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Introduction

Low Reynolds number regime

AC electric field and DEP force

Manipulation, Patterning, and Rotation of nanowires
Manipulation by DEP and EP forces

Summary

Life under low Reynolds numbers

How do microorganisms swim ?
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Freshman Physics

Done by one student (Donglei Fan)

Current interest

New area for us

Interdisciplinary (Physics, Materials Science, Chemistry, Biology)
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@ Nanowires

Nanopores fabricated by nuclear track etching

fission fragments
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7! (a) dielectric film (mica, polycarbonate)
~10um I irradiated by fission fragments or energetic ions

(b) damage track formation

t, R (c ) damage tracks chemically etched to form
nanopore array

pore diameter: = 8 nm

et 1 09 e etch ratio :  —track - 1000
pore density: 1 - 10° cm-

Upulk

l')l

@ Nanowire Fabrication - Electrodeposition
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Growth of multi-segment nanowires
¢ Changing deposition solution
. * Changing deposition potential
Result: Array of nanowires
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Whitney, Jiang, Searson, Chien, Science (1993).




@ Nanowires

Selectively functionalized Au-Ni wire

Reflected light Fluorescence

Ni

10 ym

Pt-Ni-Pt nanowire

Nanowires span cellular size scales

(1 material) (2 materials) \L"-."‘- {: il (Multilayer)
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@ Formidable Obstacles in Manipulating Small Entities

* Small entities adhere to dry surfaces by van der Waals forces
——> suspend small entities in a liquid (e.g., water)

* Motion of small entities in low Reynolds number regime
——> need large forces to overcome tremendous drag force

e What force ?
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“You can’t do much with such low Reynolds numbers.”
--Anonymous Guru

D: size of entity
v: relative velocity

p and 7: density and viscosity of fluid

For water p = 10° kg/m? and n = 10~ N-s/m? = I centipoise
p/n = 10




A nanowire (10 ym long, D = 0.3 um, v = 200 ym/s) in water

Terminal velocity = Filo

1. Constant F, v = (F/b)[1] - exp(-bt/m)]
reaches terminal velocity in 5 usec !/

Velocity (mm/sec)

2.F=0, S=(mv/b)[l - exp(-bt/m)]
stops in 5 psec within A /!

20



What Force ?

* Gravity (g) : weak force,
Centrifuge (1-d) hard to alter direction

» Magnetic (B) : Force scales as V(B?)
weak force, for magnetic entities only
hard to alter B over short distances

What Force ?

* Gravity (g) : weak force,
Centrifuge (1-d) hard to alter direction

» Magnetic (B) : Force scales as V(B?)
weak force, for magnetic entities only
hard to alter B over short distances

e Electric (E) (DC): Force scales as V(E?)
large dielectric constant (80) reduces force by 6400
water hydrolyzes at about 3 V

¢ Electric (E) (AC): Force scales as V(E?)
Dielectrophoretic (DEP) force greatly enhanced by frequency
Force and gradient provided by patterned microelectrodes
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E~1/r

EFG ~ 1/r? All radial
VE2 ~ 1/

F

measured

= FDEP - Fviscosity
2
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Characterization of nanowire motion in circular field
40 MHz 10V

Distance —) Velocity v

@

v up to 400 pzm/sec

In comparison:
E. coli of similar size moves
with a speed of 10 ym/sec

@ Characterization of nanowire motion in circular field
40 MHz 10V

Acceleration a

Velocity v
up to 400 gm/sec up to 3 mm/sec?
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1/r° dependence

K: Clausius-Mossotti factor

€,,: permittivity of the medium < 1000 -
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Force moves nanowires along electric field gradient (EFG)




Radial E || EFG

Permanent scaffold after water dries
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Start @
4.3 sec

E 1 EFG Electrode distance: 300 ym
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Nanowires assembled into scaffolds in 1.40 sec

21

Fan, Zhu, Cammarata, Chien Appl. Phys. Lett. 89, 223115 (Nov. 27, 2006)
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Rotation of Small Entities

Rotating magnetic nanowires by a magnet (Low Tech)

Optical tweezers with circularly polarized light (High Tech)

A

microsphere
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2 RNA polymerase

optical
trap

2 coverglass

Controlled Rotation ?
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Rotating E field

* Rotation instantly switched on or off
* Precisely controlled
* Rotation speed

00:00:00
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Time (s)
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Rotation angle linear in time.
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Instant terminal velocity
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Rotation rate (rpm)
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e 80 kHz, free wire
. A 80 kHz, fixed wire

F
”

-
——
-




(rpm

-— — — —
o N OB
o o o O
o O o O
o o o o
1 1 1 1

15,000 rpm !!

No limitation yet

Rotation rate
3
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Slow motion of the rotation .
67 times slower Applied Voltage (V')
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Nanowire length L (um)
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(1/15 sec intervals)
 appears to scale with conductivity
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Bent Au nanowire bonded onto
thiolated surface

Smallest electrically driven motor




The corkscrew

The Flexible oar
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