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ABSTRACT

We demonstrate electrorotation of metal nanowires phase-locked to a driving alternating current electric field. Field rotation was accomplished
by a low-frequency signal that modulates the amplitude of the high-frequency field. Steady, synchronous rotation of the nanowires was
observed for frequencies up to a maximum rotational frequency, which depends on the magnitude of the applied electric field. A locally
two-dimensional nanowire fluid flow model was developed to calculate the viscous fluid drag torque, including drag contributions due to the

proximity of the floor. Synchronicity and phase-lock angle predicted by equating the calculated fluid drag and electrical driving torques is in

good agreement with experimentally determined values, which provides support for the model. Synchronous electrorotation allows for precise

control of nanowire rotational speed and orientation for frequencies as low as a fraction of 1 Hz. Potential applications include reconfigurable

polarization filters, microfluidic valves, and stirring devices.

The motion of individual nanometer and micrometer-scale observed as the field-induced dipole experiences a torque
particles in fluid can involve a complex balance between tending to align it with respect to the electric field vector
competing electrical? magnetic¢ chemicali® particle- that rotates at the high frequency of the applied sighabr
inertia, viscoug,gravitationalk and Brownia#f’ forces. The most particles and fluids of interest, viscous drag forces
ability to model these interactions for predicting particle prevent the particles from rotating at such high frequen-
movement would enable fundamental studies of colloidal ciest*61” Thus, the rotational speed of the particle is
behaviof® as well as new nanoparticle-directed assefly  determined by a competition between the driving electrical
methods and microfluidic control strategies. For example, and resisting fluid torques acting on the particle and can only
reconfigurable polarization filtetsand optoelectronic light ~ be changed by varying the magnitude of the applied field.
valves could be fabricated from arrays of metal nanowires  |n this Letter, we report on the first experimental dem-
whose angular rotational speed and orientation can beonstration ofsynchronous electrorotatigf8ER) using metal
controlled using externally applied fields. Controlling indi- nanowires, which are made to spin transversely about their
vidual particles in this manner would also have potential midpoint,phase locketb the rotating electric field that drives
application in lab-on-a-chip systetito serve as microfluidic  them. Here, the driving signal is comprised of two indepen-
valves and localized fluid stirring devices. dent frequencies. A low-frequency signal modulates the
Asynchronous electrorotation (AER) has been studied amplitude of the signal that creates the high-frequency field
previously to differentiate biological cells based on variations required for particle polarization. In contrast to AER, we
in electrical permittivity®1*and more recently to drive rotary  show that the rotation frequency of the particle is locked to
motion of metal nanowire®¥. In AER, an electrical dipole  the low frequency of the modulating signal. Consequently,
is induced on the particle by a high-frequency rotating electric particle rotation speed is independent of the high-frequency
field that is produced by applying signals with°9phase  signal, the fluid or particle properties, or the electric field
difference to pairs of orthogonally oriented electrodes; magnitude. Steady, phase-locked rotation continues until a
frequencies exceeding 1 kHz are typically required to maximum rotational frequency is reached when the nano-
overcome screening of the dipole by mobile ions present in wires lose synchronization with the rotating field; this occurs
fluids of interest (e.g., water, buffer). Particle rotation is when the driving electrical torque is no longer sufficient to
overcome fluid drag. We propose a simplified model of the
* Corresponding author. E-mail: rbb16@psu.edu. viscous fluid drag torque based on linearity of the equations
TCurrently at: Department of Electrical and Systems Engineering, governing the fluid flow to describe our SER experiment.
University of Pennsylvania, Philadelphia, PA 19104. Synchronicity and phase-lock angle predicted by equating
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the nanowires had settled to within Luh of the substrate
floor. The distance separating the nanowires from the
substrate floor represents the equilibrium height where
gravitational forces are balanced by electrical forces between
the negatively charged surfaces of the MESA-coated nano-
wires and the glass. In modeling SER, we focus on forces
and torques in the plane of rotation, which is nominally
parallel to the floor. We take the floor-normal force-height
equilibrium to be independent of the in-plane forces.

The slowly rotating electric field can be characterized by
three parameters: magnitudEo), high frequency of the
carrier signalf), and low frequency of the modulating signal
(f). An initial experiment without rotationf( = 0) was
conducted using a pair of coplanar electrodes (see Figure
1A) to determine the minimum value &frequired to orient
the nanowires in the direction of the applied electric field.
A bias of 20 V peak-to-peakV/,-,) was applied across the
electrodes spaced 8Qdm apart, givingEy, = 125 V/cm.
Under these conditions, alignment of the nanowires was first
observed af; ~ 500 Hz. A value of; = 1 kHz was selected
for SER experiments to achieve strong alignment of the
nanowires in the field direction.

The SER experiments were conducted using two pairs of
orthogonally oriented pin electrodes as shown in Figure 1B.
This electrode configuration was used for two reasons. First,
the orthogonally oriented pairs of pin electrodes provide
— independent control of the electric field along thandy

Figure 1. Rendering of microscope slide with a nanorod suspension @%€S, With a uniform field in a region near th_e center of the
sealed by a silicone spacer between the slide and a coverslip: (A)electrodes. Second, the small cross section of the pins
two planar electrodes fabricated on a glass slide are used tominimizes capacitive effects between adjacent electrodes.

determine minimum carrier frequendy (B) four pins serve as Modulating the carrier signal by a factor cgs¢ n(:7/2)),
electrodes for synchronous electrorotation. wheren takes on values 0, 1, 2, and 3 for each of the four
) . _ _ electrodes, produces an electric field that oscillates at
in good agreement with experimentally determined values, fequencyf, along a line through the center point of the four
which lend support to this model. The properties of SER pin tips k = 0,y = 0) at an angle with respect to the first
observed here allow for precise control of nanowire rotational gjectrode. When the angleis varied as 2ft, the linearly
speed and orientation at frequencies as low as a fraction ofggijiating field is made to rotate at the modulation frequency,
1 Hz. ) , . . fr (Supporting Information).

The nanowires used in our experiments were synthesized  Tne spatial distribution of the equipotential and electric
by electrodepositing Au metal segments within the pores of fig|q |ines for this electrode configuration was obtained by
commercially available anodic alumina membranes using nymerical simulatioft (Supporting Information), and the
established techniquéFollowing synthesis, nanowires with s ting equipotential distribution is plotted at equal time
average length of 6 um and radiusr of 150 nm were  interyals spanning a total of 9@f wire rotation, in the left-
released from the membrane by selective etching and placed, ;g panels of Figure 2. These simulations and all SER
in deionized (DI) water, which served as the suspending fluid. experiments were done by applying a modulated carrier
A self-assembled monolayer of mercaptoethylsulfonic acid signal withf, = 1 kHz andV,, , = 24 V across pairs of
(MESA) was deposited on the surface of the Au nanowires gjectrodes separated at their tips by 1300. The field at

to minimize particle aggregation during SER. . the center of the four pin tipx& 0,y = 0) can be expressed
The SER experiments were performed by sealing the (Supporting Information) as

nanowire suspension between a glass substrate and a cover
slip usirg a 1 mmthick silicone spacer as shown in Figure

1. The motion of the nanowires was recorded using an optical Eo = B{0.3) = B sin(2rff) cose)
microscope with an objective lens (RONA = 0.45) having _ _ . .
a 1.4um depth of field. Brownian motion of the nanowires E,o = E({0.,0) = E; sin(2rf 1) sin(g)

was observed before the external electric field was applied,
which ensured that the nanowires were not bound to the
substrate floor and were able to move freely during the
experiment. Moreover, the nanowires and substrate floor Under these conditions, the electric field is uniformatH

were both in focus using this objective lens, indicating that 0,y = 0) with E; = 72 V/cm. In addition, the simulations

¢ = —2xf (Ot 1)
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one pair of electrodes and then abruptly switched to the other
pair of electrodes. The axes of the nanowires aligned
immediately in the direction of the electric field upon
energizing the first pair of electrodes. The nanowires then
rotated to align with field produced by the second pair of
electrodes after the signal was switched. This verified that
the as-fabricated electrode structugg, andf. were suitable

for SER experiments.

To investigate SER of nanowires, the modulation fre-
guencyf, was increased linearly from 0 to 2 Hz over a time
span of 2.4 min. Four optical micrographs collected at equal
time intervals as the electric field rotated through a total of
90° are shown in the right-hand panels of Figure 2. As can
be seen from these micrographs, the long axes of the
nanowires (solid line) also rotated by 9@®ver this short
time, the phase-lock angle, which is the nanowire lag angle
6 with respect to the rotating electric field vector (dashed
line), remains constant. We measure nanowire angle variation
over the entire time of the experiment to check synchronicity,
which is defined by a linear wire angular frequency increase
with time at the same set rate as the increase of the field
rotation frequency. Focusing on individual nanowires in the
SER video clip (Supporting Information) showed that the
rotational speed increased withuntil a maximum rotational
frequencyf, max Wwas reached, when the nanowires began to
drop out of synchronization with the rotating field. This
occurred at times of 5565 s., which corresponds max
of 0.76-0.90 Hz. This small variation can be explained by
the distribution of nanowire sizes present in the suspension.
For frequencies exceedinfymax the nanowires stopped
rotating and began to flutter as the electric field vector passed
through their orientation. An additional data run, with the
camera triggered once per field rotation at a fixed field angle,
was used to compare lag angldrom the experiment with
results of the SER model developed below, in which the
variation of@ with f, can be explicitly calculated from electric
field amplitude, nanowire geometry, and suspending fluid
properties. Validation of this model will allow quantitative
force—motion predictions for SER using different nanowires
Figure 2. Optical micrographs of the orientation of gold nanowires and fluids.

captured in four steps {ad), spanning 90of electric field rotation. . I . -
Dashed white arrows on micrographs show electric field direction We use simplifying assumptions to model the fluid flow

and solid yellow arrows, wire orientation. Associated equipotential @nd compare estimates of the resistive fluid torque and
lines from electric field simulations at left, indicate the small area driving electrical torque on the nanowire. The total resistive

spanned by the micrographs, with uniform field, as per eq 2. fluid drag torque on a rotating cylindrical wire near a floor
Oppoglng electro_de tips are 130M apart; vertical edge length of (see Figure 3) can be obtained by summing the fluid drag
the micrographs is 18@m. . . - s
forces that are tangential (skin friction) to the cylindrical
surface, and the pressure forces that are normal to the surface,
over the cylinder. In general, this requires a solution of the
_ ~ _ nonlinear Navier-Stokes equations for this three-dimensional
IE{xy}) — E{O0,0)I/IE{0,G)] < 0.1 (2)  fluid flow problem that seems analytically intractable in its
entirety. Here, we show that several simplifications can
in the 200um diameter region around (0, 0). Thus, our reduce the full fluid flow problem to one that allows use of
observation of nanowire motion for SER studies was analytical results from simpler flows. In particular, we present
restricted to this region of the substrate to ensure good field arguments to show that the flow past any small length
uniformity. segment of the rotating nanowire may be considered to
Before introduction of the modulating signal, the carrier depend only on the local wire velocity and use this to develop
signal withf. = 1 kHz andV,-, = 24 V was applied across a model for the fluid drag torque.

show that the field uniformity is given by
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y number solution for a prolate spheroid with aspect ratib
given by?

AuVL
Ly 1
In(R) + 5

The resisting fluid torquelpr due to steady rotation,
neglecting the proximity to the floor, can be estimated using
a lumped approximation to calculate the force on each half-
length of the nanowire. Since the nanowire is rotating at its
midsection about an axis perpendicular to its own (see Figure
3), the velocity of any length segment along the nanowire
Figure 3. Schematic of rotating nanowire model flow. Profile in  varies linearly with axial distance from its center. In addition,
the horizontal plane shows velocity of points along the wire length; he grag force given by eq 3 varies linearly with velocity.
vertical plane shows fluid velocity distribution between nanowire = . f . .
and floor. or a nanowire of total length the representative velocity

and force for each half-length of the nanowire must be
determined at an axial distance Ié# from the center of
rotation. Considering each half of the wire, and using eq 3
with L = 1/2, R=r, andV = 2x fl/4, the resisting fluid
due to steady rotation is given by

F= @)

Our modeling begins by determining the relevant Reynolds
number Re, equal to the ratio of the fluid inertia force
(nonlinear term in the NavierStokes equations gov-
erning the fluid flow) to the viscous force. For nanowires of drag torqueTor
radiusR, moving through fluid at a steady relative velocity

V, Re= (20VR)/u = 3 x 1078, wherep andu are the density T —f (,ul3) 5 )
and dynamic viscosity of the fluid, respectively. A value of DR 2{In(L) N 1}

Re < 1 indicates that the nonlinear term is negligible, so 2r] 2

that the linear, creeping flow (Stokes) equations govern this

flow. The additional torquépe due to viscous drag from the

The absence of nonlinearities due to the low Reynolds wire-floor shear layer can be approximated by considering
number enables three arguments to justify the use of a locallythe skin friction due to Couette flow on two plates, each of
two-dimensional flow model as discussed below. First, |engthl/2 and width 2 moving parallel to the floor and at a
linearity of the governing equations allows us to consider heightH above it. UsingV defined above to obtain the floor-
the shear flow between the nanowire and floor and the flow normal gradient of velocity, we determine that the shear stress

around the nanowire independently and to superpose theilis (42xfrl/4H), which gives an additional drag torque
results. Second, linearity implies that flow three-dimensional- contribution

ity created by rotation and stretching of vortex lines (see

Batchelof? for complete discussion of this effect of nonlin- sl

earity) is negligible. The third argument involves possible Tor = fiul) 5 (5)
deviations from local two-dimensionality due to pressure
variation along the length of the nanowires. This pressure
variation can be expected from the upstream high-pressure d
face (OU in Figure 3) of one-half-length of the nanowire
being in line with the downstream low-pressure face (OD
of the other half-length) as the nanowire rotates. For any

Combining eq 4 and eq 5 gives the total resistive fluid
rag torque that accounts for the increase in torque due to
floor proximity

small length segmentldif the force due to pressure TDEfr('u|3) 2 + =fCrp (6)
difference between the upstream and downstream faces 2(In(|—) n l) 4H
(~pV? Rdl) is significant compared to the force due to shear 2r] 2

stress ¢V dl), the induced flow along the nanowire length,
past the center of rotation will reduce the pressure difference  For our calculations, we také to be approximately equal
and hence the drag. A locally two-dimensional model that to the sum of electrical double layer thicknesses adjacent to
ignores this flow could significantly overpredict the drag the substrate floor and nanowire surfaces. Using an equi-
torgue in this case. Noting that the ratio of the pressure to librium H* ion concentration for carbon dioxide dissolved
shear forces varies ap\(Rfu), i.e., the Reynolds number, in pure water of 2.5< 10°¢ M,??> we estimateH ~ 220 nm.
Re < 1 in our SER experiments, we conclude that the In eq 6, the first term in brackets varies slowly and is
deviation from local two dimensionality is weak and we will comparable to 1 for typical values of nanowire aspect ratio
neglect it in our analysis. (I/2r) ranging from 4 to 30. The additional fluid drag torque
Assuming a locally two-dimensional flow, the viscous drag due to floor proximity Tpr) would thus be significant unless
on a nanowire of finite length and radiusk, moving at a r’H < 1. Tpr is found to be approximately 25% of the total
steady velocityv, can be approximated by the low Reynolds drag torquélp for the nanowires used here. Using a dynamic
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viscosityu = 8.9 x 1074 Pa s, nanowiré=6 x 10°m,r

= 150 x 10°° m, we estimate&Crp = 3.8 x 10 N m s.
The driving alignment torque on a nanowire due to the

rotating electric field can be determined by modeling the

nanowire as an infinitely conductive prolate spheroid with

major and minor radii of/2 andr, respectively. We assume

that the field-induced dipole forms across the long axis of

the nanowire, which is oriented at an anglevith respect

to the electric field vector. Thus, the portion of the electric

field that intersects the nanowire axisHgcos@). This gives

an induced dipole momeptthat can be expressed @grEo

cos@), whereayre is the nanowire polarizability. Following

the treatment described elsewhé&reyire is given by

Ar’e e,
0”wire: e2 1+ (7)
3 - 1)(2e— |n(1 i 2))
where the eccentricitg is defined as
2
= 3 ®)

Ly

anden is the dielectric permittivity of the suspending fluid.
The magnitude of the electrical alignment torqlig
follows as

Ta = 1P x El = (0o COSO))E, Sin(0)

= (% o‘wireEOZ) sin(29) = CTA sin(29) (9)

This general expression fofa can be checked for con-
sistency with the known large aspect ratio resulto do
so, we setZr/l)> < 1 in eq 8, retain only the first term in
the expansion foe, substitute into eq 7, and rearrange to

recover the exact expression for large aspect ratio in a

standard reference for electrorotat®®nUsing Eoprus
0.707,, we obtainCra = 3.87 x 107%° N-m.

For a nanowire rotating at a steady angular speed, the fluid

drag torque must balance the driving electrical torque.
EquatingTp from eq 4 toTa from eq 9 yields

f,Crp = Cra SIn(20) (10)

Both Cra andCqp in eq 10 are constant for a given nanowire
size, suspending fluid, and field amplitud®. Thus, the

alignment torque required to maintain steady rotation at any

frequencyf, can only increase with through an increase in
the angled between the induced dipole and the electric field

vector. This behavior can be understood by rearranging eq

10 as

1 . G
0= > arcsv(f, q) (12)

630

The alignment torque reaches its maximum valué at
45°, Equating torques for this value @f and solving for
the maximum rotational frequendymax at which the nano-
wires can be driven yields

Cra

fr, max — %

(12)

For a given fluid, nanowire size, and floor heightp is
fixed. Thus, as can be seen from eq 9 and eq 12, higher
maximum rotational frequencies-E¢?) can be achieved by
increasing the electric field amplitude.

We now compare results from our model with the values
obtained from our experiments using a linearly increasing
electric field rotation frequency. The nanowire angle variation
with time, over more than 20 rotations, plotted in Figure 4a,
is well described by the best-fit second-order polynomial.
The local slope of this polynomial, the wire angular
frequency, is plotted in the inset of Figure 4a and shows a
linear increase with time, as required by synchronicity, with
a maximum frequency of 0.78 Hz before loss of synchro-
nicity. Observed values from several nanowires of slightly
different dimensions in the experiment were found to range
from 0.76 to 0.90 Hz for this value d,. Using the values
of Crp andCra determined previously for a nanowire radius
of 0.15um and length of Gum, the model gives; max =
1.03 Hz. As seen in Figure 4b, the measured lag afigle
follows the inverse sine curve (eqs 11 and 12) within the
estimatedt5° angle measurement error shown by the error
bars, up to about 80% of the maximum achievable frequency.
Beyond this frequency, half of the data points closely follow
the curve while the rest show drops in lag angle slightly
larger than the angle measurement error. This may be
indicative of intermittent loss of synchronicity approaching
the limit f,max and points to the difficulty of accurately
locating the limit experimentally. The overall level of
agreement between experiments and synchronicity predic-
tions lends support to future predictive use of this simplified
model for a difficult fluid flow problem.

The importance of this fluid flow problem is underscored
in related studies of colloidal behavior of fiber suspensions
and AER of nanowires. Dimensional analysis can be used
to show that the fluid drag torque varies with rotation
frequency, dynamic viscosity, and nanowire lengthfas,
but the exact form of the prefactor involving nondimensional
ratios of wire lengthl, radiusr, and heightH above floor
must be obtained from the solution to a three-dimensional
fluid flow problem. Our model (eq 6) provides an ap-
proximation to the prefactor with a dependencerft and
an inverse logarithmic dependence ldnfor the effect of
nanowire rotation in bulk fluid. More importantly, it indicates
that for typically encountered, H values in tenths of a
micrometer, the contribution from the shear layer between
floor and nanowire is significant. In earlier related theoretical
work considering fiber suspensiotfsslender-body theory
was invoked to develop a torque result with a similar inverse
logarithmic dependence, which yields a slightly higher torque
estimate compared {thr (eq 5) from our model. The floor
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to acceleration/deceleration (starting/stopping) tins&4v

8000 (v is the kinematic viscosity), in the approximate range of

=
o

%u.a // 2—25 us for nanowires with lengthin the range of 310

g A um in water. Thus AER for elongated particles such as
6000 EM . nanowires typically involves unsteady rotation in which the

fgﬂ-?: nanowire experiences rotary “kick-starts” and stops as the

electric field rotates past the nanowire axis many times per
wire rotation; torque-speed relations must thus be under-
stood as averages of an unsteady process over measurement
times. Steady rotation using AER is possible if the time
interval between kicks is made smaller than the viscous
diffusion time, but this provides a constraint on the choice

of carrier frequency. SER provides steady rotation that is

P

2000¢

Wire Angle (degrees)
3
8

20 40 60 phase-locked to the electric field.
Time (s)

To understand the scope of applications of SER and AER,
it is useful to consider two sets of nanowires, each having
wires of the same size, initially randomly oriented in
suspension. SER will cause the two sets to rotate at the same
selected frequency but with a fixed relative orientation
between them. This creates order not achievable in conven-
tional AER, where the speeds will differ based on nanowire
size, while the relative orientation will remain random.
However, in AER, individual wire speeds are determined
by their drag torque and respond sensitively to nanowire size
and fluid properties. Hence, while AER has proven to be an
0= H ; i ; effective tool for differentiating objects using a size or
0 02 04 06 08 1 permittivity dependent rotational frequentySER is better

Relative Frequency flfr max suited to applications which require ordered alignment, for

’ example, assembly of reconfigurable polarization filters.

Figure 4. (a) Variation with time of the nanowire angle (triangles) SER, with set steady motion and a validated torque-rotation
measured from video frames. The data are well described by themgdel, can serve as an experimental testbed for parametric

best-fit second-order polynomial, shown by the solid line, with local . . i . . )
slope (inset), or nanowire rotation frequency, increasing linearly force—motion studies of individual particles and their ag

with time at the same rate as the applied field, providing the first 9regate behavior in colloidal §uspensﬁj¥o_r some applica-
measure of overall rotation synchronicity. (b) The lag anlle  tions such as microscale fluid stirring, either SER or AER
between nanowire and field, measured by triggering the cameramay be used. These examples show that the two methods

once per field rotation at the same field angle and plotted against shoyld be seen as complementary rather than competing
relative frequency, follows the inverse sine relationship, eqs 11 and techniques

12, derived for synchronous rotation. In the steeper region of the
inverse sine curveflfrmax > 0.8), approaching the synchronicity In summary, we have demonstrated SER of metal nano-

limit, about half the data points follow the curve, while half show wires at a steady rotational speed. This speed is fixed by the
drops in the lag angle slightly larger than estimated angle resolution |, frequencyf, of a signal that modulates the amplitude of
error bars_. This is suggestive of intermittent I_oss of s_ynchron_lcny the signal producing an electric field with high frequency
approaching the limif, nax and points to the difficulty in experi- . ; o ?
mental evaluation of; pmay. fe, required for particle polarization. A numerical value of
the rotational speefi of the particles can be explicitly set,
proximity was not considered because it was not physically independent of nanowire geometry, fluid properties, electric
relevant to that problem. A recent experimental stiay field magnitude, and frequendy This removes a constraint
AER determines the best fit to their data to present a prefactoron f;, which can be chosen to ensure polarization for a range
that is given by a third-order polynomial in nanowire length of values of nanowire aspect ratio, electrical conductivity,
I, independent of nanowire radiusand heightH above the and permittivity of the fluid. Rotation remains synchronous
floor. With bothr andH being smaller than the wavelength with the driving electric field until a maximum rotational
of commonly available laser sources, the interferometric speedf maxis reachedf: max (~Eg?) may be set by choosing
determination of heightl poses a challenging experimental the electric field amplitude. Floor proximity correction for
problem with potential to contribute further to the model fluid drag torque was predicted to be significant, using a

o
(=]

N W B WL
(— I — . — ]

Lag Angle o (degrees)

presented here. tractable analytical model for the three-dimensional fluid flow
Comparing SER to AER for steadiness of rotation, we note around the nanowire. A balance between estimates of this
from recent AER experimerifsthat nanowire motion typi-  drag torque and the electrical driving torque for a given field

cally involves tens of milliseconds/rotation with the rotating amplitude yields numerical values fdfmax Overall syn-
electric field vector passing the nanowire many times in one chronicity and the values for lag angle calculated from the
nanowire rotation. Viscous diffusion of generated shear leadsmodel are in accord with experimental measurements,
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indicating that this flow model may allow quantitative torque-  (6) Paxton, W. F; Kistler, K. C.; Olmeda, C. C.; Sen, A.; St. Angelo, S.

rotation predictions for SER with different types of nanowires éﬁe(r:r?oégé;zg/(l)jligg I-sfz-aLamme“' P. E.; Crespi, V. 3. Am.
and fluids. SER allows for precise control of nanowire 7y \s H.-y.; Sharma, N.: Ruoff, R. S.; Patankar, NN&notechnology

rotational speed and orientation at frequencies as low as a 2005 16, 312.
fraction of 1 Hz. The properties of SER observed here should (8) Huang, J. P.; Yu, K. W,; Gu, G. Q.; Karttunen, G.Rhys. Re. E
; ; At . 2003 67, 051405,
enable its u.se m a r_ange of_appllqajuons, such as re_cc_mflg (9) Smith, P. A.; Nordquist, C. D.; Jackson, T. N.; Mayer, T. S.; Martin,
ural_)le polarization filters, microfluidic valves, and stirring B. R.; Mbindyo, J.; Mallouk, T. EAppl. Phys. Lett200q 77,
devices. 1399.
(10) Hughes, M. PNanotechnology00Q 11, 124.
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