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Dielectrophoresis forces have been used to create a static periodic wrinkle with a sinusoidal

morphology on the surface of a thin layer of 1-decanol oil. The surface deformation occurs when a

voltage V is applied between adjacent coplanar strip electrodes in an interdigitated array onto which

the oil film is coated. It has been shown experimentally that the peak-to-peak amplitude A of the

wrinkle scales according to the functional form A~V2 exps-ah̄ / pd for a range of oil film thicknesses

h̄ sbetween 15 and 50 mmd and wrinkle pitches p s160, 240, and 320 mmd. © 2010 American

Institute of Physics. fdoi:10.1063/1.3525708g

Dielectrophoresis forces act on any polarizable dielectric

material that is in a region containing nonuniform electric

fields. The magnitude of the force is related to the gradient of

the electric field and it acts in the direction of the increase in

magnitude of the electric field.
1–3
Particle dielectrophoresis is

used in the analysis and separation of biological particles

such as cells.
2,4
In liquid dielectrophoresis, the tendency of a

dielectric liquid to collect in regions of highest nonuniform

electric field intensity has been exploited in microscale fluid

actuation for lab-on-a-chip applications.
5,6
We have recently

reported how the concept of liquid dielectrophoresis can be

used to create a static periodic “wrinkle” deformation at the

free surface of a thin film of oil in air
7
to create a voltage

programmable optical effect. The current investigation fo-

cuses on establishing the underlying physics of how the

peak-to-peak amplitude A of the wrinkle scales with the av-

erage thickness h̄ of the oil film and the pitch p of the

wrinkle.

A cross section through the device geometry is shown in

Fig. 1sad. A two-dimensional array of coplanar strip elec-
trodes is patterned on top of a glass substrate. The electrode

architecture was fabricated using standard photolithography

and etching techniques from a continuous layer of indium tin

oxide of thickness 25 nm and resistivity 100 V /sq sPraezi-
sions Glas and Optik GmbH, Iserlohn, Germanyd. The elec-
trodes were configured in an interdigitated geometry in

which alternate electrodes in the array were electrically con-

nected so that neighboring electrodes could be separately bi-

ased, as shown in Fig. 1sad. The electrode widths w were

equal to the spacing between the electrodes. The electrodes

were coated with a 0.5 mm thick dielectric layer of SU8

photoresist sMicroChem Corp., MA, USAd, which provided
planarization and ensured electrical isolation between neigh-

boring electrodes.

1-decanol was applied to the device using a Gilsen

0.1–2 ml dispensing pipette. When a potential difference
greater than 30 V s10 kHz squarewaved was applied between
the interdigitated electrodes, the oil spreads into a thin film in

the x-y plane with uniform thickness covering the 5 mm

35 mm square area immediately above the electrodes. In-

creasing the voltage further resulted in the appearance of a

sinusoidal periodic wrinkle at the oil-air interface. The pitch

p of the wrinkle was equal to twice the electrode width, p

=2w, and this was determined by the fabricated electrode

dimensions which, in this study, were 160, 240, or 320 mm.
The spreading of the oil into a uniform film and the creation

of the surface wrinkle at the oil-air interface can both be

understood as a consequence of the dielectrophoresis forces.

The interdigitated electrode geometry generates highly non-

uniform “fringing” electric fields in the region immediately

above the electrode array and the fluid flows and spreads to

occupy this region. The highest nonuniform electric field in-

tensities are found between the electrodes and the oil collects

preferentially in these regions immediately above the elec-

trode gaps, which creates the surface wrinkle morphology.

The wrinkle amplitude AsVd and average oil film thick-

ness h̄ were both measured from the displacement of tilt

interference fringes when the sample was placed in one arm
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FIG. 1. sad Schematic depiction of the device geometry showing a cross

section through a thin film of oil that lies in the x-y plane. Dielectrophoresis

forces produce a sinusoidal wrinkle at the air-oil interface. sbd When the

device is placed in a Mach–Zehnder interferometer, the wrinkle produces a

displacement of tilt interference fringes at horizontal position x that is di-

rectly proportional to the thickness of the oil film hsxd.
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of a Mach–Zehnder interferometer. Figure 1sbd shows the
appearance of the interference fringes for a device with elec-

trodes of width w=120 mm sp=240 mmd and average film

thickness h̄=18.2 mm when the voltage between adjacent

electrodes was set at 50, 100, 150, and 200 V s10 kHz
squarewaved. The vertical displacement ysxd of the fringes at

a given position x along the oil layer is determined by the

optical path length of transmitted light at that position, which

depends on the thickness of the oil layer hsxd at that position,

the wavelength of light l s633 nmd, and the difference be-
tween the refractive index of 1-decanol oil noil s1.438d and
the refractive index of air nair. The fringe displacement ysxd

expressed as a fraction of the sconstantd distance Dy between

two adjacent fringes is given by ysxd /Dy= fhsxd /lg · snoil
−naird. The peak-to-peak amplitude of the surface wrinkle

A=hpeak−htrough can be found directly from the difference in

the displacements of the fringes at a peak and at a trough,

respectively, indicated by the distance A8 in Fig. 1sbd.
Figure 2 shows the oil film thickness profiles hsxd at the

edge of an oil film that coats electrodes of width w

=120 mm. The horizontal x coordinate is measured from the

edge of the electrodes, where the positions of the electrodes

are shown by the solid rectangles at the lower edge of the

graph. The thickness profiles are shown when the 10 kHz

squarewave voltage between adjacent electrodes was set at

100, 150, 200, and 250 V. As the voltage increases, the gra-

dient of the oil film thickness profile becomes steeper in the

region at the edge of the electrodes. An expanded view of

profile in the region of the oil-air-photoresist contact line, or

triple line, is shown in the inset of Fig. 2. The limit of ex-

perimental accuracy, shown by the cross in the inset figure,

was estimated to be 60.2 mm in the determination of the

height profile hsxd due to the finite width of the interference

fringes. The oil film thickness is shown as 0 in the region

where x!0 in Fig. 2. This is not necessarily the case but any
uniform oil layer cannot be detected since the measurement

involves the relative shift of interference fringes. For all volt-

age values, the oil film thickness profiles show a point of

inflexion near the edge of the spread films.
8,9
As the voltage

is increased, the triple line recedes slightly toward the region

covered by the electrodes. This is accompanied by an in-

crease in the contact angle sdefined by extrapolation from the
point of inflexiond from 3.1° at 100 V to 6.1° at 250 V.

The average oil film thickness h̄ is found from the mid-

points between the peaks and troughs of the surface wrinkle

at least 1 mm from the electrode edge. The values of h̄ in

Fig. 2 are 24.6 mm at 100 V, 23.9 mm at 150 V, 22.7 mm at
200 V, and 21.8 mm at 250 V. The thickness of the spread oil
film was determined by the amount of oil dispensed onto the

device and this was generally found to remain constant to

within 66% over the range of voltages used. Taking into

account this variation and the variations in uniformity of the

spread oil film found by measuring the oil film thickness at

different edges gave an estimated random error of 68% on

the value of h̄.

In Fig. 3 the peak-to-peak amplitude A of the wrinkle at

the oil-air interface is plotted as a function of the square of

the rms value of voltage swhich equals the peak value for the
10 kHz squarewave voltage waveform usedd for three differ-
ent wrinkle pitches: sad p=160 mm, sbd p=240 mm, and scd
p=320 mm. Data are shown for several different average oil

film thicknesses h̄ at each pitch value. A clear linear relation-

ship between A and V2 is exhibited for the range of thickness

and pitch values, for which the ratio h̄ / p varies in the range

from h̄ / p=0.035 to 0.206. The data in Fig. 3 represent a

sample from a total of 24 separate experiments across the
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FIG. 2. The oil film thickness profile at the edge of a spread oil film for

applied voltages of 100 V ssolid lined, 150 V smedium dashed lined, 200 V

slong dashed lined, and 250 V sdotted lined. The solid rectangles at the lower

edge of the figure show the positions of the electrodes of width 120 mm that
are buried beneath a 0.5 mm thick layer of dielectric sSU8 photoresistd. An

expanded graph in the region at the three phase contact line is shown inset.

The estimated experimental accuracy is shown by the vertical line in the

inset figure.
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FIG. 3. The peak-to-peak amplitude A of the wrinkle produced by dielec-

trophoresis forces at the surface of the oil film is plotted as a function of the

square of the rms value of the ac voltage. Measurements were performed on

devices with three different wrinkle pitches: sad p=160 mm, sbd p

=240 mm, and scd p=320 mm. At each pitch value, data are shown for a

number of different average oil film thicknesses h̄. The solid lines show

linear regression fits to the data for each different set of p and h̄ values.
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range of values of h̄ / p. Linear regression fits to the A versus

V2 curves sshown by the solid lines in Fig. 3d yielded an
average standard error of 2.6% on the gradients and the in-

tercepts with the amplitude axis lay within 60.3 mm of the
origin. In Fig. 4 the natural logarithms of the gradient values

of the A versus V2 curves are plotted against the correspond-

ing values of the ratio h̄ / p. The linear regression fit to the

experimental data ssolid lined corresponds to the functional

form A=kV2 exps-ah̄ / pd where a=6.860.5 and with the

constant of proportionality k= s1.460.1d310−10 m.

The corrugation of the oil-air interface can be intuitively

understood by considering the increase in its area and in the

associated surface free energy, WS=gLVef1+ s¹yd2g1/2dS,

where gLV is the oil-air interfacial surface tension. For a

sinusoidal surface deformation described by hsxd= h̄

+
1

2
A coss2px / pd, the excess surface free energy due to the

wrinkle is given by WS~gLVA2 / p sper unit length in the y

directiond in the limit A! p. This increased interfacial energy

is balanced by the decrease in the electrostatic energy WE

=
1

2
DC ·V2, where DC is the change in capacitance produced

by some of the oil redistributing and collecting in the regions

between the electrodes. Since the 1-decanol oil has a dielec-

tric constant of 8.1 and air has a much lower dielectric con-

stant of 1, the appearance of a nonuniform layer of oil can

balance the change in surface free energy caused by the

wrinkle. The potential due to an interdigitated electrode array

decays exponentially with distance z from the electrodes

with the relationship Vszd,VO exps−pz / pd sRefs. 10–14d to

first order giving V2sh̄d,VO
2 exps−2ph̄ / pd at the oil-air in-

terface z-position of the wrinkle, z= h̄. The change in the

capacitance due to the appearance of wrinkle is given by

DC~«O«oildfhsxd / pg,«O«oilsA / pd to first order and so the

change in electrostatic energy is given by WE

,
1

2
«O«oilsA / pdVO

2 exps−2ph̄ / pd sper unit length in the y di-

rectiond. Minimizing the total energy W=WS−WE with re-

spect to the peak-to-peak amplitude A of the wrinkle yields

the expression A~ s«O«oil /4gLVdVO
2 exps−2ph̄ / pd.

The above consideration of the balance between the sur-

face tension and the electrostatic energies reproduces the ex-

perimentally observed scaling relationship. Moreover, it pre-

dicts a coefficient in the argument of the exponential of 2p
=6.28, which agrees with the experimentally observed value

of a=6.860.5 to within one standard error. This approach
also identifies the dependences on the key material param-

eters of the oil, gLV and «oil. The form used for the electro-

static energy above can be justified analytically by perform-

ing the integration WE=
1

2
«O«oilee¹2Vsx ,zddzdx between the

limits z=0 to z=hsxd and x=−p to x=p and using a suitable

Fourier series approximation for the potential profile

Vsx ,zd.
12–14

The full quantitative analysis requires a knowl-

edge of the nonuniform electrical potential profile produced

by the electrode geometry taking into account the complexi-

ties introduced by the distortion of the electric field at the

oil-air boundary; neglecting this boundary results in an over-

estimation in the argument of the exponential of a factor of

2.
7

At lower pitch values, the device has potential applica-

tion for use as an electro-optical modulator through opera-

tion as a voltage programmable phase grating in which the

refractive index mismatch between the periodically de-

formed oil surface and the surrounding air produces tunable

diffraction of transmitted light.
7
Tunable phase grating de-

vices have previously been produced based on a solid elas-

tomeric layer coated with a deformable mirror,
15
birefringent

nematic liquid crystal layers,
16,17

and using mechanical ac-

tuation to create buckling instabilities on a stretched thin

polymer film.
18–20

The tunability of the wrinkle amplitude on

the liquid surface has potential applications in controlling

thermal cooling, since a wrinkled surface is a more efficient

thermal radiator, and for low-cost sensing devices with opti-

cal read-out, since the amplitude of the wrinkle depends on

the physical properties ssurface tension and dielectric con-
stantd of the liquid. The ability to electrically actuate the
spreading of a liquid into a thin film has potential applica-

tions for voltage controlled coating and lubrication.
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the wrinkle amplitude vs voltage squared relationships is plotted against the

ratio h̄ / p for static wrinkles at the oil-air interface with a pitch p on an oil

film with average thickness h̄.
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