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Abstract In this work, measurements of the velocity field
inside a vertically shaken drop are presented. The dropwetting condition is slightly hydrophobic. The drop is
sandwiched between two horizontal glass plates in order to
allow a good visualization. Digital in-line holography is
utilized to access the three-dimensional flow inside the drop.
When shaken, the drop experiences several transitions of its
dynamics and shape: At low amplitude, its contact line is
pinned and when the amplitude overcomes a threshold, it
becomes unpinned. At even higher amplitude, the drop shows
the faceted shape of a star. The obtained velocity vector maps
are related to the transition in dynamics and shape.

1 Introduction
In the seek for the dynamical properties of liquids drops,
which are more and more used for microfluidic
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applications, various studies have been devoted to the
determination of their Eigen modes in the frame of their
response to external forces. In the linear regime and for
inviscid spherical drops, the resonance frequency has been
theoretically predicted a long time ago by Rayleigh and
Lamb (1932):

fn ¼

nðn  1Þðn þ 2Þr
3pqV

1=2



1 nðn  1Þðn þ 2Þr 1=2
¼
2p
qR3
ð1Þ

where fn denotes the resonance frequency of the nth mode
of oscillation, V is the drop volume, R its radius, and r and
q the liquid surface tension and density, respectively.
However, the ideal situation of a spherical drop without
contact to any solid is barely encountered in reality. In
many situations, in particular in more and more lab-on-chip
microfluidic benches like DNA arrays (Blossey and Bosio
2002), the drop of liquid sits on a substrate and adopts a
general shape which is a crossover between a spherical cap
(if the drop typical size is smaller than the capillary length
lc = (r/(qg))1/2) and a pancake (if the size is much larger
than lc). Along the contact line, the liquid/air interface of
the drop meets the substrate with a contact angle of h,
which value is set by the interfacial surface energies
(Young’s law). This peculiar shape induces a complexity
which makes the vibration mode non-trivial for a pure
analytical approach. Instead, the Eigen modes of sessile
drops are determined either experimentally or numerically
(Dong et al. 2006; Noblin et al. 2004; Mettu and Chaudhury 2012; Sharp 2012; Strani and Sabetta 1984; Wilkes
and Basaran 1997). Furthermore, the substrate natural
heterogeneity and roughness induce contact-line pinning
and contact-angle hysteresis (de Gennes 1985): This is an
additional source of complexity, which accounts for the
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liquid–solid interactions at the microscopic scales, and
which has yet to be fully understood (Bonn et al. 2009) and
quantitatively determined.
A common way to access the dynamical properties of a
drop through its Eigen modes is to put it onto a mechanical
shaker. As the liquid drop is subjected to a time-dependent
acceleration (Noblin et al. 2004; James et al. 2003; Noblin
et al. 2005; Courty et al. 2006; Celestini and Kofman 2006;
Lyubimov et al. 2006), this allows for the observation of a
host of phenomena from linear to strongly nonlinear
behavior, i.e., from surface wave undulations to strong
surface deformations up to atomization (James et al. 2003).
The pinning force modifies the vibration modes of a sessile
drop, but reciprocally the vibrations can also influence the
pinning behavior. For instance, the contact line of a
vibrated drop either can stay pinned under the vibrations or
can be intermittently or continuously unpinned (Noblin
et al. 2004).
Various authors evidenced and studied similar unpinning effect with low-frequency mechanical vibrations
(Noblin et al. 2004; Andrieu et al. 1994; Decker and Garoff
1996; Brunet et al. 2007; Long and Chen 2006), and it is
expected that at large enough prescribed vibration, the
contact line be continuously unpinned.
Furthermore, when shaken, a drop weakly pinned on its
substrate can experience a shape transition from axisymmetric to that of finite azimuthal wave number, giving it the
shape of a star. This transition happens in various situations
where a periodic field (acceleration, magnetic field, …) can
induce a parametric forcing in the drop. This type of
instability can be utilized on purpose to induce constant
mixing or particle resuspension, for instance to prevent
‘‘coffee rings’’ due to evaporation at the periphery of the
drop (Deegan et al. 1997; Marin et al. 2011) that are detrimental for many lab-on-chip applications (Blossey and
Bosio 2002).
However, to access a precise visualization of the flow
inside a shaken drop is far from being easy. First, due to its
strong curvature, a sessile drop behaves like a lens which
deflects the rays of light. Second, the flow inside the shaken
drop is supposed to be fully three-dimensional (3D), and
most of the existing experiments so far only address a 2D
cartography of the flow (Gross-Hardt et al. 2006; Mugele
et al. 2006).
Therefore, we have carried out experiments to visualize
the inner flow with a 3D velocimetry setup, which utilizes
high-speed digital in-line holography. The instantaneous
3D motion of the fluid particles in the drop is then determined for various states of the drop subjected to shaking. In
order to get rid of the deflection of the rays of light, we
have conducted our experiments with a large drop (puddle)
that was sandwiched between two hydrophobic glass
plates, on which water has a static contact angle of about
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90 after an ad-hoc chemical treatment detailed in the
experimental setup. In Sect. 2, we first remind the general
features of what is expected for a drop under periodic
vertical acceleration field, and we give a short review of
situations where large drops can adopt a star shape when
shaken. Then in Sects. 4 and 5, we present our experimental setup in detail, including the optical technique and
image posttreatment. Section 6 presents qualitative and
quantitative results, with the 3D fields for various situations. Finally, Sect. 7 summarizes the main conclusions.

2 Break-up of axisymmetry in a vertically shaken
liquid puddle
2.1 General features
Here, we give a qualitative understanding of how a drop
can generate standing waves, associated with the shape of a
star, as a response to a time-periodic excitation. We basically follow the analysis found in the paper by Yoshiyasu
et al. (1996). Let us consider the simple case of a large drop
(liquid density q and surface tension r) sitting on a nonwetting substrate (Fig. 1). If the drop volume is large
enough, it spreads like a puddle which radius R is much
larger than the height h. For the convenience of the analysis, we assume the situation of a non-wetting substrate and
a contact-angle h equal to 180, although in practice h is
rarely larger than 160. The height h is equal to twice the
capillary length lc:
sﬃﬃﬃﬃﬃﬃ
4r
h ¼ 2lc ¼
qg
and it ranges between 2 and 3 mm for most liquids. If the
substrate is shaken in the vertical direction, the drop is
subjected to a time-periodic acceleration field a(t). The
balance between this effective gravity and surface tension
builds an effective capillary length l*c that is also time
dependent, which implies that the height of the puddle
(h = 2 l*c ) is time-periodic:

Fig. 1 A liquid puddle on a non-wetting substrate vibrated in the
vertical direction at a frequency fe. Due to a time-periodic acceleration a(t), the puddle radius R(t) and height h(t) are time dependent
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2.2 A brief review of previous experiments
ð2Þ

Due to the volume conservation of the drop, the radius
also fluctuates with a period of 1/fe. In the frame of some
assumptions (no pinning and radius much larger than h),
the eigenfrequencies of a liquid puddle on a non-wetting
substrate are slightly different from those of a spherical
drop described by Eq. (1). The eigenfrequencies of a liquid
puddle associated with a structuration of the drop contour
in the azimuthal direction (a corrugation in the azimuthal
direction, i.e., the transition to a star shape) have a comparable scaling law to those for spherical drops, except for
the pre-factor that is different. Takaki and Adachi’s (1985)
analysis yields:

1=2
1 nðn2  1Þr
fn ¼
2p
qR3

ð3Þ

It is clear from Eq. (2) that the resonance frequency fn
for the free oscillations are modulated in time. Therefore,
this modulation leads to parametric forcing, by analogy
with the classical case of a vertically shaken pendulum
(Yoshiyasu et al. 1996). Yoshiyasu et al. show with simple
arguments that the equation for the horizontal displacement
of the drop periphery u(t) is governed by an equation
similar to the Mathieu equation:
d2 u
þ x2n ð1 þ n cosð2pfe tÞÞu ¼ 0
dt2

ð4Þ

with xn = 2pfn the pulsation associated with the nth mode
and n = 3DR/R.
Experimentally indeed, for large enough forcing (with
associated excitation frequency fe), the frequency of the
drop oscillations fn is equal to half the prescribed frequency
fe, which is expected for parametric forcing. Consequently,
the drop exhibits a standing wave at its periphery, which
wavelength k has to match both the perimeter 2pR and the
number of lobes n: k = 2pR/n, n being fixed by the prescribed frequency: fn = fe/2. Therefore, the star shapes are
specific to the peculiar geometry of a flat puddle, i.e., that
R is much larger than h.
Weak contact-line pinning between the drop and the
substrate is required to obtain parametric forcing. For
strong pinning, the drop radius remains constant and
instead the contact angle oscillates at the forcing frequency fe (Noblin et al. 2004), due to the vertical
oscillation of the drop’s center of mass: The drop simply
responds harmonically. The mechanism for forcing then
should emerge from coupling between the lateral interface and the inner flow. This is why we investigate here
this internal flow below and above threshold for parametric forcing.

Although there exists various experiments in which star
drops can be observed (see in Brunet and Snoeijer 2011 for
a recent review), like in ‘‘Leidenfrost drops’’ levitating on
hot plates (Adachi and Takaki 1984), time-modulated
acoustic levitation (Shen et al. 2010) or magnetically levitated liquid metal drops (Fautrelle et al. 2005), to put a
liquid puddle on a non-wetting and non-sticky vibrating
surface is probably the easiest way to observe them.
Smithwick and Boulet (1989, 1992) carried out a pioneering study of star drops formed by mechanical vibrations under non-wetting conditions, by using liquid metal.
Yoshiyasu et al. (1996) offers a discussion of the results
and carried out qualitative experiments, using a Teflon
plate. The authors pointed out that it is particularly
important that the water drop formed a contact-angle h
larger than 120. However, Noblin et al. (2005) evidenced
that liquid stars—denoted there as ‘‘triplons’’ to refer to the
deformation of the triple (contact) line—could be observed
on a substrate with contact-angle h smaller than 90, providing that the contact-angle hysteresis was small enough.
The only difference is the existence of a threshold in
acceleration (or shaking amplitude) below which the contact line keeps pinned (Noblin et al. 2005). They generalized Eq. (4) in the case of solid-like friction, and evidenced
that, above the threshold for contact line unpinning, the
instability turning an initial axisymmetric drop to a faceted
star drop is associated with an exponential growth of the
lobe amplitude versus time. Therefore, this feature contains
the signature of a linear instability. A threshold in forcing
amplitude for the depinning of the contact line and for the
appearance of star drops is the direct consequence of weak,
but finite contact-line pinning.
Recent experiments by Okada and Okada (2006) produced more quantitative data using a more hydrophobic
Teflon plate. They focused on the mode n = 3, and produced a phase diagram for this simple mode varying both
amplitude and excitation frequency. They also checked that
the response frequency scaled with V1/2 for the same mode
number n, with V being the volume.

3 Digital in-line holography
Digital holography (Schnars and Jüptner 2005; Meng et al.
2004) is a well known technique for fluid diagnostics due to
its great versatility as it allows the measurement of the whole
velocity field (three velocity components) in a fluid volume
(three dimensions): It is, thus, a 3C-3D technique. Digital
holography shares with optical holography the recording
process, i.e., the light scattered by the object (tracers in a
flow, droplets, bubbles, …) interferes with a reference beam
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in a photosensitive device (a CCD or CMOS sensor in digital
holography). Therefore, both the amplitude and the phase of
the object wave are captured. However, in digital holography, the image is mathematically reconstructed from the
hologram, avoiding the chemical processing needed for
developing the holographic plate.
Two main disadvantages remain when digital holography is applied. First, the low spatial resolution of the digital
cameras does not allow the recording of high spatial frequencies and forces the use of small angles between the
object and the reference beams. One immediate consequence is that the reconstructed virtual and real images are
not fully separated. Secondly, the recording of a whole
fluid volume requires a low particle concentration as the
defocused particle images would add noise when the object
image is analyzed.
There are several holographic techniques but, in this
work we have chosen to use the in-line approach (Sheng
et al. 2003; Pan and Meng 2003; Palero et al. 2007). In this
configuration a fluid volume is illuminated with a coherent
collimated beam. Light diffracted by the particles in the
flow forms the object beam, while the non-diffracted light
forms the reference beam. The great attractiveness of the
in-line holographic set-up is that it requires minimum
optical equipment and laser coherence length.

4 Experimental set-up
Figure 2a shows a scheme of the experimental set-up. A
water drop was illuminated from below with a collimated
Fig. 2 a Scheme of the optical
configuration used in these
experiments; b typical hologram
recorded with this set-up;
c mechanical set-up picture. The
function generator is connected
to a mechanical shaker (on the
left hand side of the image).
Attached to the shaker is the
system with the glass plates
where the drop will be inserted;
d glass plates close-up
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laser beam, coming from a continuous laser (k = 532 nm).
A mirror above the droplet was used for redirecting the light
scattered by the particles (object beam) and the direct light
(reference beam) to a LaVision High Speed Star camera
(CMOS, 10 bits, 1,024 9 1,024, 3,000 Hz maximum
recording rate using the whole sensor size). A lens (f0 =
55 mm, f# = 2.8) in front of the camera formed the droplet
image close to the camera sensor, so the particle images were
slightly out of focus. In these conditions, even for the maximum NA allowed by our system, only angles very close to
the axial direction will be recorded on the camera. Due to the
big refractive index change between the air and water, to
maximize the recorded scattering field, the surface of the
droplet should be almost perpendicular to the incident beam.
Thus, the droplet was inserted between two plates and an inline optical configuration was chosen, as it maximizes the
inside view of the drop and ensures uniform illumination.
Figure 2b is a typical hologram recorded with this configuration. It is also a (shadowgraphic) image of the drop which
gives qualitative information on the drop behavior.
Before choosing the forcing frequency, plate spacing
and drop size, we operated at various different conditions
and we observed qualitatively the response of the drop in
order to choose a set of conditions that minimized the
acceleration threshold to observe the different transitions to
unpinned drop, faceted and star shapes. Clearly, a narrower
gap between the two plates leads to much higher acceleration threshold, while a larger gap leads to an up-down
asymmetry due to a non-negligible action of gravity. We
fixed the drop size to be large enough compared to the drop
thickness (vertical gap), but not too large to keep a number
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of nodes for star shape between 5 and 6. Finally, the frequency was chosen to get the lowest possible threshold in
acceleration.
Thus, an 8 mm diameter drop was squeezed between
two parallel glass plates separated by a distance of
2.25 mm. The drop was seeded with 10 lm latex particles
in a concentration of 50 particles/ll. This is a relatively
low particle concentration, so the flow will not be disturbed. However, this concentration is suitable since particle tracking velocimetry (PTV) has been used to analyze
the holograms, as it will be explained in the next section.
The glass was treated to be slightly hydrophobic (contact
angle around 90, with hysteresis around 10). To achieve
this in a robust way, a monomolecular layer of low energy
(Octadecyl-trichlorosiloxane, OTS) was deposited on each
glass plate with a standard method. In brief, after activation
by oxygen plasma, the oxidized glass surface was let during 6 h in a 0.001 M solution of OTS in n-hexane. This
process is a standard silanization of glass plates, which
provides a robust and long-term treatment with low pinning
force and static angle close to 90.
Both plates were attached to the vertical axis of a
mechanical shaker connected to a function generator that
produces vibrations in a wide range of frequencies. Figure 2c shows a picture of the system. Figure 2d shows a
close-up of the plates. The glass plates were attached to a
plexiglass plate inserted between them, whose width
defines the droplet height. The liquid was injected with a
syringe between the two plates. Two other glass plates
were used as counterweight, and were also attached to the
plexiglass plate (left hand side of the image).
We choose to study the flow structure for a specific azimuthal eigenmode of n = 5. This choice makes it possible to
investigate specifically the transition of the shape and flow
structure along the variations of the unique control parameter
which is the oscillation amplitude (or acceleration). By
changing the frequency of the excitation for the resonance of
different Eigen modes, we could observe that the essential
phenomena (transition of shape and flow structure) remains
unchanged. Therefore, we carried out quantitative measurements at n = 5 without loss of generality.
The shaker frequency was fixed at 54.8 Hz for all the
experiments, as it appeared that this frequency was adapted
to an optimal excitation of the drop eigenmode, although
the theoretical frequency of resonance given by Eq. (3) for
the corresponding n = 5 mode was found to be equal to
58,7 Hz (taking R = 4 mm and properties of water). The
amplitude was changed from 0 to a maximum of 1.4 mm.
Series of 200 holograms, like the one shown in Fig. 2b,
were recorded at different oscillation amplitudes with a
magnification of 2.48. The camera acquisition rate varied
between 1,000 and 3,000 Hz. The seeded drop is in the image
right hand side, limited by a black area. This black fringe is
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the shadow cast by the drop interface curved shape. In order
to increase the spatial resolution, only a third of the drop was
imaged. It is important to remark here that not just one plane
but the whole drop volume is being recorded on each hologram. Even more, the diffraction patterns of dust, particles,
… that are over the set-up optical surfaces (mirrors, lenses,
…) can also be seen. Big, low intensity diffraction patterns
indicate that the particles are far from the camera sensor,
while those who are almost in focus are most likely to be on
the camera sensor protective glass.

5 Hologram analysis
From the holograms, both the amplitude and the phase of
the object are recovered, i.e., the 3D image of the particle
field is reconstructed. The convolution method (Schnars
and Jüptner 2005) has been used for this reconstruction and
a 3D image of the droplet volume is obtained.
The in-line recording configuration implies the real and
the virtual image of each particle are present in the
reconstruction. However, care has been taken to record an
out-of-focus droplet image, as this would make the twin
images to be focused at different positions; one in front of
the hologram (camera sensor) and the other behind it.
We have used a PTV analysis for obtaining an independent velocity measurement from each particle image. From
the original holograms, particles would be seen as dark spots.
It is convenient to remove the background illumination, and
to normalize the particle scattering intensity by this background illumination. After this processing, the particle
images appear as clear local intensity maxima. In this way,
the signal to noise ratio (SNR) for the reconstructed particles
increases, which improves the PTV measurements.
For each reconstructed 3D image, the volume of interest
was scanned while looking for 3D intensity local maxima,
disregarding spurious artefacts and low SNR particle
images. This set of particle positions was paired by proximity with the set of particle positions obtained from the
next consecutive hologram. This procedure provides a first
estimation of the displacement for each particle. Afterward,
a 3D cross-correlation of the complex amplitude of the
scattered field around the particle in two consecutive
frames (Wormald and Coupland 2009) for any of the paired
images produces the velocity vector.

6 Results
6.1 Visualization of the states for a shaken drop
In order to analyze the different states of a shaken droplet,
the maximum amplitude, A, in the mechanical shaker was
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progressively increased. The droplet undergoes different
states: contact line pinned, contact line unpinned but axisymmetric drop, contact line unpinned and non-axisymmetric drop, contact line unpinned and ‘‘star’’ shape and
eventually, drop break-up at maximal amplitude.
Figure 3 shows these states. The droplet is visualized
from different viewpoints, for four different amplitudes.
Images in the upper row correspond to lateral views, where
the shadow appearing between the two horizontal glass
plates shows the shape of the water–air interface at the
droplet outermost point. Images in the central line show the
droplet top view. In general, the droplet free surface is not
vertical during the oscillation as it can be observed in the
top row. The particles close to this free-wall will be poorly
illuminated or either their scattering will be tilted to bigger
angles than the NA of our holographic recording. As a
consequence a shadow will be seen in every hologram. The
inner (outer) shadow limit indicates the innermost (outermost) positions of the interface while the shadow shape
gives information on the contact line. The drop movement
for these four states is shown in Online Resources 1 to 4.
The bottom row shows the contact-line movement over
several periods. The images were obtained from adding
200 holograms and binarizing the resultant image, which
show the time average motion.
The contact-line movement is evident. As the amplitude
increases, so does the change in the contact-line position.
At low amplitude (A = 0.24 mm, Fig. 3a), the droplet
contact line is pinned to the substrate and the droplet barely
moves. As the amplitude increases (A = 0.85 mm, Fig. 3b)
the contact line is unpinned but the drop is still axisymmetric. With A = 1 mm the drop contact line is unpinned
and the drop is not axisymmetric. The star shape is
obtained at an amplitude close to the maximum
(A = 1.34 mm).
6.2 Velocity field measurements of a vibrating drop
in different regimes
In this work, we are using digital in-line holography in
order to obtain the velocity vector map of the whole drop
volume, i.e., the 3D velocity vector map. As it has been
already mentioned, the holograms were analyzed using
PTV algorithms. This implies that the measured 3D data
are randomly distributed and their visualization is rather
complicated. Therefore, instantaneous velocity vector
maps have been interpolated to a regular 3D grid with
30 9 30 9 5 points, where the color code represents the
vertical component of the velocity Vz. In the following
images, only three planes are represented for a better
visualization. The distance between the displayed planes is
1 mm. The glass plates were located 0.125 mm over and
under the upper and bottom planes. The red arrows on the
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grid indicate the plane positions and the blue ones the glass
plate positions.
6.2.1 Drop contact line pinned (A = 0.24 mm)
The 3D-3C velocity vector map is shown in Fig. 4a. It can
be seen that there is practically no movement inside the
droplet. Only a small motion near the contact line is
obtained. Nevertheless, it is possible to distinguish a different behavior for the different z planes. Looking into
detail, we can see that in the upper plane, the contact line
moves outwards (Fig. 4c), while in the bottom plane, the
particles near the contact line move toward the drop center.
6.2.2 Drop contact line unpinned, axisymmetric
(A = 0.85 mm)
The velocity vector maps (Fig. 4b, d) show a flow structure
similar to the previous case. The flow velocities are still
small in the droplet center and higher near the contact line.
The upper contact line is moving outwards, while the
bottom contact line is moving inwards. However, in this
case, the velocities are higher (the vector size in Fig. 4b, d
has been reduced for a better comparison with Fig. 4a, c).
The same behavior can be seen in Fig. 3a, b (upper row),
which show a stronger bulging and receding movement of
the interface for the higher oscillation amplitude.
6.2.3 Drop contact line unpinned, non-axisymmetric
(A = 1 mm)
In this case, the drop shows azimuthal standing waves and
oscillates between two different configurations in one
period Te, the time between the two configurations being
Te/2 (Fig. 5a, b). Therefore, the response frequency is equal
to the excitation frequency. According to the usual picture
of parametric instability, which holds for an oscillator of
modulated resonance frequency (see Sect. 2), this is surprising as one would have expected a response frequency
equal to half of the forcing frequency. At least, the equality
fn = fe/2 was noticed in previous experiments of freestanding drops levitating or sitting on super-hydrophobic
substrates (Yoshiyasu et al. 1996; Takaki and Adachi 1985;
Brunet and Snoeijer 2011; Adachi and Takaki 1984; Shen
et al. 2010; Fautrelle et al. 2005; Smithwick and Boulet
1989, 1992; Okada and Okada 2006). Here, our peculiar
geometry of a drop sandwiched between two plates could
explain this behavior as it could involve a more significant
influence of the meniscus dynamics—this is striking from
Fig. 3c, d, which responds harmonically at the forcing
frequency.
This change between two configurations in one period
appears in the measured velocity fields as two clearly
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Fig. 3 Droplet visualization from the side (top row), from the top
(middle row), and time average contact-line motion (bottom row) for
a pinned contact line, A = 0.24 mm; b unpinned, A = 0.85 mm,

axisymmetric drop; c unpinned and faceted shape, A = 1 mm, breakup of axisymmetry; d star-shaped drop, A = 1.34 mm

defined 3D flow structures which are formed in the droplet
bulk. Holograms were recorded at a frequency of 1,000 Hz,
which means that there was a small gap between the
recording and oscillation frequencies. In spite of this gap, it
was possible to find almost identical structures every 18
images (Te/2). This periodicity allows us to obtain the
velocity field interpolating five instantaneous velocity
vector maps over a regular grid of 30 9 30 9 5 points.
However, only the central plane is shown, overlapped to
the original holograms (Fig. 5a, b). No 3D representation is
shown in this case, as the central plane velocity field is
representative of the velocity field in the drop volume.
In the case represented in Fig. 5a, which corresponds to
the structure found in Te/2, the flow inside the droplet
forms pairs of small half rolls near the drop free surface.

These pairs of rolls change into a single, bigger half roll
after a Te/2 (Fig. 5b). From Eq. (3), the predicted resonance
frequency of an azimuthal mode n = 5, for R = 4 mm, is
58.7 Hz, quite close to the frequency of forcing of 54.8 Hz.
Taking this into account and considering the drop shape in
Fig. 5a, b, we can conclude that the drop is oscillating in
n = 5. It can be also seen that in the case shown in Fig. 5a
the drop was moving up (Vz [ 0), while in Fig. 5b the drop
was going down (Vz \ 0).
Thus, we can represent the drop as a pentagon
(Fig. 5c, d) that oscillates and changes its orientation
every Te/2. In Fig. 5c, which corresponds to Fig. 5a, the
pairs of half rolls are located at the pentagon vertex. In
Fig. 5d (corresponding to Fig. 5b) the pentagon is
inverted and now the half roll is at the vertex.
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Fig. 4 Velocity vector maps inside a shaken droplet for: a, c a small
A (pinned contact line); b, d a moderate A (unpinned contact line). a,
b Show the 3D velocity vector maps while c, d show the 2D velocity

map for the upper plane overlapped to the corresponding holograms.
The hologram black areas are showing the liquid/air interface that is
limiting the drop measurable area

Furthermore, the z component of the velocity in the bulk
of the liquid also reveals a response at half of the
excitation frequency. This indicates that the transition of

the shape of the contour from axisymmetric to non-axisymmetric leads in turn to a flow transition in the bulk
of the liquid for all velocity components.
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Fig. 5 Drop motion at A = 1 mm (unpinned contact line, nonaxisymmetric drop) showing: a, b velocity vector maps at the droplet
central plane overlapped to the corresponding holograms at Te/2 and

Te, respectively; c, d a scheme were the drop is represented as a
pentagon that oscillates between two configurations every Te/2

It is possible to extract more information from the
holograms than just the velocity field. In particular, we can
get a rough idea of the drop free-surface shape from the
interface diffraction pattern analysis.
The drop free surface changes during an oscillation
period due to the flow movement inside the drop and can
take different shapes, as it is shown in Fig. 3 (top row).
When the illumination light coming from the bottom
reaches this surface, the light is reflected and deviated
because of the strong surface curvature. This phenomenon
appears in the hologram as a black area. As said before, the
inner limit roughly shows the interface innermost points,
while the outer limit is related to the outermost points. At
these points, the water–air interface produces a diffraction
pattern that changes with the distance to the camera sensor.
Therefore, an estimation of the z position for these inmost

and outmost points can be retrieved from a holographic
reconstruction.
For this purpose, firstly the hologram has been high-pass
filtered in order to increase the contrast of the diffraction
patterns. Then, the two lines have been divided in small
segments which subtend an angle of roughly 1.5 from the
center of the droplet. Finally the 3D position local maxima
around each of these segments have been obtained and
represented in Fig. 6.
In Fig. 6a, c, the shadow limits are painted with colors, red
meaning high z position, while blue means low z position.
Figure 6b, d show the z position of the inner and outer limits
as a function of the angle, which is taken starting from the
drop center line (zero means horizontal to the left) and
increases in clockwise direction. It can be seen that both the
shadow width and the colors change with the radial angle.
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Fig. 6 Drop shape information
obtained from the interface
diffraction pattern analysis; a,
c holograms with the shadow
edges plotted with colors, which
indicate their z position; b,
d shadow edge z position as a
function of the angle;
e schematic drawing of the drop
free-surface shape

Although some noise can be seen on the data, the general
trend is clear and evolves within the oscillation cycle.
In the time instant shown in Fig. 6a, c, for the region
between 0 and 45, the outer limit color is red–orange (high
z) and the inner one is green–blue (low z). This means the
liquid is bulging near the upper glass plate and it is receding
near the bottom glass as it is schematically shown in Fig. 6e.
The curve represents the interface shape at a certain angle,
such as the line marked as 0 in Fig. 6c. The intersecting
points of this line with the shadow limits, marked as A and B
in Fig. 6c, correspond to the interface outmost and inmost
points, marked also as A and B in Fig. 6e.
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The trend from Fig. 6a is that the surface bulging is near
the upper glass plate for the central range of angles, and
drops from there. Meanwhile the receding part of the surface is at its lowest height in the center. Figure 6d shows a
different behavior where the outer and inner limit z positions and the shadow width are almost constant.
6.2.4 Drop contact line unpinned, non-axisymmetric, star
shape (A = 1.35 mm)
Figure 7 shows two holograms of the droplet evolution
when the oscillation amplitude is near the maximum. These

Exp Fluids (2013) 54:1568
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Fig. 7 Holograms for two different points of the drop oscillation at A = 1.34 mm

images, together with the one shown on Fig. 3d and the
Online Resource 4, show the complex motion undergone
by the drop when the star mode is excited. In this case no
velocity fields could be obtained as the liquid seeding was
too low. In addition, the shadow edges are blurred at some
points, not allowing a reliable analysis of the interface
shape. A recording of holograms with shorter exposure
time should eliminate this blurring, producing more contrasted edges.

7 Conclusions
Four states of a drop under an external forcing have been
analyzed. For oscillation amplitudes of 1 mm, where the
contact line is unpinned and the drop is not axisymmetric,
different flow structures have been found. The drop changes its shape every half a period and the changes extend
also to the internal flow. Furthermore, some information on
the drop free-surface shape has been obtained from a
holographic analysis of the interface diffraction pattern.
In summary, this study showed for the first time how
internal structures of the flow can be related to the
appearance of the break-up of axisymmetry of a drop shape
induced by external vertical vibrations. Although such
faceted and star shapes are qualitatively predicted from a
simple pendulum-like model, more specific mechanisms in
a hydrodynamics point of view should benefit from such
internal visualizations. Furthermore, in an applied prospective, the prescription of external vibrations at appropriate frequency can be used as a simple way to induce
mixing in weakly pinned drops, thanks to the appearance of
such star shapes that produces vortices in the fluid flow.
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