vicci); middle left, coil pairs coding inreal 3DFM 6
pole stage. Thin film magnetic pole tips were glteethe top 1,3,5 and the bottom 2,4,6 coils
forming a 6 pole design; middle right, a currenpunhset for 6 pole design in 0.011 Hz;
bottom, superimposed images of a precessing naaomithout a supporting PDMS layer

showed improved precessing orbits from A to C with Hz precession rate.
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Figure 4.1 An array of magnetic nanowires rooted inside ppsuting PDMS layer,
beating with a triangular orbit inside a flow chahrSnapshots were taken by a built-in CCD
camera in 3DFMBetty 1. The time sequence was pre-set so that a ti@ngtbit beating
with 2/3 Hz could be performed. Each short bladkfeature is a tilted nanowire projected in
2D. Arrows shown here are the schematic actuatiagnetic field directions which are

projected to the image plane.

Mixing is of fundamental importance for the sucéalsdevelopment and application
of lab-on-a-chip devices[16]. However, micrometese microfluidic devices typically
operate in low Reynolds number creeping flow regirfiRe <1). In creeping flow, diffusive
mixing is a rather slow process and can requirelstantial amount of time and space to
achieve complete mixing [17]. Our devices can waskactive micro-mixers like magnetic

micro-stirrers or as prototypical man-made rigidbci

4.4 Conclusion

Standing nanowire devices have been actuated byhomre made 3DFM as a
demonstration of their use as mechanical actuatesgle micro-fluidic systems. By

fabricating magnetic dipoles with different propest it is possible to adapt this idea not only
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for the fabrication of mixers but also for the fahtion of a large number of

sensors/actuators or optoelectronic devices.
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Appendix,

Procedure A: AZP 4620 as photoresist

1. Mask designing and printing

2. Thermal deposition
. cleaning the substrate: UV plasma clean 1 min utidethigh” power; Acetone,
DI water, Methanol rinse
. thermal depositions: first, a 10 A Cr adhesive tatfeen a 40-50 nm Cu
conductive layer with a deposition speed 1-2 A/S.

3. Photoresist spin coating

Sec RPM Funct. Comment
10 500 pre-treated with HMDS
30 3000 AZP4620 400 rpmfapa
10 Dry
35 2000 Spin-out
4. Pre-baking

30 sec at 60C then 90 sec at 12& on hot plate

5. Second layer of AZP 4620
Sec RPM Funct. Comment
30 3000 AZP4620
10 Dry
35 2000 Spin-out
Repeat step 4

6. Photolithography for AZP4620 resist with 25-30 um thickness

. Exposing: with a power meter reading 10mJ/s, texgdosure time is 7 min,
10’ + 60’ cooling time
. Developing: concentrated AZ400K with gentle stigrin
7. Electroplating
. Recipe
NiSO4 200g
FeSO4 99
NiCl2 59
Boric Acid 25g
Saccharin Sodium 30
H20 1000g
. Using HCI to adjust the pH to 4
. Magnetic stirrer 200 rpm
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Using Ni as counter electrode
pulse 1 KHz, square wave deposition with Peak-takRmtential = 4 V and

ton : L = 1:1 in each period

8. Dissolving AZP 4620
. Acetone rinse
. DI water rinse

9. Dissolving Cu
. Saturated Ammonia rinse, 10 min

. DI water rinse

Pole characterization
File thickness was around 20-25 um ( profilometgasurements in MCNC-

RTI)

. Saturation field strength 0.84 T ( SQUID Magnetcengf at 300K
Coercive force was around 10 G

Composition of the deposited film was Ni:Fe = 80:QEDAX in dental

school of UNC-CH )

. Shape
Fe/Ni #1 M vs.H 300K
0.2
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eFeKa 18.550.2170
eNiKa 81.450.8039
eTotal 100.00

Figure 4.11, Magnetic and chemical properties of plated Nifey thin film. Top, SQUID

measurement of a deposited Permalloy thin film pplece; bottom, plated metal

composition by EDAX measurements
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Figure 4.12 Optical image of the tip ends of one finishech thiim pole piece

Procedure B: Su-8 2050 as photoresist

1. Mask designing and Printing
The same aBrocedure A

2. Thermal deposition
The same aBrocedure A

3. Photoresist spin coating
Sec RPM Funct. Comment
60 2000 Su-2050

4. Pre-baking
. 1 min 60°C on hot plate
. 7 min 90°C on hot plate untill the surface of the polymeatiug is not sticky

6. Photolithography for Su-2050 resist with 40-50 pum thickness
. Using our equipment ( 10mJ/s ), total exposure tism@0 Sec , 10’ + 60’
cooling time

7. Post Exposure Baking
. 1 min 60°C hot plate

. 10 min 90°C pre-set oven then cooling slowly
8. Developing
. MicroChem Su-8 Developer untill IPA rinsing is ndbudy and two point

conductive measurements showing bare Cu appear

61



. IPA rinsing

9. Electroplating
the same aBrocedure A

8. Su-8 removal
. Vacuum Oven 250-30%C over night
. CO, blow

9. Dissolving Cu
The same aBrocedure A

Y ; -
" . ay. -

Figure 4.13 Optical image of the tip ends of one completéa fim pole piece.
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CHAPTER 5 — Hydrodynamics about a Precessing Nanowé in
Viscous Flow

51 Introduction

Many biological mixing and transportation procesaesgenerated by the motion of a
slender body in viscous media. However, both theeamental and theoretical works related
to this motion are overlooked. We have known thiato the cellular scale feeding,
swimming, mixing, and transporting functions happén an over-damped viscous
environment, and on this scale, thermal noise imsparable to or even larger than the active
motions themselves [1]. A better understanding lafdics on this scale requires that
challenging experiments and modeling be done irrotal separate the inherent flow nature
from Brownian motion. My research in this chaptembnstrates, for the first time, fluidic
experiments on the sub-micron scale which revealntture of the flow about a precessing
slender body in a low Re environment.

Cilia and flagella appear very early in evolution@rocesses, providingnicellular
organisms with motility in water. They also taketpa many functions such as the left-right
asymmetric embryo development, cerebrospiledi flow, and mucociliary clearance in
human body [2]. Researchers have not developeds@gehydrodynamic solutions related

to cilia beating without external parameters uthig thesis work.



Cilia and flagella are highly ordered structures. ¢eneral, there are four
subcategories of cilia structures, which are md@Hie cilia, motile 9+0 cilia, sensory 9+2
cilia, and sensory 9+0 cilia [2]. Figure 5.1 illustratas internal structure of a cilium with

9+2 structure.
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Figure 5.1, Schematic of microtubules within the shaft ofieum. The movement of cilia
and flagella is due to interactions between theapperal microtubule doublets. These

interactions require energy in the form of ATP (gdm@m][3]).

One specific example of interest is the presencaatile primary cilia in the node of
mouse embryos. These nodal cilia have a 9+0 aothree One landmark experiment done
by Shigenori Nonaka proved that artificial rightdbanodal flow can reverse the intrinsic
leftward nodal flow and subsequently lead to theersal of the right and left symmetry in
wild-type mouse embryos. In addition, this is tlimstftime a definite example of motile
primary cilia was proved to exist [4, 5]. Essneogwsed that this nodal flow is the basic
reason for left—right symmetry breaking among Jadées since the nodal cilia were found
in other vertebrate embryos [6]. However, the madm of this leftward flow is still under

discussion. Citing Shigenori Nonaks’s, “of the digrss that remain unanswered, one of the
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most important concerns the mechanism by whichvtwtorial flow is generated by the
rotational movement of the cilia.” [7] For exampMgbutaka Hirokawa’'s group argued that
the shape of the node explained the reason thainlyesaw leftward flow in nodal space
(figure 5.2 A) [8, 9]. About the same time, a resbagroup in Spain discussed that the
leftward flow that has been experimentally obserwey be produced by an array of nodal
cilia tilted toward the posterior (figure 5.2 B)QJ1 Other researchers claimed that primary
cilia beat with the same pattern as 9+2 motileciwhich beat in a nonplanar path (figure 5.3
C) [11]. In regard to all these controversies eglab the right-left determination mechanisms
in embryo developments, the key issue is the alesehan exact study of the flow pattern
about a precessing slender body. Without an uratedstg of the flow pattern about a single
precessing slender body, it is impossible to bupda model to explain the leftward nodal
flow in the vertebrate embryos.

In my research, | focused on the hydrodynamics aboprecessing nanowire. The
actuable devices based on the method introducEthapter 3 offered us a solid experimental
platform to reveal the flow pattern about a precgsaanowire. It is the first time a complex

flow pattern was characterized with a comparabl@\Bian component.
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Power Stroke

Recovery Stroke

Figure 5.2, Hypothesis explaining the apparent leftward flavgerved in wild type mouse
embryos; A, triangle shaped node confines the nibolalpatterns; B, primary cilia tilted
toward the posterior direction generates leftwéod/fin a closed space; C, two-phase
asymmetric beating induces a net leftward advec({idnanterior; P, posterior; L, left; R,
right) (copy from [8-11])

5.2  Fluid Dynamics at the Sub-micron Scale

5.2.1 Continuum Hydrodynamic Model
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A basic assumption of fluid dynamics is the Contimu Condition. Liquids are
aggregations of molecules, which by the definitddra liquid which are not fixed on a lattice
but move relative to each other. Properties likasdg and mass can only be treated as
constants when the total number of the moleculgsgléna unit volume remains unchanged. A
generally accepted value for this number densitgdé mm® for both liquid and air at
atmospheric pressure [12]. Below this criteriorisihot appropriate to treat these ensemble
averages as constants. To use the Navier-Stokesti@guwe first assumed that this
elimination of discreteness holds in sub-micronlesdduid dynamics. The comparison
between the experimental and theoretical resultsyeiiify the correctness of this continuum

assumption.

5.2.2 Navier-Stokes Equations and Hydrodynamic Similarity in Viscous Flows

For a Newtonian fluid, the viscous stresses appqational to the strain rates and the
coefficient of viscosity. We can write down the 3Bcompressible flow differential

momentum equation as,

. _@+ﬂ(62u+6u au) du
*oox x> oy* 07 Pt
ap 0% 0% 6 v dv

+ _ —_
= oy (ax ay? 6 Pl dt

6p+ (aw 9°w aw) dw
0z ox*  oy* 07 T (1),

A, ~

These are the incompressible flow Navier-Stokesagos named after C.L.M.H. Navier
and Sir George G. Stokes [13]. This may also béewrias

dv
pg = PI-Bp+ HIN
t (2).
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This can be further simplified as a set of dimenk&ss equations for simple formatting and
easy understanding. Choosing two reference comsstRetference Velocity U, Reference

Length= L, it is possible to rewrite the variables as
Vi=v/U O=L0 xX=x/L Y=ylL 7Z=z/L
t=tu/L P =(p+pdI(pU?)
(the choice of pis not hard to understand if we use the integeddtion in the steady

p

incompressible flow,Lpl+%(v§—vf)+g(zz—zl)=0). Thus, the new momentum
P

equation is

Named afteOsborne Reynoldshe dimensionless number Reynolds Number (Reg¢fised

asRe= o , Where is the liquid densityy is the fluid velocity, | is the characteristic ggh
U

andp is the dynamidluid viscosity[13]. This dimensionless parameter Re can bepraezd
as the ratio of inertial force to viscous force,

ou
. od— 2
Rex= Ir?ertlaIForce B ?X i oJ /2I :U_I ).
ViscousFoce o‘u Jl/l

ox?

For a typical primary cilium in a wild type mousedg, 300 nm diameter, 5 um long and
beating at 5 Hz, using the of water for the nodal medium, Re = 1.6X18< 1. This is a
flow called low Re flow or viscous flow.

The Reynolds Number is the most important dimensgs number for any

discussion of hydrodynamic similarity. To be aldecompare two flows, it is necessary to
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keep their Re values the same. For example, byikgdpe constant we can study sub-
micron fluidics in larger table-top scale experirseas long as we are not concerned with the
influence of Brownian motion. Note that dynamic #amty even in Newtonian
environments may require matching otltgmensionless numberss well. This dynamic
similarity is the fundamental assumption in all digcussions in this chapter.

Many phenomena in viscous flow differ from our ewy experiences. | have
demonstrated that inertia plays no role whatsofareReynolds number as low as 3 What
happens to an object at one moment is entirelyrmigted by the forces that are exerted on
that object at that moment, with no memory of thetpThis low Re environment is typical
in the biological world of cells. Swimming at loweRnolds number is a general way in
which many microbes move, feed, and communicatk thieir environments [1]. In all the
cilia movements mentioned above, the viscous dyvegefdominates.

In Newtonian environments, as long as Brownian amois not taken into account,
everything works ‘reciprocally’ or ‘conservatively14]. An imaginary experiment can tell
this story well enough: if we draw an ink cycledarcone and plate tank full of very viscous
syrup, and make sure to rotate the cone slowlykel@e and then counter clockwise the
same number of revolutions (the angular speed drgatisfy Re << 1), what we see is that
this ink cycle will return to its original shape isiothing had happed! But in real mucus or
nodal fluid, a non-Newtonian model is appropriate.

There are other dimensionless numbers needed toreape fluidic dynamic nature
of a non-Newtonian liquid. Groisman and his growgmeyated turbulent flows in a high
molecular weight polymer solution with Re as low0a86 [15, 16]. This is very interesting

since it is somewhat difficult to understand whybtllence can happen in this low Re
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environment (as discussed above, the inertiaviaknvhen Re << 1). To obtain the correct
description of the dynamic nature, a dimensiontesaber called the Deborah number, De is

needed. This will be further discussed in Chapter 6

5.2.3 No-slip boundary condition

Viscous flow can be treated as “no-slip”, “slip™, ‘tpartially slip” at the boundary
depending on the nature of the physics. Even thaitgthe molecular level mechanisms
related to the whole boundary conditions are atithystery, researchers often assume the no-
slip condition holds in sub-micron biological syst due to the low Re in these
environments.

Mathematically, the no-slip condition can be writi@s[ v, ] = 0, whereyj, is the
component ok parallel to the interface at the boundary. Heasdume the no-slip boundary
condition holds well in all my microbead experinmgimt Newtonian environments, but still

leave the question open until solid experimentalewce is available.

5.3  Model Cilium Hydrodynamic Experiments

5.3.1 Model Cilium Fabrication and Actuation

One of the purposes of my research is to build busb system, which can be an
experimental platform for the study of flows rethtéo a beating cilium. Figure 5.3
demonstrates a model primary cilia beat patteridéna mouse node [11]. The similarity
between this and my precessing magnetic nanowuie#. The differences between the two

are listed below:
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1. My magnetic nanowires are very rigid. Neither thagmetic torque nor the

hydrostatic drag force will be able to bend them;

2. | purposely allow the magnetic nanowire precessutl@o vertical axis for

simplicity. Research suggests, however, that mgtilmary cilia in nodes may
precess along a tilted rotation axis [10].

My sample cell was composed of two cover slide$ wito to three layers of double
face tape as a spacer. The bottom number O cower whs cleaned by a 1 min 100 W
plasma treatment and a subsequent rinsing proce@iwe techniques were used to modify
the bottom cover slide so that the nanowire couddgss on top of it. The first was spreading
a thin layer of vacuum grease on the glass sukfattea stainless blade. Measurements from
SEM images showed that this left a sub-micron lafegrease (in most cases it was not a
continual film). This was a simple way to get a metic nanowire to precess without sliding
while being actuated under 3-D oscillating drivifiglds. The net force down toward the
bottom would hold nanowires in their positions. §technique, however, leaves an uneven
bottom boundary. The other method was to plant waes inside a soft supporting layer.
Soft rubbery PDMS was first spin-coated its pre-pwy form; then later cured. This thin
supporting layer would hold the roots of the namewin place (figure 5.3).

Figure 5.4 shows the top view of superimposed ptiges of a nanowire in a
precessing orbit without a supporting layer. Chpawe succeeded in producing a conical
orbit by finely adjusting our 3DFM driving fields h€ uprightness of the beating cone space
has been verified in real time by ensuring thatrib@ of this nanowire is precisely at the

center of the projected cycle.
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Figure 5.3 Schematic model for nodal cilium beating insidavild mouse node. Left, a
tilted rigid cilium model (copy from [11]); Righthe ideal placement of a upright precessing
rod with a tracer nearby. The green structureshanefilm magnetic poles; the red square is a
0# cover slide; and the yellow layer is the softM supporting film. The magnetic
nanowire will orbit on its root to generate an gplical flow which can be tracked by

passive tracers.

Figure 5.4, Top view of a precessing nanowire and the tranees it. The image is a 2-D
minimum intensity projection from a brightfield mev The projected track of the precessing
nanowire is highlighted by a solid cycle; and theeo gyrating dark tracks are the tracks of

passive tracers. X and Y axis are pixel values.
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Two to three layers of double face tape separatdditom and the top cover slide by
at least 10@um. After injecting the nanowire suspension insige s$ample space, a number 1,
20mmX20mm square cover slide was placed on topegpacer. To minimize macroscopic
flow due to evaporation, | used nail polish to seab ends of the sample. The resulting
optically clear sandwich structure was placed imslte sample holder of 3DFM for further

experimentation.

5.3.2 Passivity of Tracers

To study the nature of a flow, researchers havd asariety of tracers to reveal flow
patterns. For example, by electrolysis, we candddvbubbles along the electrolyte streams.
By recording bubble movements, flow patterns carréxealed. Similar techniques have
been developed using ink, beads and smoke (commair idynamics) as tracers. | chose
Polystyrene Microbeads (Polysciences, Inc.) as ntrer@ers for sub-micron fluid dynamics
research because of their inert nature and avitjabi

To ensure that our designs are experimentally souffidst checked whether the
beads acted as passive tracers. Basically, passigans that the tracers can exactly follow
the flow patterns as if they were point source$ivithe flow. If thermal motion is neglected,
this question can be answered by checking for miffees in motion between particle
trackers and the flow field without tracers inside.

One obvious concern is gravity, or what | referatbthe “settling problem” in my
thesis. As discussed previously, this is a low Bgime (10°). Without inertia, the net
movement induced by the density difference betwbenmedia (water) and the tracers (in

this case PS beads, CAT#24062 from Polysciencespln 1.05mg/cc, Diameter = 0.932
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um) can be expressed as the gravitational fofgewhich is always equal to the drag force,

F, on the tracers,

F, =F, (5).
4

= § lﬂsptracer

— Iotracer B Iomedia
F = Mg£iacer  Fmedia

’ lomedia (6)

F, = 6/mRV
F,=F

Here M is the mass of the tracar; is the relative densityn is the medium viscosity; V is

the tracer velocity; and R is the tracer radius. iBglthese functions for V gives

A
Mg /I)O 2 R%g
= == x 005=0.0875x10° m/sec (7).
6rmR 9 v

During my typical sampling time scale, 300 framesrd&s, the net displacement-\l =

0.22x10° m is less then the tracer diametei”10 and is less than the root mean square of
the Brownian motion displacement, which is around214° m in 2.5 sec. It is therefore
reasonable to treat these PS beads as passive tracedsngghe settling problem, given my
experimental time scale.

Heat convection can be an unwanted source of flad.fWhen a dimensionless
number, the Rayleigh number, Raxceeds a critical value, there will be convecfiosv.
This critical value can depend on boundary condstidn my case, the sample cell is always

closed with the top liquid surface in contact withxa&d surface. According to the literature,

3
' Ra= agATd
kv

diffusivity.

wherea is the thermal expansion coefficientis thekinematic viscosityandx is the thermal
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the onset value for convection in this situation muad R ~ 1700 [17]. My sample cell is
approximately 15@m in Z. The material parametersk andv are 4X10" k™, 1.5X10" m’s
! and 10 m’s* respectively. The Ra10° is therefore far less than 1700 in my set up. So

even though the bottom coils in the 3DFM may creasenall heat gradient in Z direction in
my sample, it is very safe to assume that there is neectiae flow in these sample cells.

However, thermal noise or Brownian motion will alsape present. The well-
established Stokes function gi\& R*> = k—TRt . Taking the tracer diameter to be®h),
\/777

the root mean square of the Brownian displacemembishd 0.8um in water on a time scale
of 200 ms, which is the nanowire precession periodastraf my experiments(=1cp, T

= 300 k, R = 0.5um). This is already comparable with the epicycle sitech will be
addressed more clearly later this chapter. How thisenwill affect the flow patterns near a
beating cilium is also an interesting topic we arenggyto resolve.

It is also important to address the effect of the sizén@® tracers on their passivity.
The force on a particle in a flow is obtained byegrating the local pressure over the surface
of the particle. If the flow velocity field is consiaor linear, the tracer can be treated as a
passive tracer since the surface integration of a aunstdinear pressure around the sphere
divided by the surface area will give the same cohstamass-center pressure value. But if
the flow velocity field is not a linear differentigbfunction, the integration is geometry-
dependent. Depending on the local concavity or ewity of the velocity field profile, the
sub-micron tracer velocity may be lower or higherthhe velocity at the tracer mass center
in the same flow without tracers. Detailed calculagican be performed only if we have the

full flow field. Here | first assume the size of tmader is negligible.
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5.3.3 In Situ Viscosity Measurement and Correction

Two kinds of cameras were used to record Brownianamatf sub-micron tracers for
viscosity data. For brightfield, the camera was a Bjgged CCD Pulnix camera connected to
a high speed blade hard disc, with the ability tetaR0 frame per second (fps), full frame,
and progressive scan. The fluorescent movies wereredphy a frame transfer, cascade
Roper camera. Under circular buffer, frame tranafet fast capture mode, it is possible to
capture a stream of full frame movies near 30 fpsuhd€1 binning and near 100 fps under
2X2 binning. By analyzing tracer tracks with a custt®pot Tracker” tool, it is feasible to

measure tracks to sub-pixel accuracy. Media viscasityirectly derived from the Stokes-
Einstein relationy; :k—T (D, the diffusion constant, is derived fro<rﬁ2>: 4Dt for 2
6/DR

dimensional projections). Figure 5.5 is an experimedéda set taken to show how we

determine the viscosity in situ (in this sampje; 0.79 cp).
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Figure 5.5 Schematic of how the viscosity is measured in sitdt, lbecks of a tracer by

“Spot Tracker”; right, the output of the Browniaadks.
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There are two hydrodynamic coupling effects whichstriae taken into account for
all of these Brownian motion measurements. The firshéswall effect. Researchers [18]
have convincingly demonstrated that the track ofgf@vnian motion of a spherical particle
near a wall is coupled hydrodynamically to the bongdurfaces. This effect may influence
the particles’ motion to a great extent and overlatively long range. The correction

introduced by Brenner [19] in 1965 shows

D, 9 r 1, r 45 r 1. r
=l ) ) () () (8).
0(z=e) r+z. 8r+z 256 r+z 16r+z

Here r is the bead tracer radiusz s diffusion constant at a distance Z away from a 2D
infinite flat surface, and Pis the free space diffusion constant. If choosing eetravith
radius 1pm, the plot of [y /Do to Z shows a more than 10% loss due to the hydrodynami
coupling by the wall when beads argrd away from the bottom substrate (figure 5.6). To be
safe, the Brownian motion tracks were all taken astld@m away from both the bottom
and the top cover slides.

~ Deay/Do

0.9
0.8
0.7

0.6

0.5

Z 4 & = 10 UM

Figure 5.6, Schematic of the wall effect on a Brownian splarparticle. Left, a confined
self-diffusing bead near wall; right, plot offD, vs. the Z distance between the bead and

the nearby wall.
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The second hydrodynamic correction term is the cogpbetween two spherical
tracers close to each other [20]. In the most ides#,daoth spheres have the same radius and
freely respond to each other’s flow field (includitige freedom to rotate) without external
torques. Batchelor [21alculated the diffusion constants in two directions as,

3 1

Dﬂ :—[1+— ——...]
202 0 g
DIj :2[1+i+_1 +. ]
4p 20°

The diffusion constants of the center of mass itBélf,is the diffusivity along the center-
center line between the two spheres &) is the diffusivity in the plane perpendicular to

this central line. Herg is a dimensionless number,= (sphere-sphere distance) / sphere

radius. | must set a minimum bead-to-bead distancedore the correctness of the passive
tracer assumption in order to be able to treat thenR®beads as individual passive tracers.
In my dissertation, | generally lgt> 10 (unless otherwise noted) based on my calculation
(figure 5.7). In other words, the microbead numbensity is no higher than 1 per 106 in
2D when using 500nm radius microbeads.

In general, the PS microbeads | used to characténeeflow patterns about a
precessing magnetic nanowire proved to be almosegngassive. Due to the robust design,

this sample was a reliable platform for repeatablesighy measurements.
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Figure 5.7, Schematic of hydrodynamic coupling between twovrian spherical particles.
Left, the hydrodynamically coupled dipole diffusiomight, a plot of D/ vs. the

dimensionless valug

5.4  Hydrodynamic Discussions of the Flow Field about A Precessing Nanowire

Before we analyze the tracer tracks, it is very irtgarto determine how well we can
control our experimental parameters. | always useckdraf passive tracers in situ to
measure the viscosity. Figure 5.8 is a diagram showaygplarameters in the model cilium

experiments.
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Figure 5.8 Key parameters of the microbead experiments. Thgnete nanowire (L in
length) orbits along the Z axis sweeping a cone stractith tilt anglex, cone height h, and
top cone radiusr The microbead is r away from the precessing axis.t®tige viscous flow
nature (dilute PS bead/water suspension), it is possibi@odel the whole flow field based
on linear Stokes functions. The bead tracks unvels dub-micron fluid pattern near a

precessing hanowire.

5.4.1 Angular Speed of the Flow Field about a Precessing Nanowire

In figure 5.4 we show a 2-D super imposed image of regdietracers about a
precessing nanowire. It is clear that the tracers ltkaitle a large orbit around the precessing
nanowire, and that the angular traveling arc lengibays when the tracer’s initial position is
further away from the nanowire precessing centeul@ch.9). This is a feature of the flow
pattern about a precessing nanowire.

To study how this angular velocity {Mdecays, | processed the data based on a time
window sized to contain an integer number of epeyclThree hundred consecutive frames

(corresponding to 2.5 sec under a 120 fps capturk wee® selected to calculate the radial

angles traversed by the microbead tracers. A dimeles®mnadial distan(a:a was defined by
0
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the mean radial component of all 300 frames (<rwidéid by the precessing cone radiu$. (r

: , r
A linear fit of the log scale of the angles travelesd— reveals a power decay rate of -2.8
r.0

(figure 5.9). Since the movie only recorded 2D infation, the precessing cone height h
and the tracer Z direction height h were measuredobysing in Z with the stage in the

3DFM, which reports the Z position with a +/-in uncertainty. Tilt anglex of the
nanowire was calculated from the relation tafE h / . The tracer precessing an@levas
computed based on a triangle composed of the coneraard the starting and ending tracer

positions ((%,Yo),(Xn,Yn))-

The flow field of a uniform flow past a sphere is,
V, =-Usind(l-3a/4r —a’/4r®) (10)
here U is a uniform external flow,is the radial angle between flow velocity V andddd a
is the sphere radius [13]. Substituting variable r, amanalizing give radial velocity, of
the flow which is generated by a sphere with velodityn an otherwise still flow,
V,'=Usin@(3a/4r +a°/4r®) (11)

when a sphere is moving with velocity U in an unbathdiscous flow. As seen from
function (11), flow fieldV, 'decays as 1/r in the far field. Similarly, flow oudtsiof an

infinitely long cylinder rotating inside an unbounldéscous flow gives

wn’®

r

V, = (12),

whereo is the rotation frequency, a is the cylinder radind ais the radial distance [13].

Obviously, the decaying speed \f about a precessing nanowire is slower than both of

these flows (note here, the angle traveled decayirigrasuggests that thé, decays as Br
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since \j = or).

400 - 354
2.0 L4 -
350 =
-
= 1.5+ H
300 e @ E
§ T 20 £ -
ik} = 3 = <7 £
s ] 5 % 3 £"1 ¥=0.719-2.80 X
1] -
= 5 = 54 r
g s z o
2 200 o o 2
. =4 1 e bagiRiR )
<
150 4 el e
Py ° P9
100 = 0.0
T T T T T T T T T T T T T T T T T 1 . . . . . .
100 150 200 250 300 350 400 450 500 550 1.0 1.5 20 25 3.0 35 4.0
) R 7 Ro
X pixel value
Angle Traveled Angle Traveled
1 .
R R R e I Rt Full Field | o -":'-;:\“_ ~~ Full Field
43 “-" ey
a0 34 --- Far Field | | S <22 Far Field
1 * el —x3
250 4 10 \‘_\
] ~.
q 10 "
200 ] 108 \“‘\.
1 i
107 .
150 - L
] o e
~
100 1w0E T
\\
L ., 107
ol
1 T --:";‘::;.:w 1w0?
o B s 109
15 23 33 43 1 100 1000

Figure 5.9 Angular speed decays in the radial direction inftbe field of a precessing
nanowire. Top left, tracks of dm PS micro beads around a precessing nanowire. Tdles tra
here are superimposed from different experiments feutih about the same nanowire. The
time scales of the data are all the same: 300 fram&ss.ZThe cross center indicates the
location of the nanowire precessing center; top righter angle traveled vs. dimensionless
tracer radial distance.gRs the precessing cone radius and R is the traceaal didtance to
the precessing center. The inset reveals a -2.8 ratio the log-log linear fit. The nanowire
here orbited a cone structure witg R12.61um, h = 14.5um. Movies were taken at 14.5
um above the bottom plane. Bottom, log-log linetpofian angle traveled by a passive tracer
around an arbitrary sweeping spheroid (x is the tracgal radial position rif and vy is the
arbitrary velocity magnitude) to its dimensionlessahdistance rg(courtesy from Terry Jo
Leiterman’s Ph.D. thesis figure 3.19).
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Terry Jo Leiterman reported in her thesis that feplaeroid (an ellipsoid with two of

its axis equal) sweeping out a double cone in freeespaican arbitrary tilt anglé and

2 2 2

spheroid eccentricity e (for a spher%)fg+ y b+22

=1 (a > b), the eccentricity is expressed

as e 5/1-(b/a)? ), the angle traveled in the far field decays ad 1df}. This matches my

measurements (figure 5.11). Her theory of a slenddy pecessing on a no-slip plane
predicts that the far field angle traveled decaysahi/(r/ §)* power law, which does not
match my experiment results [22]. As discussed abovendheslip boundary condition is
supposed to be met, so why this difference exists is stignevhich needs to be explored in
the future.

| only measured the tracks outside the precessing stroeture because of the
technical difficulties of capturing and analyzingaders inside, but based on Terry Jo
Leiterman’s theory, large angular speeds occur inbieleone space. Following the dynamic
similarity argument, table-top macro scale experimeme being explored extensively by a

collaborating group to reveal the flow patterns iagite cone space.

5.4.2 Epicycles of the Flow Field about A Precessing Nanowire

Another feature of this flow is the epicycles showthia tracer tracks (figure 5.10 A).
The periodic epicycles we see are very interesting iSithe first time, both experimentally
and theoretically, that this very unique attributéhe fluid pattern about a beating cilium has
been unveiled. Even though this feature has beenletghpignored in the literature, | found
evidence of the existence of epicycles in nodal flines previously published results [5, 7,

9, 10]. Some of their movies of beads (both in bfigltt and fluorescence models) in nodal
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flow suggest a flow pattern very similar to the epieystructures seen in my magnetic
nanowire experiments [23]. Attempts to simulate thelahdlow patterns [11] have also
suggested epicyclical features in their results. Basetherexperimental and theoretical
studies of flow patterns about a precessing nanowitenjecture that the ignored epicycle
structure is ubiquitous in all these mobile primaryacflows, and it is natural to ask why
these epicycles exist and what consequences may resultifem.

When passive tracers flow around a precessing nanothigg, do not precess in
smooth radial orbits like the creeping irrotatioraln outside a rotating infinite cylinder in
free space. A sub-micron sized particle at room teatpex will definitely exhibit Brownian
motion. However, in the near field, the Browniantimo is dominated by other regular
secondary orbiting features which we call epicycleghis thesis due to their periodic
orbiting apart from the obvious bigger primary osbifigure 5.10 B shows the variation of
the radial components of this passive tracer with redpeifie precessing center due to the
flow generated by a precessing nanowire. The andglitd the epicycle (in this specific case,

around 1m) is larger than the thermal diffusion root-mean-sgulistance in one dimension

V< R* > =4/2Dt =0.42 ym (D :%) within 1/5 sec which is the duration time of one
m

epicycle.

| found this radial epicycle amplitude to be a fumatof several parameters. The
variation of the epicycle amplitude due to diffdramitial positions can be studied by either
setting the focal plane still to record tracers dedént 2D initial positions, or by setting the
radial distance unchanged while recording traceksat different h. Our optical microscopy
system has much better resolution in radial direc{dh226 um) than the resolution in

height (>1 um), so my experimental protocol is toragtobservation plane near the top of
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the nanowire to record the tracks of the microbeadbkat plane. As demonstrated in figure
5.11, three tracers with different mean radial dis¢égnfrom the nanowire precessing center
(but around the same precessing nanowire) showedetiffarean epicycle amplitudes. This
suggests that, if choosing one specific nanowire (winieans defined length, tilt angle, and
orbiting features), epicycle amplitudes of tracerssiolat the precessing cone space decay

with distance away from the precessing center.

¢ A 4.5 o B
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Figure 5.1Q Epicycles in the flow fields generated by a precgseamowire. A, a top view
of a tracer track at gr= 1.27, h/h = 1, closer to the precessing nanowire; B, radialtioos
of a tracer in frame sequence (time sequence)pat 1127, h/g = 1. Blue dash line is the
mean radial value of the tracks; C, a top view dfager track at rfr= 3.9687, h/h= 1,

further away from the precessing nanowire.
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It is also clear that the tracer tracks in figure 5atd@ not held at a constant mean
radial value. The “drifting” effect, shown as the iaf the tracer away from their mean
radial distance on a time scale much longer than glesprecessing orbit time, happens to
every tracer in every radial position. | conjecttirat Brownian motion is the main reason for
this, since:

1. The nature of a low Re Newtonian system (viscoms)fpredicts the system

will return back to its original state as long as th@evements reciprocally return to

the original position in the absence of Brownian oroti

2. FFT of tracer radial position data did not showkppositions other than the

harmonic frequencies close to nanowire precessingdrau
To be safe, | also calculated the net “drifting dis&drof the green track in figure 5.11 to be

4.5 um in 200 frames, which was within the ability of B Brownian motion (root mean

square distance/<R72> =7.3um, in water, 300 K, dlm diameter tracers).

Figure 5.11 straightforwardly reveals that the egdeyamplitudes of tracers at
different radii are different. the further way frothe driving nanowire, the smaller the
epicycle amplitude is. Another way to look at thicae phenomenon is by the standard
deviation (STD) of the data within individual epatgs vs. their mean radius (figure 5.12).
There is a clear trend indicating that the largex thdius of the tracer, the smaller the
epicycle amplitude will be. Also notable is the widistribution of the STD values around

similar mean radial positions due to the Brownian oroti
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Figure 5.11, Epicycle amplitudes of tracers at different radi@tances away from the
magnetic nanowire rotation axis. From top to botttme,three tracks are tracers respectively
with mean radial distance to the precessing cent@8.6fum, 22.89um, and 16.8Gum.
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Figure 5.12 Epicycle amplitudes decay in the radial direciiothe flow field generated by
a precessing nanowire. Left, standard deviation aViddal epicycles vs. their mean radius;
right, experimental data consisting of 500 consecutammes recording a tracer “drifting” in

radial position.
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The epicycles will, however, not be very obvious whacers are further away from
the precessing nanowire as in figure 5.10 C. SincdBtbe/nian motion is of a comparable
magnitude to the epicycles, it is hard to quantifg #picycle amplitudes based on direct

measurements. By defining the radial value of theetrrack as

R, =% = %)+ (¥, = o) (13),
we can compute the square root of the Fourier tramsiiotensity of the projected,Rabout

the nanowire driving frequency as

P(@3) = ([ R (x.1dK)"? (1)

as an indictor for epicycle amplitude. When thevidg frequency is» = 5 Hz, (0+6 , ®-0) is
set to (4.5, 5.5) [22]. Figure 5.13 is a plot mperimental epicycle amplitude intensity at
different radial distances together with the frg@ce theoretical results. The agreement
between the experimental data and the theoretiedigiions is good in the near field.

Experimental data, however, are systematicallydrighan the free space solutions in
the far field. The reasons are still under disarssDne possible reason is that more than one
nanowires exist in the sample cell during my experits. Although they are outside the field
of view, they may contribute to the epicycle amyl&. For the sample in figure 5.13, the
cone radius was 12.61 um. The whole view area wasoaimately 11-12 times the cone
radius. In Terry Jo Leiterman’s thesis [22], shiewated that the epicycle amplitude decays
as 1/(r/g)® with a non-slip boundary, or as 1/gfrin the free space model (both with a 500
nm radius nanowire). No matter which model is useds possible that the existence of
another nanowire within 8 radii (8.23 radius awhi is 1/(r/rp)® or 8.35 radius away if it is
1/(r/r0)?) could cause the far field theory peak intensitiematch the experimental results. It

could be more complicated if there are multipleavaines, and those nanowires might orbit
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as a cone tilted toward the view area due to tmensstric nature of the driving magnetic

field.
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Figure 5.13 Experimental and theoretical epicycle power gpectintensity about the

nanowire precessing frequency (courtesy from Téori.eiterman’s Ph.D. thesis figure 6.2).

Also interesting is the periodic nature of the gplie and its relation to the nanowire
driving frequency. It is easy to falsely assume tha epicycle frequency would simply be
commensurate with the nanowire precessing frequeBal Terry Jo’s simulation revealed
the periodic nature of the idea passive tracemimally biased from the nanowire driving
frequency (figure 5.14). One possible reason fa finenomenon is the following: as the
tracer bead traverses an epicycle, it also corgiués orbit about the nanowire precessing
center. Therefore, when the nanowire completesriiid and returns to the original position,
the bead has traversed some net angular distameg #i® its initial position and the rod
must complete more than one full rotation in orecatch up to the bead after each epicycle.

It follows then that the difference between thecggie frequency and the rod driving
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frequency should be equal to the orbital frequesfae tracer, of + f

epicycle T ot = Froa -

Terry Jo Leiterman explored the parameter space fandd that the epicycle
structures were very sensitive to the initial gosg of the tracers. For example, in figure
5.14, by setting tracers all at the same heiglt,tha same starting cylindrical rotation angle
but different radial distances, the track periodtedfrom each other. Terry Jo Leiterman’s
simulation pointed out that the difference in tratejectories after a single nanowire
revolution is most notable inside the cone strct[#2]. Trajectories outside this cone
structure (where my experimental tracers were) aqgoeto change relatively little with
changing initial radial position. Hence, with tlietmal noise in this sub-micron experiment,
this period mismatch phenomena is not very promimerthe outside area. In most of my
experimental data, driving frequency (5 Hz in mostmy experiments) can be a good

approximation of the epicycle frequency. We have yat explored different initial angular

positions at a set radius, but we believe this aldb give us an incommensurate period.
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Figure 5.14 A top view of particle trajectories over conséeeitspheroid revolutions for
different initial positions for cone angle B0eft column) and 60(right column). The X and
Y axes are in units of gr The paths are shown for spheroid revolutions 0,th to 2. The
gray region is the annulus swept out by the spHendth eccentricity e = 0.995 at the same

height. (Courtesy of Terry Jo Leiterman’s Ph.D sthdigure 3.4)

55 Conclusion

In this chapter, experimental designs were predeide study sub-micron fluid
dynamics of the flow pattern about a precessingnagg nanowire. | discussed the features
of this epicycle flow including the angular speaw @he epicyclical amplitude. From my

data, | find that the angular speed decays as®1ihich is a faster decay than a uniform

93



flow passing a sphere or flow generated by a mgatylinder. The experimental results
match Terry Jo Leiterman’s free space calculatiefi in the near field.

For the first time, | have revealed a ubiquitouggical feature of the flow about a
precessing slender body. By pointing out that thieyele amplitude decays with distance
away from the driving nanowire and exploring therigaic nature of these epicycle
structures, unique features of nodal flow can bdewstood. The previously ignored epicycle
structures from both experimental and theoretieslits should be reviewed in order to build

up a predictable hydrodynamic model for mobile @iyncilia.
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CHAPTER 6 — Bio-macromolecules in Epicyclical Flow

6.1 Introduction

Researchers agree that disruption of the normal flatterns of beating cilium in
biological environment leads to a wide variety oflfunctions and diseases such as
polycystic kidney disease, left-right asymmetryei¢$ andetinal degeneration [1] [2]. In
chapter 5, | have demonstrated that the epicydio®l is one ubiquitous feature of the flow
patterns about a beating cilium. For experimental theoretical simplicity, | did all the
hydrodynamic measurements in Chapter 5 in a Neatpniiscous flow environment. It is
important to explore the flow patterns in more b@tally-related environments.

| approached this question with two strategies. €xgeriment used a low number
density bio-macromolecule suspension (but still &wan) instead of the microbead water
suspension used in Chapter 5. Since the soluteentmation was so low (much lower than
the overlap concentration, which will be explainatér in this chapter), the low Re viscous
flow assumption should hold well. The flow pattestsuld not change from the patterns
revealed in Chapter 5. The conformation of the wmaiecules themselves, however, might
exhibit interesting features to reveal the hydrayit nature of the epicyclical flows.

Another experiment performed was to substitute teeous liquids with more

biologically-related viscoelastic fluids. Most knowextra-cellular tissues are viscoelastic



materials with various high-molecular-weight polgslarides [3, 4]. It is of interest to us to
explore the flow patterns in these viscoelastic imemhd compare them to those found in
Newtonian systems.

The fundamental understanding of non-linear rheplegtill incomplete. The lack of
standard experimental guidance even in the macate Snakes experimental design for
rheology measurements on the sub-micron scalersatyedifficult. Not only is there a need
to face the challenge of the measurement uncerfamit biological materials are by
themselves vastly heterogeneous [5, 6]. The goadyoivork is to trigger more interest in the
area of beating cilium rheology. Much more work dge¢o be done to better interpret my

results in this chapter.

6.2 Materials and Experiments

In this Chapter, | demonstrate the use of two nraotecules, .--DNA and
hyaluronan as model materials to study the natdreghe epicyclical flow in more
biologically-related environments.

Deoxyribonucleic acid (DNA) is a doubleelix polynucleotide molecule which
containsgeneticinformation. This double strain structure is cosg of a pair of single
chain molecules joined dyydrogen bonds.-DNA (Invitrogen (cat# 25250-010) of 0.25-0.6
ng/ul), specifically, is a double strain DNA segmentléged from an aahrdcm’ E. coli
LE597 losogen. Each-DNA has 48512 base pairs, which corresponds tolacular weight
of 32 X 10 daltons (Da) and a contour length (linear endrid distance) of 16-1%m.

DNA is a polyelectrolytic molecule. The chargesitsrbackbone repel each other making the
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molecule very stiff, with a persistence length 6hB or a Kuhn Length 100 nmfDNA is
treated with the ideal chain model [7] [8].

Hyaluronan (hyaluronic acid, HA) is a high-moleaueight polysaccharide
belonging to the glycosaminoglycans class and faorttie extra cellular matrix [3]. It is a
unique biopolymer which is found in all tissues dvadily fluids of every mammalian
species, as well as in microorganisms. The chensttatture of HA is simple. The repeat
unit is a disaccharide, -D-glucuronic acid-beta3iN-acetylglucosamine-beta-1,4 (figure
6.1). It is worth noting that the polymer backbdras one base and one acid functional group

per repeat unit. The effective charge of the polyime&ery sensitive to the environmental pH.

oot
i = 0
HO H
H OH L] H D¢C;NH\W
y)
CH3

Figure 6.1, Schematic of disaccharide repeat unit of HA -D-glucuronic acetés1, 3-N-

acetylglucosamine-beta-1(gbpy from [9])

6.2.1 YoYo-1 Dyedi-DNA

| used fluorescently labeled DNA as tracers foagmg purposes. When stained, the
contour length changes from 16-ir to 22um, based on Perkins’'s measurements [10].
Due to the entropic elasticity, the neutral statfsa dyed DNA (low concentration
environment) in still agueous media is sphericahva radius of gyration of 0.5-04m

according to the literature [11] [12]. Hagermareésearch showed that the radius of gyration
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of DNA decreases monotonically with increased i@trength and finally reaches a plateau
once the concentration of NaCl reaches 10 mM [IBgrefore we made our sample in a 10
mM NaCl buffer in all the measurements in this thehe details of this staining procedure
are listed here. The as-purchased DNA solution wgeged to 65°C for more than 15 min.
(SinceA-DNA has two dangling single strand complementait wach other at its two ends
(short 12 bp single-stranded ends), a heating druoeeis necessary to disrupt the hydrogen
bonds in between. Sometimes, it may be necessdipté the dangling ends with a 1000X
stoichiometric complementary oligonucleotide (366G CGG CGA CCT -3 or 5 - AGG
TCG CCG CCC - 3 from UNC Oligonucleotide Synthesi®re Facility) for better
dissociation effects. The extra oligonucleotide Btidbe centrifuged away with Microcon
filtration (cutting off M, = 100,000).) Then, the dilufe DNA solution (1:1000 of origin
stock, in Tris-EDTA buffer) was mixed with stoiclmetric 4bp:1 YOYO-1 dye (Molecular
Probes, 1 uM). Then we add@dmercaptoethanol (1:100, v/v), glucose oxidase 50.0
mg/ml), and Catalase (0.01 mg/ml) to staifddNA solution to prevent bleaching. The final

mixture was kept in a dark environment at room terature for fresh experiments [14].

6.2.2 5-aminofluoresein Labeled Hyaluronan

The commercially available fluorescently labeled H-HA) is not designed to be
used as a fluidic tracer. Its molecular weightaw land normally without detailed polymer
physical measurements of its molecular weight ithigtion. There are papers which
introduce several procedures for f-HA synthesigd [16] [17] [18]. Based on the availability
of raw materials and synthesis facilities, we sedeel in the synthesis of f-HA by modifying

a recipe from Hiroyuki Nagata [17].
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A mixture of HA (Sigma Hyaluronic acid sodium sfttm rooster comb, Mw ~ £0
Da, 100 mg), 5-aminofluoresein (140 mg, 1.6 eq) BBE hydrochloride (0.5 g, 10 eq) was
mixed with pyridine-HCI (5 mL, a 1:1 mixture of pgime and 12 N HCI, PH~4.5). This
mixture was swollen at room temperature for 12 dialyzed via deionized water several
times until no free dye was released into the wdtke product was then treated with 0.1 N

NaOH for 4 hr, and further dialyzed four times tmiain a yellow solution.

6.3 Conformation of a Singlél.-DNA in Epicyclical Flow

Over the past 10 years, a new technique calledesmglecule imaging has gained a
great deal of attention. Beginning with Perkins][Ifiethods of imaging the conformations
of isolated DNA molecules by fluorescence microgcopwell-defined flows have become
increasingly important for single molecule polymghnysics, rheology, and biophysical
studies [19]. In particular, a series of Scienceeps from Chu’s group built up a solid
understanding of how a single high-molecular-welgNA would respond to several simple
viscous flows [8, 20-23] [24]. Both experiments asichulations have been discussed, and
the common understanding is that the conformatialmpted by DNA in these simple steady
viscous flows can be well explained and predictgdclassic Flory theory [25]. The key
dimensionless parameter which unambiguously defihesflow strength in different flow
patterns is the Weissenberg numbey) (@Y Deborah number Pwhich is the product of the

longest relaxation time of the polymer chain ane strain rate\V, = De =r [y [26]. Our

purpose here is to explore the effects of a cilepicyclical flow on a high-molecular-weight
bio-macromolecule in the near field, based on eudision of the Weissenberg number.

Both experimental and theoretical studies poirttbat the onset YWalue of drastic
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conformation changes of DNA varies in differentwilopatterns [20-23, 27, 28]. The
conformations adopted by each DNA are random, tbeitstatistical mean fractional stretch
length <X> (X = L/Ly, the ratio between the stretched length to theotwriength), leads to
consistent results. Until now, the only flow patieto have been studied by single molecule
imaging studies are simple shear flows, one- or-dweensional extensional flows, and
combinations of the two [19, 20, 23, 27]. Ther@eéndeen no published results related to
conformations of a single polymer in a time-varifiotv. Larson [27] analyzed the published
data of a single-DNA in both extensional flows and shear flows &t the plot shown in
figure 6.2. It is clear that the extensional flaswmuch more efficient in stretching the DNA

than a steady shear flow.
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Figure 6.2, Mean fractional extension <X> o0fDNA vs. W in both simple shear and
extensional flows. The solid lines are guide litte®ugh experimental data and the dashed
lines are from numerical simulations. The greerhdae is a guidance line of W& 2, which

is a typical value in my nanowire experiments. (ified from [27])
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As discussed above, in order to treat the flowdfeed a Newtonian epicyclical flow, it
is important to make the DNA buffer very dilute.rPaded volume V is the volume of
solution spanned by one polymer chair<V3. Rhe volume fraction of a single molecule

inside its pervaded volume is called the overlajume fraction 6 . The concentration
corresponding toS =1 is the overlap concentration {25]. The radius of gyration of an

ideal .-DNA polymer chain, which is the case in dildteDNA in a 10 mM NaCl water

solution, is

Nb2

R’ 1)
The overlap concentration is then,
C* :mdN/Rd — MS/NAV |:| Ml3l/ (2)
3
i

where N is the number of repeat units; b is Kumgtle of the DNA, which is around 100 nm;
andv is the dimensionless scaling exponent. Water ¢go@d solvent for DNA on length
scales as large asDNA in ideal chain model. From ideal chain modedry,v = 0.6, or
from a more detailed scaling argument of a worre-ttkain (WLC) modely = 0.588, and
C" =~ 0.04 mg/ml. Equation (2) also suggests that wher0.6, C is proportional to M” as
in Flory’s mean field theory [25].

The viscosityy of a dilute hard sphere suspension as a funcfitimeovolume fraction

of the dispersed hard spherés,is,

M 21420+ £ (0) (3) [25]
Mo 2
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So as long as aqueousDNA suspensions have a concentration well beld @ng/ml (@
<< 1), we can treat them as Newtonian liquids viatisically the same viscosity as their
buffer.

We used a 16 C' YoYo-1 dyed\-DNA buffer solution as the medium to run the
same experiments introduced in Chapter 5. Herenibeobead tracers were substituted with
the 500-700 nm fluoresceitDNA. We recorded the conformational changes ofddye
DNA inside epicycles hoping to reveal the biologicansequences of a beating primary
cilium to bio-macromolecules in the near field. Hoer, experiments with short exposure
times (5 ms and 1 ms) did not provide any convigdimages of fully-stretched DNA.
Driven by nanowires (in 2 cp buffer with the samegessing frequency as wild mouse nodal
cilia at 5 Hz, but with much longer cilia), the eyclical flow at 1.1 fractal radii away from a
nanowire as long as 3ifm, at about a 45ilt angle may not have the ability to fully sthta
A-DNA in its steady state. It seems that the onisomable conclusion is that, even when
DNA can be stretched by the epicyclical flow, thetehing mean fractal length <X> is only
a small value, where <X=L/L contour

Bird predicted that, in extensional flows, an alvrequl-stretch transition for polymers
would occur at a dimensionless flow strength nundéét; = 0.5 [29]. Terry Jo Leiterman’s
numerical simulation of the maximum eigenvaluelsf stress tensor in the above example
suggested that, at the near field, ¥~ 0.8 (in 2 cp media;g =~ 0.2 s) (figure 6.3). Hence,
the absence of obvious stretching’eDNA close to a precessing nanowire leads to the
conclusion that this epicyclical flow pattern istras efficient as a pure elongation flow in
deforming bio-macromolecules. The fundamental nedso this may be related to the fact

that the maximum eigenvalue direction changes wigviery epicycle. Most of the time, this
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eigenvalue direction does not align with the DNA&qgassion direction, so once a DNA is
stretched in the larger eigenvalue area, it magkiyibe compressed? within one epicycle.
The fluctuation of DNA conformation changes we atsed in the epicyclical flows is
similar to what happens in the simple shear flovesgtthe rotational component in the stress
tensor leads to a polymer molecule irregularlytshi@g, tumbling, and coiling. The direct
observation by Smith et al. 1999 [23] revealed statching in simple shear flow was not as
monotonic as stretching in an extensional flow.ikinin a simple shear flow, however, the
“‘compression” effect of epicyclical flow is a pedic effect. It may make a full stretching

movement difficult to realize in epicyclical flows.

15 pl 25

Eigenvalues (s™)

Figure 6.3 Maximum eigenvalues along the trajectory (Lagramp from the slender
(asymptotic) free space theory simulation. This a&9)0 nm diameter rod precessing with a
cone height 27 um, a cone radius 26 um; the startidial position of the DNA tracer was

31 um, and the height was 24.85 um. (unpublishedlteefrom Terry Jo Leiterman)
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6.4  Epicyclical Flow Field in a Viscoelastic HA Solution

HA aqueous solution is well known for its very nlamear viscoelastic properties [30].
Theoretical and experimental results from the di@re are not consistent about the
persistence length of HA in an aqueous buffer gmutl chose Mendichi’s results with an
intrinsic persistence length of 7.5 nm, based @nifiirinsic viscosity data [31]. Compared
with the persistence length of DNA of 50 nm, HAmsich softer. The radius of gyration of a
10 Da single HA in still water in an ultra low condgation is around 126 nm according to

the measurements performed by Mendichi et al [3A¢cording to the equation

C =pb'N/R = N:L,/NAV , the overlap concentration of my HA sample is ab0.35
i
mg/mL.

| prepared a HA pH 7.0 aqueous solution by dissgivi.3 mg HA in 1 ml miliQ
water with 0.1 M NaCl which is more than 10 timbs bverlap concentratiGnFigure 6.4
reveals that the HA solution (4.3 mg/ml) startedear shear thinning trend at shear rate
higher than 10 Hz. We also looked at the frequesvegep cone and plate data to check the
cross point of real and imaginary moduli. From fg.5, it is clear that, at frequencies

higher than 2 Hz, the elastic component is prontimethis HA solution.

2 With a 0 shear complex viscosity around 60 cp aling to cone and plate measurements &€23
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Figure 6.4 Log-log plot of apparent viscosity vs. strainerétased on a°Icone and plate
measurement at 28, 5 Hz. There is a clear shear thinning at straias over 10 Hz in HA

4.3 mg/ml buffer.
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Figure 6.5 Log-log plot of modulus and viscosity vs. swegpirequency based on 8 done
and plate measurement at Z3with constant strain amplitude of 2%. The elastmdulus is

prominent when the oscillating frequency is higtam 2 Hz in HA 4.3 mg/ml buffer.
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The flow patterns about a precessing magnetic neeafter mixing 0.1% v/v 500
nm fluorescent microbeads inside the HA solutio® @g/ml) was recorded. Figure 6.6 is a
superimposed image revealing the flow nature alaoyrecessing nanowire in this HA
solution. Due to a much higher viscosity than watée Brownian motion is highly
restrained, with the trade off that it was much endifficult to find a long precessing
nanowire because of the large hydrodynamic dragfpnge generated when the nanowires

5
move. Again, based oug— =1+§CD+ f (®?), a solute of less than 0.1 % v/v microbeads will

7o
not lead to a significant change in viscosity frtira original solution, so | used a higher bead

number density for more efficient measurement&énfar field.

all
100
150
200

250

300 400 S00

Figure 6.6, Superimposed image of 500 nm fluorescent trasaks in HA (4.3 mg/ml)
about a precessing nanowire. The cone radius wa6 1dn; the cone height and the
observation plane were both at 1818; and the exposure time was 1 ms. X and Y ard pixe

values.

It is clear that the tracers in HA also show a glanaheir angular traveled distance
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as radial distance increases. Instead of proceshmglata with Spot Tracker, which had
difficulty with differentiating two beads bypassiegch other, | superimposed the frames of
the experimental movies to calculate the angulaedpat different dimensionless radial
distances r The angular speed data were then plotted in dafgsand compared with the
same values from the water microbead experimerftgure 6.7.

The slower decay of angular speed in the radiacton in this epicyclical flow is
revealed here for the first time. For a typical oame with a precessing cone radius of 15
um, a tilt angle of 4% and a precessing frequency of 5 Hz, the stram atithe precessing
cone plane can be determined based on Terry Jerth’s scaling arguments which point

to a 1/(r§ radial velocity decay rate as,

dv,

dr

62.8
r 3

N = 4)

=‘d(277m’
r

3

)/dr‘ =
Here y is the strain ratep is the precessing frequency, and r is the dimetsss radial

distanceL. This leads to @ value of 40-50$ at 1.1 cone radii away from the nanowire tip.
r.0

Obviously, at this shear rate, the HA solution Bisady shown shear thinning properties
from figure 6.4. We proposed that the complicatestaelastic nature of the HA solution

might contribute to this phenomenon.

109



angular speed decay scaling
- o HA 4.3 mg/ml = water
2. el
i y=-2.1x + 2.4
~ 2 r
o
[eb]
(Q%J 1.5 1
< 1 r
=
% 0.5 F L y = 2.8x +0.72
§ n L] | | I I
2 0 )
= —0. 170' 50 0.1 0.2 0. 0.5 0.6 0.7
| ]
71 [
-1.5 -
log(dimensionless radial distance)

Figure 6.7, Log-log plot of angular speed vs. radial distarigan both HA and water.

In the simplest models, like the Kelvin model ahé Maxwell model, which are
represented by a set of spring and dashpot elenreseries and in parallel, viscoelasticity
can be decomposed into independent elastic andusgearts [32]. The elastic component of
the stress is in phase with the applied strain, taedratio of this stress to the strain is the
storage moduluss’, the real part of complex modulud'. The viscous component of the
stress is out of phase with the strain and the ratithis stress to the strain is the loss
modulusG”, the imaginary part ofc". Generally, for non-linear viscoelastic materik#e
this HA 4.3 mg/ml solution, the applied deformatienergy is stored and dissipated at the
same time and the ratio between the energy invibeparts is related to the exerting strain
rates. Before Fahir's first work in 1998 [33], thehad been no attempt to resolve the
problem of a linear viscoelastic flow about an bbating rod, so, regarding the highly time-

dependent, non-linear properties of the HA 4.3 nhggatution, the reason for this slower
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angular velocity field dissipation in the radiarettion is currently without interpretation.
One example which may help us to understand thegvhenon is to treat the angular
velocity decay in the epicyclical flow as the attahon of a harmonic oscillation in a semi-
infinite Couette flow in different media. In Herm@a and Ferry’s calculations, we have

dimensionless functions, [34] [32]

ov, _ 1 0%, =0
ot Reody?’ 5)
TW=Ty=1,=7,=-7,=0

Xz yz

dv, _ 1 01,

=——2 p=p,(t)
ot Re dy (6)
T =Ty =T, =0

for viscous and linear viscoelastic models, respelgt Here the boundary condition is V(t)

2
w .
. 1 is the

= Vosin(ot) at the bottom plate; oscillation amplitude A /& Re=
o

dimensionless stress terny, is the dimensionless velocity term; p is the disienless
pressure term. x is the 1 D oscillation directipms the direction normal to the Couette plane;
and z is the other Cartesian axis.

The solutions of functions (5) and (6) in a sentirite Couette flow are listed here:

‘v(yyt)‘ =V, exply D\/%) (7

=v,exply0 | P2 a-T" ) (8)

k 21T

(y,t)‘

If we normalize the two solutions based on the sapparent viscosity, we find the elastic

term in the viscoelastic materials will always make amplitude Y, bigger at the same vy,
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since forn"> 0 for most materials‘y(y’t)

viscoelastic/ ‘v(y,t) viscous < 1. This slower decaying of

the velocity in the normal direction by a harmobmundary oscillation due to the elastic
component brings light to our observations in HA][3To explore the results in shear
thinning media, however, may require new approaettgsh are in progress in the Virtual
Lung project.

| have already mentioned in Chapter 4 that mixing low Re environment is hard to
achieve. The obvious difference in the angular siglodecay rate between water and HA
solution may have very interesting biological capsances, in particular, the extension of

the vorticity component about a beating cilium ishear thinning media like 4.3 mg/ml HA.

6.5 Conclusion

In this chapter, | studied the epicyclical flow @ more biologically-related
environment. Using.-DNA as a tracer, we analyzed the macromoleculporese to this
man-made epicyclical cilium flow. The lack of alfustretched singl@-DNA may suggest
that the epicyclical flow is not as efficient apare unilateral elongation flow to stretch a
biomacromolecule. We conjecture that this is du¢ht periodic rolling of the maximum
eigenvalue directions of the flow stress tensor.

A nanowire precessing in a shear thinning HA solutiprovided a good
approximation of a rigid primary cilium beating ids a viscoelastic media. Cone and plate
measurements revealed viscoelastic nature of theséldtion (4.3 mg/ml). The apparent
extension of the vorticity component was attributed¢he prominent elastic modulus when

the strain rate enters a non-Newtonian region.
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