Langmuir

pubs.acs.org/Langmuir

Vibrational Modes of Elongated Sessile Liquid Droplets
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ABSTRACT: Vibrations of small (microliter) sessile liquid droplets were studied
using a simple optical deflection technique. The droplets were made to elongate
in one direction by taking advantage of the anisotropic wetting of the liquids on
structured diffraction grating surfaces. They were vibrated by applying a puft of
nitrogen gas. Motion of the droplets was monitored by scattering laser light from
their surfaces. The scattered light was collected using a photodiode, and the
resulting time-dependent intensity signals were Fourier-transformed to obtain the
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vibrational response of the drops. The vibrational spectra of elongated sessile
drops were observed to contain two closely spaced peaks. A simple model that considers the frequency of capillary wave
fluctuations on the surfaces of the drops was used to show that the vibrational frequencies of these peaks correspond to standing
wave states that exist along the major and minor profile lengths of the droplets.

B INTRODUCTION

The influence of wetting phenomena and drop shape on the
vibrational response of small (microliter) droplets is key to
understanding how they move on chemically and topo-
graphically patterned substrates.'~® Vibrations applied to the
droplets allow them to undergo large-amplitude shape
oscillations at their mechanical vibrational frequencies and,
thus, to sample nearby shape configurations. In this way, the
drops are able to move to areas of lower interfacial energy on
the substrate, and a net force is created that drives the
unidirectional motion of the drops along wettability gradients.
The potential for application of this technique to drive the
motion of droplets in microfluidic systems has generated a
renewed interest in the physics of droplet vibration.>?
However, the frequency of droplet oscillations has been
observed to depend upon the amplitude of the vibration
when large perturbations are applied to the droplets,7_9 and a
greater understanding of how these frequency-dependent
amplitude fluctuations drive droplet motion is still required.
Droplet vibration is also important in processes such as
droplet atomization, in which a small amount of liquid is placed
on a surface or emitted from a nozzle and vibrated in such a
way that its resonant modes are excited.'® When higher order
(short wavelength) modes are excited with sufficiently large
amplitudes, the vibrations can result in ejection of material from
the droplet.'’ This phenomenon has found application in areas
such as inkjet printing, fuel injection, spray coating,
nebulization,"* and electrospray deposition,'> where the
production of droplets with a well-defined size distribution is
required. Droplet vibration has also recently been used to
control the small-scale mixing/demixing of fluids'* and as a tool
for measuring the surface tension'>~"” and viscosity'® of sessile
and levitated drops. In addition, models based on liquid droplet
vibrations have also been used in attempts to describe the
properties of neutron stars’? and atomic nuclei*® Moreover,
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there is an increasing interest in the general phenomenon of
liquid wetting/spreading at an interface,”' ~>* including contact
angl;es 2};ysteresis effects® and anisotropic wetting phenom-
ena.”™’

Various attempts have been made to measure the vibrational
response of sessile droplets by direct visualization of the droplet
modes using high-speed cameras'"”” and also using optical-
deflection-based techniques.'®'® Droplet oscillations can be
driven using direct mechanical vibration at fixed frequen-

o 11,27,28 . T 16,18
cies, by applying a mechanical impulse to the drops
or using electromagnetic fields.”” Recent experiments have also
used white noise to excite the vibrations of small liquid drops.*

The first theory of drop vibration was developed for free/
unsupported droplets by Rayleigh.>’ He showed that the
vibrational frequencies of droplets are determined by their
mass/size and the surface tension of the liquid. This theory was
later extended by Lamb>* and Chandrasekhar®® to include the
effects of viscous damping. These authors showed that the
width of the droplet mechanical resonances are determined by
the viscosity and density of the liquid as well as the drop size.
Theories of vibration in sessile droplets have also been
developed by numerous authors.”***”*' However, the most
intuitive of these approaches involves a relatively simplistic
approximation that was developed by Noblin and co-workers.*®
These authors suggested that the resonant vibrational states of
drops with pinned contact lines could be described by assuming
that a half integer number of vibrational wavelengths, 4, fit
along the profile length, L, of the drops; i.e., nA/2 = L, where n
is the mode number (see Figure 1). When this condition is
combined with the expression for the dispersion properties of
capillary—gravity waves on the surface of a liquid bath,* it gives
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Figure 1. Drop shapes and experimental setup. (a, b, and c) Diagrams
showing the expected shapes of the n = 1, 2, and 3 modes of a
vibrating sessile droplet, respectively. The n = 1 mode requires a
change in volume when the contact line remains pinned. In this case,
the lowest allowed mode for an incompressible liquid is the n = 2
mode. (d) Schematic showing the geometry of a droplet placed on a
surface patterned with horizontal grooves. The diagram illustrates how
the long and short profile lengths, Ly, and Ly, of such an aspherical
droplet are defined. (e) AFM line profile of the ruled diffraction
grating used in this study. (f) Schematic of the experimental setup
used to measure the droplet vibrations. A helium—neon laser light was
scattered off the droplets. Oscillations (such as the n = 2 mode shown)
were excited by applying an impulse in the form of a short puff of
nitrogen gas. These oscillations were detected using a photodiode to
measure fluctuations in the scattered light intensity.

an expression for the vibrational frequency, f, of the droplets. In
the limit where the droplets are smaller than the capillary length
of the fluid [I,, = (}//pg)l/2 ~ 2.7 mm for water], we obtain

tanh(@)
L (1)

where ¥ and p are the surface tension and density of the liquid,
respectively, h is the average height of the droplet,”® and g is the
acceleration due to gravity. This result was shown to agree well
with experiments®® and was later confirmed by Sharp et al,,'®
who used a modified version of this theory to derive an
expression for the contact angle dependence of the resonant
frequencies of sessile drops. The mode number, 1, describes the
number of half wavelengths that fit along the meridonal profile
of the sessile drop and can assume integer values of n
2, 3, 4, .... Previous work by Sharp et al.’®'® has confirmed that
n = 2 corresponds to the lowest vibrational mode, which
conserves volume for sessile drops when the contact line
remains pinned. The results of these studies and the drop
shapes expected for the n = 2 mode were also found to be in
agreement with the frequencies and drop shapes reported by
Daniel et al,’ who described the lowest frequency (funda-
mental) mode in terms of a “rocking” motion. Examples of the
drop shapes expected for the different modes are shown in
panels a—c of Figure 1. In the case where the contact line
remains pinned, it acts as a vibrational node. In the n = 1 case,
only one-half of a wavelength exists along the profile length of
the drop, and hence, a single antinode would be present on the
surface of the drop (see Figure la). This type of motion
requires a change in volume of the drop and is therefore
forbidden for an incompressible fluid. This constraint is likely
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to be relaxed in cases where the contact line becomes unpinned
during vibration. In such a case, a single vibrational node would
exist on the surface of the drop and two antinodes would occur
at the contact line. The n = 1 mode would therefore conserve
volume and be allowed.

The above model of sessile drop vibration assumes that a
microliter liquid droplet with a radius of curvature less than the
capillary length of the fluid will form a spherical cap when
placed on a surface. The actual shape of the droplet is then
determined by the three-phase contact angle subtended at the
liquid/substrate/air interface.*> However, inhomogeneities in
the surface properties of substrates and the presence of contact
angle hysteresis effects™ can lead to spatial variations in the
three-phase contact angle. As a result, a distribution of profile
lengths, L, may exist, giving rise to a range of different
vibrational frequencies. Previous studies have shown that this
variation in contact angle can be eliminated to some extent by
vibrating the droplets with large amplitudes in such a way as to
allow for the three-phase contact line to sample nearby
configurations and to obtain a contact angle close to the
equilibrium value for the surface and liquid being studied.””*

In the case of structured and gradient surfaces, where
wettability of microliter lii]‘uid droplets is controlled by varying
either the local chemical® or topographic' structure of the
surface, vibration of the droplets does not result in a uniform
contact angle. Anisotropy gives rise to spatial and/or
orientational differences in the wetting properties of these
substrates depending upon the chemical and physical structures
that are present. This is particularly true in the case where
surfaces are patterned with anisotropic topographic features.
For example, droplets that are deposited on surfaces that have
been patterned with periodic grooves have been shown to
display strongly anisotropic wetting properties.”>*

Here, we study the vibrational properties of microliter liquid
droplets on the surface of corrugated substrates. We show that
the anisotropic wetting of the drops causes a splitting of the
fundamental mode of droplet vibration and that the two closely
spaced vibrational frequencies correspond to standing wave
states that exist along the profile lengths corresponding to the
major and minor drop axes. The results presented are
important for understanding the vibrational behavior of drops
on surfaces with anisotropic wetting properties, such as those
that have been used to drive droplet motion. The vibrational-
based approach that is discussed below also has potential
applications in the study of anisotropic wetting phenomena and
contact line pinning effects.

B EXPERIMENTAL SECTION

Microliter volume water droplets were deposited on the surface of an
aluminum, blazed, ruled diffraction grating (ThorLabs, GR132S-
10106) using a micropipet. A typical line profile taken from an image
of one of the substrates used was obtained using an Asylum Research
MFP-3D atomic force microscope (AFM) and is illustrated in Figure
1. Droplets placed on these surfaces were observed to spread
anisotropically until they formed elongated liquid caps whose major
and minor basal axes lay parallel and perpendicular to the axis of the
grooves, respectively (see Figure 1d).

Vibration was induced in the droplets by applying an impulse in the
form a small puff of nitrogen gas. The puff was delivered through a
sintered brass diffuser attached to the end of an 8 mm diameter plastic
tube placed ~5 cm above the droplets. The duration of the pulse was
controlled using an electrically actuated pneumatic valve and was
maintained for ~0.1 s for all of the experiments performed in this
work.
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The vibrations were monitored using a simple technique, where a
He—Ne (633 nm) laser with a beam diameter of 0.8 mm was passed
through the droplet and refracted at the drop interfaces (see Figure
1f). The droplets acted like a poor-quality lens, producing a cone of
scattered light, which, when captured on a screen or detector,
produced a slightly elliptical spot with a radial gradient in intensity.
Changes in the shape of the droplet during vibration caused the
refraction angle of the scattered light cone to change with time. Time-
dependent variations in the intensity of laser light scattered by the
drops were measured using a photodiode (RS Components, UK.)
connected to a home-built amplifier circuit and a USB data acquisition
card (National Instruments, USB-6008). As the droplets vibrated and
the cone of scattered light moved, the radial intensity gradients present
in the scattered beam gave rise to variations in the electrical signal
measured by the photodetector. In this way, variations in intensity
could be used to provide information about the motion of the drop.
These time-dependent signals were then Fourier-transformed to
obtain the vibrational spectra of the droplets. For each impulse, 5 s of
data was recorded at 1000 Hz, giving a resolution in the power
spectrum of 0.2 Hz. Each measurement was repeated 2—3 times to
ensure that the vibrational frequencies of the drops were reproducible
and the shape of the drops did not change during vibration. The mass
of the droplets was also measured both before and after vibration using
an analytical balance (Fisher Scientific, PS-200) to ensure that
significant evaporation losses did not occur. No discernible changes
were observed in the measured vibrational frequencies and shapes of
the drops during an individual measurement, and no change in the
mass of the drops was observed within the limits of experimental
uncertainty (+0.0001 g). Each individual measurement (plus repeats)
took less than 2 min to collect. This short experimental time scale was
used to ensure that considerable contamination of the water surface
did not occur during the experiments. Previous studies'' have
considered the time scales associated with contamination of a free
water surface in air and have shown that significant contamination
occurs on time scales of ~5 min.

Images of the drops were obtained along their major and minor axes
using a Philips SPCI00NC webcam (see inset of Figure 2). These
images were used to determine the profile lengths and average height
of the droplets. A Genie HC640 camera (Teledyne DALSA, 200
frames per second) was also used to obtain movies of the vibrating
droplets to allow for comparison of the observed and expected droplet
shapes during vibration and to monitor the motion of the contact line
during vibration (see the Supporting Information). In all cases, the
three-phase contact line was observed to remain pinned during the
experiments.

B RESULTS AND DISCUSSION

An example of the time-dependent light scattering data
collected for a 5 uL droplet is shown in Figure 2. This droplet
was observed to spread in such a way that gave basal radii of
1.6/1.1 mm and profile lengths of 4.8/4.1 mm along the major/
minor axis of the drop. The Fourier transform of the time-
dependent intensity data for this drop is shown in the middle
panel of Figure 2. It clearly shows that there are two distinct but
closely spaced vibrational peaks at 52.4 + 0.2 and 67.2 + 0.2
Hz. A spherical cap droplet of a similar size and comparable
profile length would be expected to display a single vibrational
peak in this region (examples are shown in Figure 2c.

The observation of peak splitting reported here (and shown
in Figure 2b) is consistent with studies of levitated droplets,
where it has been shown that small deviations from sphericity
result in the splitting of the resonant modes.*” Three distinct
but closely spaced vibrational modes are typically observed in
ellipsoidal levitated drops, which correspond to surface
vibrations along the principal axes of the ellipsoid. In elongated
sessile drops, one of these modes is suppressed because it
would require vibration and displacement of fluid around the
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Figure 2. Example data set obtained for a 5 yL droplet placed on a
blazed diffraction grating. (a) Time-dependent variations in the
photodiode voltage measured when the drop was perturbed by a short
puff of nitrogen gas. Fourier transformation of the time-dependent
data in panel a gives the power spectra shown in panel b. The peaks at
higher and lower frequencies correspond to surface waves that exist
along the short and long droplet profiles, respectively. Equivalent
spectra for two different spherical cap water droplets on a
polydimethylsiloxane (PDMS) substrate are shown in panel c. These
droplets have similar profile length values (4.6 mm, solid line; 4.2 mm,
dashed line) to the long and short axes (4.8 and 4.1 mm, respectively)
of the elongated drop studied in panels a and b. These plots are offset
along the vertical axis to enable comparison. Panels d and e show
photographs of the long and short profile lengths of the drop studied
in panels a and b.

boundary defined by the three-phase contact line. Motion of
the contact line did not occur in our experiments. This was
confirmed by the observation that the contact line remained
pinned during vibration.

Figure 3 shows how the relative amplitudes of the two
vibrational peaks observed in elongated sessile drops vary as the
major axis of the drop is rotated in the plane of the sample. In
these experiments, the major axis was rotated by an angle a
relative to the direction of propagation (plane of incidence) of
the incident laser beam (see panels a—c of Figure 3 for
examples of how « is defined). The plot in Figure 3 shows that
the ratio of the amplitudes of the two peaks is dependent upon
the orientation of the drop axes relative to the laser beam and
that the frequencies of the two peaks remain approximately
constant. The frequencies of both peaks were found to increase
only very slightly with time (corresponding to an increasing
angle of rotation; see bottom panels of Figure 3) because of
evaporation from the droplet surfaces during these extended
experiments.

Figure 3 also shows that, when the one of the principal axes
of the drop is parallel to the incident laser beam (corresponding
to @ = 90°), only one of the two peaks is observed. As the
droplet was rotated, the ratio of the amplitudes was observed to
vary monotonically from a situation where one peak was
dominant in the spectrum to one where the other peak
dominated. The measurement geometry was such that the peak
associated with the major axis was dominant when the plane of
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Figure 3. Effects of rotating elongated droplets. Panels a—c show how
the angle of rotation « is defined (see the text). The arrows represent
the direction of propagation of the laser beam, and the dashed line
marks the long axis of the drop (also the groove axis on the substrate).
The main panel, d, shows the mean ratio of the two peak heights
plotted as a function of the angle () for a 1S uL drop. This was
repeated 3 times for the same drop. The solid symbols show the ratio
of the amplitudes of the high-frequency peak to the low-frequency
peak, and the hollow symbols show the inverse of this ratio. Panels e, f,
and g show examples of normalized spectra obtained from the first
repeat that were collected at values of «a 20°, 50°, and 90°
respectively. Panels h and i show how the position of the low- and
high-frequency peaks shifted during the first repeat, respectively. The
increase in frequency as the angle increases is the effect of evaporation
decreasing the drop volume. The further two repeats showed
comparable evaporation rates.

incidence was parallel to the minor axis of the droplet and vice
versa. These combined observations support the idea that the
peaks correspond to vibrations along the profile lengths
corresponding to the major and minor axes of the drops. If
this is the case, then an approach similar to that adopted by
Noblin et al. can be applied to try to predict the frequencies of
the peaks in the vibrational spectra of elongated sessile liquid
drops. A simple analysis can be used on the basis of eq 1, where
the single profile length, L, is replaced with the two profile
lengths corresponding to the major and minor axes (LlOng and
Lshort)'

Figure 4 shows how the square of the frequencies of the
individual peaks vary as a function of the product L;3
tanh(nzh/L;) (where i = short or long) for elongated sessile
drops with volumes in the range of 3—20 L, supported on
corrugated diffraction grating surfaces. In each case, measure-
ments were performed at values of @ = 0° and 90°. Photographs
of the drops were used to extract their long and short profile
lengths and to determine the average drop heights.

According to eq 1, all of the data shown in Figure 4 should
collapse on to a single straight line, whose gradient depends
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Figure 4. Plot showing the square of the frequency of the fundamental
mode of vibration, f? as a function of L;® tanh(nzh/L;), where i =
long or short. As predicted, the frequencies corresponding to the long
(filled symbols) and short (hollow symbols) profile lengths collapse on
to a single line. Different symbols are used for each individual droplet.
The solid line was generated from eq 1 using values of y = 72.8 m]J
m™> p = 998 kg m™>, and ng, = Mong = 2. The insets show the
predicted shape of the n = 2 mode and the actual shape of a 20 uL
drop before and during vibration (viewed along the long axis of the
drop).

upon the surface tension and density of the liquid and the
mode number, n; Figure 4 shows that the data does indeed
collapse in this way. The solid line in Figure 4 was generated
using eq 1, with values of y = 72.8 mJ m™* and p = 998 kg m™>
for water*® Values of Mong = Mshort = 2 Were used because these
are expected to correspond to the lowest vibrational mode that
conserves volume in elongated sessile droplets. However, we
note that, for higher frequency modes, there is no reason why
the mode numbers for the long and short axes should be the
same. In fact, providing that volume is conserved and the
boundary conditions for the displacement at the very top of the
drop are matched, higher modes would be expected to assume
different combinations of ng,q and 114y, A comparison of an
image obtained using the Genie HC640 camera and the
expected drop shapes for the lowest frequency mode of the
elongated drops is shown in Figure 4 and was found to be in
good agreement. We note that the shape of the fundamental
mode of the drops shown in this figure is similar to that
reported for spherical cap drops reported by Sharp'® and
Daniel et al.%

The average height of the droplets, h, was calculated
numerically. This was performed by fitting ellipses to the
profiles extracted from photographs of the drops. These fits
were then used to reconstruct the shape of the droplet by
assuming that they had an ellipsoidal shape. An estimate of the
height of the elongated drops was then obtained at different
positions on its surface, and these were used to calculate a value
of h. The ellipsoidal cap approximation was found to reproduce
the volume of the drop to within 10% of the true measured
values. In each case, the mass/volume of the drop was
determined by carefully weighing the substrates before and after
the drops were deposited. The approximation used here gave
rise to uncertainties of ~3—4% in the average drop heights.
This approximation was the dominant source of uncertainty in
these experiments and gives horizontal error bars of ~5—7% in
Figure 4.

The fact that all of the data can be described by a modified
version of eq 1 using literature values of the surface tension and
density of water is extremely encouraging. Moreover, the
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agreement with the predicted scaling of the frequency with the
profile lengths of the major and minor axes of the drops
provides extremely strong evidence that the existence of
standing wave states along the principal axes give rise to the
peaks in the vibrational spectra of elongated liquid droplets.

Bl CONCLUSION

We have shown that asymmetry in the shape of microliter
sessile liquid droplets gives rise to a splitting of their vibrational
modes. A simple theory of droplet vibration can be used to
relate the shape of the drops to the measured frequencies of
vibration. The experimental approach adopted in this work is
extremely simple to implement. These combined experiments
show that it is possible to predict the vibrational frequencies of
droplets on topographically structured surfaces similar to those
that have been used to drive the motion of microliter liquid
volumes across surfaces. These methods could also be extended
for use as a method of detecting anisotropy in the shape of
sessile droplets. Experiments of this kind will be the subject of
future studies.

B ASSOCIATED CONTENT

© Supporting Information

Movie of a vibrating droplet that was collected using a Genie
HC640 camera (Teledyne DALSA) at 200 fps. This material is
available free of charge via the Internet at http://pubs.acs.org.
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