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Manipulation of Nanoentities in Suspension

C. L. Chien

Johns Hopkins University

Outline

Introduction

Low Reynolds number regime

AC electric field and DEP force

Manipulation, Patterning, and Rotation of nanowires

Manipulation by DEP and EP forces

Summary

How do microorganisms swim ?

Life under low Reynolds numbers 
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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

(a) dielectric film (mica, polycarbonate)

irradiated by fission fragments or energetic ions

(b) damage track formation

(c ) damage tracks chemically etched to form

       nanopore array

pore diameter: ! 8 nm

pore density: 1 - 109 cm-2
etch ratio :   

!
track

!
bulk

"1000

!10µm

fission fragments
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Nanowire Fabrication - Electrodeposition

sputter deposited film

e-

M+

M+

M+

M+

M

M  (aq) + e  ! M(s)+ -

Electrodeposition into nanopore template

Result:  Array of nanowires

Wire dimensions:  Diameter:  8 nm - 1 µm

             Length:      up to 60 µm

Array density:        1 - 109 cm-2
Whitney, Jiang, Searson, Chien, Science (1993).

Growth of multi-segment nanowires
• Changing deposition solution

• Changing deposition potential
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Nanowires
(a) magnetic (b) multifunctional magnetic
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(2 materials)

(a) magnetic (b) multifunctional magnetic
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(Multilayer)

(a) magnetic (b) multifunctional magnetic
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(1 material)

Selectively functionalized Au-Ni wire

Reflected light

Ni

Au

Fluorescence

10 µm

Nanowires span cellular size scales

Pt-Ni-Pt nanowire 
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Formidable Obstacles in Manipulating Small Entities

•  What force ? 

•  Small entities adhere to dry surfaces by van der Waals forces

•  Motion of small entities in low Reynolds number regime

      need large forces to overcome tremendous drag force 

      suspend small entities in a liquid (e.g., water)



77

“You can’t do much with such low Reynolds numbers.”

--Anonymous Guru

88

!

"Dv
=Re

Reynolds Number

D: size of entity 

v: relative velocity 

 

" and !: density and viscosity of fluid 

For the same fluid

            Size and Velocity dictate Re

(dimensionless)  inertia force

  viscous force
!

For water " " 103 kg/m3  and ! " 10-3 N-s/m2 = 1 centipoise
 "/! " 106
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Effects of Reynolds Number
!

"Dv
=Re

A swimmer 

Re~105

A nanowire (10 µm long, D = 0.3 µm, v = 200 µm/s) in water
 (10 orders of magnitude smaller!!)

Re~10-5
Viscous force dominates, inertia is irrelevant

. . .. ..

(L = 2 m, D = 0.3 m, v " 2 m/s) in water

......
No reciprocating movement

(e.g., Michael Phelps) 
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Motion under a low Reynolds Number

For a nanowire, D = 0.3 µm,  L = 10 µm

Equation of motion:  ma = F - bv, 

m/b = D2"/2! ! 10-6 sec

2. F = 0,   S = (mvi/b)[1 - exp(-bt/m)] 
         stops in 5 µsec within  Å !!

Instant-on and Instant-off motion

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

• Magnetic (B) : Force scales as #(B2)

weak force, for magnetic entities only

       hard to alter B over short distances

t = 0 t = 8.87 s

t = 10.97 s t = 11.13 s

• Gravity (g) : weak force,

Centrifuge (1-d) hard to alter direction
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What Force ?

• Electric (E) (AC): Force scales as #(E2)  

Dielectrophoretic (DEP) force greatly enhanced by frequency

Force and gradient provided by patterned microelectrodes

• Magnetic (B) : Force scales as #(B2)

weak force, for magnetic entities only

       hard to alter B over short distances  

 

• Electric (E) (DC): Force scales as #(E2) 

    large dielectric constant (80) reduces force by 6400

         water hydrolyzes at about 3 V

• Gravity (g) : weak force,

Centrifuge (1-d) hard to alter direction
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Characterization of DEP force
 (E field and EFG can be calculated and measured)

All radial

Circular electrodes

E ~ 1/r

#E2 ~ 1/r3

EFG ~ 1/r2
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Fan, Zhu, Cammarata, Chien, Appl. Phys. Lett. 85, 4175 (2004)

 r2 ! 100 µm

r1 = 40 µm

F proportional to V2
AC
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Linear Motion of a nanowire at 40 MHz   10 V

sec

CCD video (30 frames/sec) microscope

Reveal everything in 1 sec
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Characterization of nanowire motion in circular field
40 MHz  10 V

Distance Velocity v

v up to 400 µm/sec

In comparison:

E. coli of similar size moves

with a speed of 10 µm/sec
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Characterization of nanowire motion in circular field
40 MHz  10 V

Velocity v Acceleration a

up to 3 mm/sec2

ma = FDEP - Fdrag 
      ! maDEP - 2!Lv aDEP up to 0.5 km/sec2 !!

           ! 50 G

up to 400 µm/sec

  
a

D
E

P
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Frequency

Distance and frequency dependency of DEP Force

Frequency dependence

K: Clausius-Mossotti factor

$m: permittivity of the medium

1/r3 dependence
electrical
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Patterning nanowires by AC E Field

Torque  p x E aligns nanowires with E

Force moves nanowires along electric field gradient (EFG)

Pattern follows calculated E-field distribution of microelectrodes
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Patterning Nanowires (circular electrodes)

Radial E || EFG

Permanent scaffold after water dries

2020

Electrode distance: 300 µm

sec

Start @

4.3 sec

Assembling nanowires (quadrupoles)

E  %  EFG
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50 "m

Nanowires assembled into scaffolds in 1.40 sec

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

Optical tweezers with circularly polarized light (High Tech)

Rotating magnetic nanowires by a magnet (Low Tech)

Controlled Rotation ?
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Controllable High-Speed Rotation of Nanowires

• Rotation instantly switched on or off

• Precisely controlled 

• Rotation speed

• Chirality

• Total angle of rotation

Rotating E field
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Applied voltage: (5,-5)2 (5) (7.5,-7.5)2 (7.5) (10,-10)5(10)(7.5,-7.5)3 (0)2(-10) 

Gold nanowire 5kHz

Nanowire Rotation



2727

Characteristics of Nanowire Rotation

Fan, Zhu, Cammarata, Chien, Phys. Rev. Lett. 94, 247208 (2005)

Rotation angle linear in time. 

Chirality control.
Instant terminal velocity
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Rotation to at least 1800 rpm 

(30 frame/sec video limited)

Rotation Speed
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High-Speed Nanowire Rotation

5 µm Au nanowires, 100 kHz, CCD camera 2000 frame/sec

15,000 rpm !!

No limitation yet

Slow motion of the rotation

67 times slower
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Torque due to Viscous Force

Torque due to AC E Field

Te ! b L3 E2 T! ! ! & f(L)

 f(L) = ?

Torque due to viscous force

Te = T! 
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Rotation of different nanowires by AC  E Field

Multiwall carbon nanotube (MWCNT)

(1/15 sec intervals)
& appears to scale with conductivity
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Nanowire micromotor

Bent Au nanowire bonded onto

thiolated surface

Nanowire Micromotor

Applications in MEMS, microstirrers, biological applications

Smallest electrically driven motor

a b edc
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How do microorganisms swim ?

E. Purcell
E. Purcell

Many years ago…….

we have overcome the daunting small Reynolds number problem.


