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REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 70, NUMBER 9 SEPTEMBER 1999
Contact angles and wetting velocity measured electrically
H. J. J. Verheijena) and M. W. J. Prinsb)

Philips Research Laboratories, 5656 AA Eindhoven, The Netherlands

~Received 1 April 1999; accepted for publication 7 June 1999!

We describe two new measurement techniques for studying the wetting behavior of a liquid on a
surface. First, we measure the contact angle of a droplet, by measuring the capacitance between a
conducting droplet and a subsurface counter electrode. The estimated error in the measured contact
angle is 2% for contact angles in the range between 60° and 120°. In the second measurement
technique, we detect the current as a function of time, which provides information about the
dynamics of a droplet wetting the substrate. The time-integrated current is related to the base area
of the droplet. Consequently, we can derive the radial velocity of the three-phase line of the droplet.
The time resolution of the measurement technique is limited by the charging time of the initial
capacitance, in our case approximately 0.5 ms. ©1999 American Institute of Physics.
@S0034-6748~99!03409-7#
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I. INTRODUCTION

Ever since Young derived his contact-angle equation
1805,1 contact angles have been measured to study sur
and interface energies.2 Methods of contact-angle measur
ment are typically optical or, less commonly, tensiometric3,4

In optical measurements an angle accuracy better than 1°
be achieved by solving the Laplace equation for the obser
shape.5,6 However, optical measurements are complicated
optical distortions and are laborious, which limits the numb
of measuring points by time constraints.

In this article, we show that the contact angle of a liqu
on a solid surface can be derived from a capacitance m
surement. The technique requires a subsurface electrode
a conducting liquid. In this geometry, we can relate the
pacitance between the droplet and the subsurface electro
the droplet base area. We can express the contact angle o
droplet in terms of the droplet base area, knowing the dro
shape and volume. The shape of a droplet is determine
the surface tensions and the gravitational force. For sm
droplets, the surface tensions dominate and the drople
sembles a cap of a sphere. For larger droplet volumes gra
becomes significant, which can be accounted for num
cally. As an example, we use the capacitance-based mea
ment to study voltage-induced changes of contact angle,
called electrowetting.7–11

Finally, we demonstrate an electrical method to der
the radial velocity of a spreading droplet. We show that
can study droplet dynamics by measuring the current flow
to the droplet as a function of time. The electrical measu
ments facilitate the data analysis significantly, as compa
to the optical measurements, where a high-speed camera
extensive image analysis are needed.

a!Also at: Department of Applied Physics, Eindhoven University of Tec
nology, Eindhoven, The Netherlands.

b!Electronic mail: prins@natlab.research.philips.com
3660034-6748/99/70(9)/3668/6/$15.00
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II. STATIC DROPLET EXPERIMENTS

An electric potential is applied between the conducti
liquid droplet and the subsurface counter electrode, sc
matically shown in Fig. 1. By measuring the capacitance
the droplet, we derive the droplet base area which relate
the contact angle if the droplet shape and volume are kno
First, we discuss the relation between the capacitance an
base area of the droplet. After that, we discuss the shape
droplet and the relation between the droplet base area an
contact angle. Finally, we apply the capacitance-based m
surement technique to measure the voltage-induced cha
of contact angle in an electrowetting experiment.7–11

A. The capacitance of a droplet

The potential applied to a droplet in the geometry of F
1 induces charge in the droplet and an image charge on
solid electrode. The capacitance is defined as the charg
each of the two conductors divided by their potential diffe
ence. The main contribution to the capacitance of the dro
system can be modeled as a parallel-plate capacitor (Cpar). A
second contribution is the stray capacitanceCstr, originating
from fringing fields at the edge of the droplet. The capa
tance can be written as

C5Cpar1Cstr5
e0e rA

d
1Cstr, ~1!

whereA is the base area of the droplet,d is the insulator
thickness ande r is the dielectric constant of the insulato
The serial capacitances of the diffuse ionic double layer
the wire/liquid and the liquid/insulator interfaces are suf
ciently large to be neglected.

For a 10m l droplet with a contact angle of 90°~radius
1.7 mm!, e r52.7 andd510 mm, we findCpar521 pF. As
explained in Appendix A, using the same parameters,
find Cstr50.36 pF, so 1.7% ofCpar. The ratio ofCstr to Cpar

increases for increasing contact angles. Foru ranging be-
tween 60° and 120°, the ratioCstr/Cpar increases from 1% to
less than 3%.

-

8 © 1999 American Institute of Physics
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3669Rev. Sci. Instrum., Vol. 70, No. 9, September 1999 Contact angle and wetting velocity
B. Influence of gravity on the droplet shape

For small droplets, the shape is completely determin
by surface tensions and a droplet is shaped as a cap
sphere. By integration, the following relation between t
base areaA, the droplet volumeV, and the contact-angleu is
derived:

A5p sin2 uS V
~2/3! p@12 ~3/2!cosu1 ~1/2!cos3 u#

D 2/3

.

~2!

We can rewrite this expression to findu as a function ofA
for knownV ~Appendix B!.

Gravitational forces change the droplet shape from
cap of a sphere to a flattened shape. Comparing the gra
tional force to the surface force, we calculate the capill
constant12

L5A2gLV

rg
, ~3!

wherer is the density of the liquid,gLV is the surface ten-
sion andg is the gravitational constant. For water,L53.8
mm (gLV50.072 N/m,r5103 kg m23). As an example, a
10 m l semisphere has a radius of 1.7 mm. Thus, we exp
that gravity influences the droplet shape to some extent.
droplet shape can be calculated by equating the Lap
equation and the hydrostatic pressure. We have worked
out in detail in Appendix C. The equation is solved by wr
ing the shape parameters as a converging series. In ze
order, gravity is neglected and the result is a cap of a sph
Higher order solutions deviate from this spherical result,
creasingly for higher droplet volumes. We solved this eq
tion numerically until the third order. Figure 2 shows th
relation between the droplet base area and contact angl
the zeroth and third order solution for a water droplet with
volume of 10m l. It is clear that including gravity flattens th
droplet and therefore yields a larger contact angle at gi
base area. From the convergence of the series solution
conclude that the third order approximation is within 1%

FIG. 1. Schematic drawing of a capacitance-based contact-angle mea
ment. A droplet of a conducting liquid is placed on an insulating layer
thicknessd, which is deposited on a metal counter electrode. A small v
age oscillation is used to measure the capacitance between the cond
liquid and the metal counter electrode. Knowing the relation between
capacitance, the base area of the droplet and the droplet shape, w
calculate the contact angle. Application of a dc-potentialV between the
droplet and the metal electrode changes the free energy of the drople
results in spreading of the droplet and a decrease of the contact-angleu, as
indicated by the dashed line.
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the actual value. We have fitted the relation between b
area and contact angle as a quadratic series (u5c01c1A
1c2A2) with the constantsc0 , c1 andc2 given in Appendix
C.

C. Static contact-angle measurements by capacitance

A droplet on a horizontal substrate spreads until
reaches a minimum in potential energy. This is determin
by the cohesion forces in the liquid and the adhesion of
liquid with the substrate. The phenomena of surface and
terfacial tensions are explained in terms ofg, the surface
tension@Nm21# or surface free energy@Jm22#. By applying a
potential, we can alter the surface free energy of the dro
and therefore the contact angle. The relation between
contact angle and the applied potential is derived by,
instance, Welters and Fokkink10

cosu~V!5cosu01
1

2

e0e r

dgLV
V2, ~4!

where u0 is the contact angle at 0 V,gLV is the surface
tension of the liquid/vapor interface andV is the voltage
applied to the counter electrode.

In Fig. 3~a! we show the dependence of the capacitan
on the applied potential. The material system was a silic
wafer coated with an aluminum layer as metal electrode,
insulating parylene-N layer and a highly fluorinated AF16
layer as a hydrophobic top coating. The liquid was demin
alized water with 0.1 moll 21 KCl dissolved in it for con-
ductivity. We recorded the same results for solutions w
either 1.0, 0.1 and 0.01 moll 21 KCl as well as for a solu-
tion with 0.1 moll 21 K2SO4. We placed a 10m l droplet13

on the sample and applied a voltage to the aluminum e
trode. We decreased the voltage from zero to2250 V and
the droplet spreads out as a result. Next, the voltage
increased to 0 V and the droplet contracts. Finally, we in
creased the potential to1250 V and decreased it to 0 V. W
covered the entire voltage range in 100 steps. The com
impedance was measured using a HP4192A impedance
lyzer. On top of the bias voltage, an ac signal was added;
used a 700 Hz oscillation frequency with an amplitude o
Vrms, a signal that does not affect the droplet shape. T
measurement precision of the impedance analyzer was a
1%. For all measurements, the out-of-phase signal~capaci-
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f
-
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e
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FIG. 2. The calculated dependence of the contact angle on the base ar
a 10m l aqueous droplet, in zeroth and third order approximation. As
pected, the zeroth order spherical shape assumption results in lower a
than the higher order approximation in which gravitational forces are
cluded.
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3670 Rev. Sci. Instrum., Vol. 70, No. 9, September 1999 H. J. J. Verheijen and M. W. J. Prins
tive current! was nearly two orders of magnitude larger th
the in-phase signal~resistive current!. This indicates that the
parylene layer behaves as a good insulator and that the li
has a sufficiently high electrical conductivity. Evaporati
causes a decrease of the droplet volume at a rate
0.5%–1% per min. The recording of one complete cu
takes less than 2 min. Evaporation can be suppresse
performing the experiments in an environment saturated w
water vapor.

The contact angle can be obtained from the base
using Eq. ~C2!. We used the parallel-plate approximatio
(Cstr is neglected! to relate the base area to the capacitan
The thickness of the parylene insulator was determined
interferometry~Nanospec/AFT!, yielding d59.9 mm, with
an accuracy of 1%. Results of interferometry were verified
be in agreement with measurements with an Alfa Step
~Tencor instruments!. The dielectric constant ise r52.65 for
parylene-N.14 The resulting value ofe r /d was verified to be
in agreement with a measurement of the capacitance per
area.15 The thickness of the AF1600 layer was about 25 n
orders of magnitude smaller than the thickness of
parylene layer. Figure 3~b! shows the contact angle measur
by capacitance as a function of applied potential. The s
line is the theoretical curve, calculated using Eq.~4!. In the
voltage range2200,V,200 V, the measured contact-ang
modulation differs less than 2° from the theoretical cont
angle. The plot confirms that electrowetting is independ
of the polarity of the applied voltage. In the geometry of F
1, we have also determined the contact angle using the c
mon optical method for contact-angle detection. The ab
lute initial contact angle at 0 V varied between 104° a
119° for different measurements on the same sample.
measurements appeared to be very sensitive to chang
optical alignment and angle of observation. The cont

FIG. 3. ~a! The capacitance of a droplet as a function of applied potentia
is measured by applying a voltage, which is decreased from 0 to2250 V,
increased to1250 V and decreased to 0 potential. We have tested a 10m l
droplet on a (9.960.1) mm parylene insulator.~b! Contact angle as a func
tion of voltage, derived from the capacitance measurement withe r52.65
andd59.9 mm. The solid line is calculated according to Eq.~4!. The mea-
sured contact angles at the 0 V potential differ less than 2°.
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angles derived from a capacitance measurement fell in
range 12061°.

III. DYNAMIC DROPLET EXPERIMENTS

A. Deriving the droplet velocity from the current

By studying the current flowing to the droplet as a fun
tion of time, we can obtain important information about t
dynamics of the droplet during wetting. For instance, we c
determine the velocity of the three-phase line.

The currentI is defined as the differential of the charg
to time. Let us consider the droplet system to be an id
capacitor. SinceQ5CV, with Q the charge on the capacito
andC the capacitance of the droplet, we can write

I ~ t !5
dQ

dt
5C

dV

dt
1V

dC

dt
. ~5!

The first term represents the charging of the initial capa
tance of the droplet. The second term represents the cu
needed to charge the changing capacitance, for example
cause the droplet spreads out or contracts. The timet re-
quired to charge the initial capacitance is given by the
sponse time of the voltage source as well as the respo
time of the electric polarization of the insulating layer. F
times higher than the charging timet, we have the following
relation between the current and the droplet area:

I ~ t !5V
dC

dt
5V

e0e r

d

dA

dt
~ t.t!, ~6!

where we used the parallel-plate approximation. Integrat
gives

A~ t !5A01
d

e0e rV
E

t

t

I ~ t8!dt8, ~7!

whereA0 is the initial base area of the droplet. In principl
we can derive the contact angle fromA, when the droplet
shape and volume are known~see Sec. II!. The radius of the
droplet as a function of time,r (t), is related to the base are
by A5pr 2. We differentiater (t) to find the velocity of the
three-phase line in radial direction

v~ t !5
dr

dt
5

1

Ap

d

dt
AA~ t !. ~8!

B. Velocity measurements by current

Dynamic experiments were performed on glass samp
with a layer of indium–tin–oxide as metal electrode, an
sulating parylene layer and a hydrophobic AF1600 top co
ing. We used a function generator to provide a step funct
which was amplified to2225 V and applied to the subsu
face electrode. We used a custom built high-voltage am
fier for which the voltage deviates no more than 1% of
final voltage within 100ms. The current was determined b
measuring the potential drop across a 100 kV resistor. A
digital oscilloscope averaged the signal 16 times to enha
the signal to noise ratio. We used five different time a
voltage scales in order to acquire the current between 0.1
50 ms and still have sufficient resolution. One measurem

It
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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involves about 100 switching cycles in total, due to the a
eraging and changing of scales. We verified that the sys
was not modified irreversibly during the measurement,
comparing a measurement of the capacitance as a functio
voltage before and after the completeI (t) measurement.

Figure 4 shows the absolute value of the current
double logarithmic scales for both a freely spreading drop
and a droplet constrained in a spacer. The latter cannot m
and, therefore, the difference between the curves is due to
increasing base area of the free droplet. We see that ft
<20 ms, the current increases. This is caused by the
sponse of the voltage source (dV/dtÞ0). Until t'0.1 ms
the two curves are similar, showing that the current mai
results from the charging of the initial base area. Fort.0.1
ms, the current of the freely spreading droplet is larger
cause of its increasing base area. The inset shows the cu
versus time on linear scales, illustrating the difference
tween the curves.

We plotted the radial velocity of the three-phase line a
function of time in Fig. 5, using Eqs.~7! and~8!. The veloc-
ity is of the order of 0.1 m s21, approaching zero after abou
15 ms. The inset in Fig. 5 is a plot of the integrated veloc
i.e., the radius of the droplet. The radius increases from
to 2.1 mm, in agreement with static capacitance meas
ments at 0 and2225 V, respectively. Fort.0.5 ms, we
conclude that the measured points represent the actual v
ity, with an overestimation of less than 10% due to t
charging current of the initial capacitance. Minor inaccu

FIG. 4. Absolute value of current for a free droplet and a droplet insid
spacer~with area of 2.8 cm2). The extra current contribution for the fre
droplet is due to its increasing base area. We applied a step functio
2225 V at t50 s. The inset shows the same curves on linear scales.

FIG. 5. The radial velocity of the three-phase line of a 10m l droplet for an
applied voltage of2225 V. The velocity is of the order of 0.1 m s21. The
inset shows the radius of the droplet as a function of time.
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cies are added because we use several different voltage
time scales of the oscilloscope.

Finally, note the oscillation of the velocity. By strobo
scopic illumination, we verified that the droplet indee
shows an overshoot as well as oscillations in the radial
locity. Figure 6 shows two photographs of a droplet in m
tion. The droplet shape differs from the static droplet sha
indicating that capillary waves have been excited. From c
illary wave theory,12 it is expected that the oscillations occu
later in time for larger droplet volumes, which was co
firmed experimentally. We have also noticed that an incre
of the viscosity reduces the amplitude of the velocity osc
lation but does not affect the spreading time.

IV. DISCUSSION

A. Static measurements

We have introduced a capacitance-based method to m
sure contact angles of a droplet. We derived a relation
tween the base area of a droplet and the contact angle in
presence of gravity. For a 10m l aqueous droplet, residing on
an insulator with a thickness of 10mm, we deduced that the
influence of fringing fields from the sides of the droplet
the total capacitance is less than 2% for contact ang
around 90°. Knowing the thickness of the insulator and t
dielectric constant, we can calculate the base area from
capacitance and consequently derive the contact angle.
showed experimental data of the contact angle as a func
of the potential applied between the droplet and the coun
electrode. The data are in agreement with electrowett
theory. The estimated error in the contact angle is 2% in
range between 60° and 120°. The main contribution to
error is due to the stray capacitance. The capacitive meas
ment of contact angle gives the averaged contact angle of
entire droplet. This is in contrast with optical measuremen
where just one point of the contact line is sampled. T
capacitance-based measurement is fast, easy to use a
facilitates data analysis.

B. Dynamic measurements

We have shown that measuring the current as a func
of time provides a fast and convenient method to acqu
information about a droplet while it is wetting the substra
We measured the radial velocity of the three-phase line
the spreading droplet. In our situation, the time resolution
the measurement was 0.5 ms, after which the difference

a

of

FIG. 6. Photographs of a moving droplet. The droplet is switched at 50
The droplet shape is influenced by capillary waves caused by inertia.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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tween the current of a spreading droplet and that of a c
strained droplet is more than a factor of 10. The strobosco
photographs indicate that capillary waves play an import
role in the droplet shape. This measurement method prov
an interesting tool to study partial wetting physics, as
wetting force can be accurately controlled by changing
voltage which is applied to the system.

APPENDIX A: STRAY CAPACITANCE

We calculate the contribution of the stray capacitance
the total capacitance for the case that the droplet is a s
sphere at potentialV on a plate at zero potential. I
Jackson,16 the potentialF is given for the case of a spher
with radiusa consisting of two hemispheres at opposite p
tential, with a plane of zero potential atz50. Using the same
coordinate system as Jackson16 the potential is given by

F~r ,u,w!5
V

4pE0

2p

dw8F E
0

1

d~cosu8!

2E
21

0

d~cosu8!G a~r 22a2!

~a21r 222ar cosg!3/2

with

cosg5cosu cosu81sinu sinu8 cos~w2w8!. ~A1!

The stray charge on the 0 V plane atz50 is given by the
fringing electric field integrated over thez50 plane. Atz
50 andr 5a, E goes to infinity, since at that point there
a step in the potential. In reality, the thickness of the in
lating layer removes the singularity in the electric field. W
define an angled, by sind5d/a. To find the electric field, we
integrate top/22d instead ofp/2. The integral expression
for E at z50 is then given by

E~x!5
3V

paE0

p

dw8E
0

p/22d
du8

~x221!cosu8 sinu8

~11x222x sinu8 cosw8!5/2
,

~A2!

with x5r /a. For d50.01, we plotted the electric field as
function of the normalized radius in Fig. 7. The electric fie
of the parallel-plate capacitor equalsV/d5V/(a sind)'100
•V/a. From the figure, we see that atx52, the fringing field
is less than 1% of the parallel-plate electric field. Forx&1

FIG. 7. The fringing electric field atz50 vs the normalized radial distanc
from the droplet center, ford50.01~insulator thickness,d510 mm, droplet
radiusa51 mm!. For x,11d, the contribution of the fringing field to the
total electric field decreases rapidly as in this region the contribution f
the parallel-plate electric field arises. The inset shows the fringing ele
field on a linear scale.
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1d the fringing field decreases, as in that region the field
mainly generated by the parallel-plate charges instead of
stray charges.

We integrate the electric field over the entirex,y plane
outside the sphere (x>1) to find the total stray charge due t
fringing fields. As the capacitance is equal to the cha
divided by the potential, we find

Cstr55
e0

V E
a

`

2prdrEz56e0aE
1

`

dxE
0

p

dw8E
0

p/22d
du8

3
~x221!cosu8 sinu8

~11x222x sinu8 cosw8!5/2
.

~A3!

A plot of the stray capacitance versusd is shown in Fig. 8.
We notice that the stray capacitance depends only weakl
d. Thus, the contribution of the electric field in the regio
1,x,11d to the total capacitance is negligible. Note th
the magnitude ofCstr is rather close to 4pe0a, the capaci-
tance of a sphere of radiusa in vacuum.

APPENDIX B: DROPLET SHAPE IN ABSENCE OF
GRAVITY

For small droplets, when the capillary constant@Eq. ~3!#
is much longer than the radius, the gravitational force can
neglected and a droplet is shaped as a cap of a sphere
can write the base areaA in terms of the droplet volumeV
and the contact-angleu

A5p sin2 uS V
~2/3! p@12 ~3/2!cosu1 ~1/2!cos3 u#

D 2/3

.

~B1!

Using two new variables

a5
A

@p ~9/4!V 2#1/3

b5@1618a31a612~41a3!3/2#1/3, ~B2!

we find the following expression for the contact angle:

cosu5211
a2

b
1

ab

41a3
. ~B3!

ic

FIG. 8. The stray capacitance calculated with Eq.~A3! for different values
of d.
IP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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3673Rev. Sci. Instrum., Vol. 70, No. 9, September 1999 Contact angle and wetting velocity
This equation is the exact solution in the absence of grav
Hence, by calculating the base area of the droplet from
capacitance measured, we can directly obtain the con
angle.

APPENDIX C: INFLUENCE OF GRAVITY ON THE
DROPLET SHAPE

Gravitational forces change the droplet shape from a
of a sphere to a more flattened oval-like shape. The dro
shape is determined by equating the Laplace equation
the hydrostatic pressure, as given by O’Brien and van
Brule17
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D5rgz1p* , ~C1!

whereR1 andR2 are two principal radii of curvature of th
droplet,r is the liquid density,g the gravitational constan
andp* is the pressure difference at the liquid/vapor interfa
at the top of the droplet (z50) as shown in Fig. 9. We solv
this equation using the same method as O’Brien used
writing the shape parameters as a converging series. We
culated the shape parameters numerically to the third or
Doing this, we noticed additional terms missing in the s
ond order solution of O’Brien. In zeroth order, gravity
neglected and the resulting parameter description is tha
the cap of a sphere. Higher order solutions deviate from
spherical result, increasingly for higher droplet volumes.

We integrate the parameter description over angles f
zero to the contact angle (u) to find a relation between th
principal radii of curvature, the contact angle and the v
ume. The base area depends on the radii of curvature. Th
fore, for a set volume, the relation between the contact an
and the base area can be calculated if the droplet shape
contact angle and, thus, the relation between the volume
the radii of curvature is known.

FIG. 9. Schematic drawing of the droplet in the presence of gravity.
axis system used for the calculation is shown.
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We have calculated the solution of Eq.~C1! up to the
third order and related the contact angle of the droplet to
base area. From the convergence of this series, we conc
that the maximum error in the contact angle for a volume
10 m l is less than 1%. A plot of the contact angle versus
droplet base area in zeroth and third order approximatio
shown in Fig. 2 for a 10m l droplet of water, withgLV

50.072 N m21, r5103 kg m23. The graph for the third or-
der can be fitted by a quadratic curve, with an accuracy be
than 1%. For an aqueous 10m l droplet, we find the relation
between the contact angle and the base areaA to be

u5c01c1A1c2A2, ~C2!

where c052.38131011,c1521.12143107 m22 and c2

5174.97 m24. This gives a convenient calibration functio
to calculate the contact angle for any given base area.
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