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Unlike capillary resonance by Rayleigh (Proc. R. Soc. London
29, 71 (1879)) and optical resonance by Ashkin (Phys. Rev.
Lett. 38, 1351 (1977)), acoustic resonance in fluid droplets
has rarely been studied. Here we use droplets and optically
excite and interrogate their acoustic resonances at a rate
1000 times faster than their capillary oscillation. We observe
acoustical vibrations at 40 MHz that start at an optical thresh-
old of 68 μW. Their high optical quality factor suggests that
droplets might also exhibit continuous-time optical nonli-
nearities and opto-capillary interactions. We believe that
our work will enable photonic MEMS and droplet optome-
chanics in devices made strictly of liquid. © 2016 Optical

Society of America

OCIS codes: (140.3945) Microcavities; (160.1050) Acousto-optical

materials; (120.4880) Optomechanics.
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Current excitation schemes can impressively access droplets’ capil-
lary oscillations [1,2] at kHz rates, but not their acoustic ones.
Here, we use a MHz excitation rate to excite droplet’s acoustical
modes. The difference between capillary and acoustical modes
arises from the restoring force that is involved in their motion.
In contrast to capillary modes where surface tension restores the
deformed droplet toward equilibrium; in acoustical modes, com-
pression is the restoring mechanism. The calculated capillary and
mechanical modes of a spherical droplet are shown in Fig. 1,
where one can see the uniform pressure of the capillary mode
side-by-side with the varying pressure of the acoustical mode.
In this work we distinguish ourselves from previous studies in
capillary resonance of droplets [Fig. 1(a)] by exploring their
acoustic modes [Fig. 1(b)].

The analytical solution for the first capillary eigenfrequency [1]
of a spherical droplet in air is

f �
ffiffiffiffiffiffiffiffiffiffiffi
2γ

π2ρr3

r
; (1)

where ρ is the liquid density, γ is the surface tension at the air-
liquid interface, and r is the droplet radius. The frequency in
Eq. (1) is the natural frequency of the eigenfunction that is shown
in Fig. 1(a).

Differently, the analytical solution for the mechanical eigenfre-
quency [3] of such a spherical droplet is

f � 1.3

ffiffiffiffiffiffiffiffiffiffiffi
B

π2ρr2

s
; (2)

where B is the bulk modulus of the medium, defined as its volume
change per unit of pressure. Interestingly, these two equations are
similar except for replacing B with γ∕r.

For a typical liquid, this relation between the equations sug-
gests that the mechanical modes of a droplet are a thousand times
faster than their capillary ones. Accordingly, fast rates are needed
in order to excite the acoustical modes of a droplet. Such fast rates
can be achieved using the forces of light. In this regard, optome-
chanical [4–14] excitation schemes are fast acting [15], and can
even excite vibrations at rates of 10 GHz [16].

A bridge between optomechanics and optofluidics [17–20] was
recently established by demonstrating an optomechanically oscil-
lating water-containing pipette [21,22]. Therefore, it is natural to
ask if one can take a droplet and optically excite and interrogate its
mechanical mode, similar to what was done with solid devices
[4–14]. To optically excite the mechanical mode of a drop, we first
excite its optical mode. Optical modes were excited in levitating
[23] and falling [24] droplets in experiments that mark the first
days of microcavity research. These early works were followed
by excitation of optical resonances in a droplet held by a stem
[25] or laying on a hydrophobic surface [26]. Very recently, optical
resonances were shown in droplets that were optically tweezed in
liquid [27]. Further, optical finesse over a million was measured in
water-walled microfluidic devices [28]. As for the droplet stability,
microdroplets possess a surprising stability. This is analytically
demonstrated by the Eötvös number [29], a dimensionless number
that represents the ratio between interfacial tension and gravity.
The interfacial tension that holds 40 μm diameter droplets, such
as in our experiments, is 6120 times stronger than gravity. This
large Eötvös number, which is typical to small-radius curvatures,
suggests that our droplets might withstand high accelerations
of several g’s to enable liquid-walled micro optomechanics.

We start by fabricating a silica micro cylinder with a ball shape
on its end. Then we dip the cylinder into a vessel of Xiameter
silicone oil with refractive index of 1.403 [30]. This liquid was
chosen since it combines high optical transmission together with
a low evaporation rate in standard room environment. When
pulled out, the silica stem contains a microdroplet on its end as
one can see in Fig. 4(a).

Our experiment includes a pump laser that is fiber coupled
[25,26,30] and thermally self-locked [31] to the optical whispering
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gallery mode of the droplet. The light transmitted through the
resonator (and modulated by its acoustical mode) is measured
via the other side of the fiber coupler using a photodiode. We con-
trol the distance between the fiber and droplet with an XYZ piezo
stage (Physik Instrument P � 611.3NanoCube). And the experi-
ment is taken in a box, at room conditions. Droplet attraction to
the fiber was sometimes observed, particularly at powers above
mW. In this regard, recovering the optomechanical oscillations
was possible by pulling the droplet back to its original position.

In our first experiment, we optically characterize our droplet
resonator by measuring its optical quality factor (Q). The optical
modes in our system are whispering gallery modes of 100–200
wavelengths resonating along the droplet circumference. Almost
all of the optical modes that we checked induced vibrations, sug-
gesting modes of high order along the direction transverse to
propagation also induce vibrations. We measure the droplet’s Q
using a ring-down measurement [32–34]. Common to such mea-
surements, as laser frequency and resonance frequency overlap,
the cavity is charged with light. Right afterward, the resonance
detunes from the pump and the light that was stored in the cavity
exponentially decays. The discharging light interferes construc-
tively and destructively with the drifting laser resulting in oscil-
lations, as one can see in Fig. 2(b). Ring down is preferred here
over linewidth measurement for extracting cavity Q, in order to
avoid thermal broadening and narrowing effects [31]. We fit our
experimentally measured transmission [Fig. 2(b)] to the rate equa-
tion model (blue line) for the optical resonator, as appears in
Gorodetsky et al. [35]. Fitting the maxima and minima to an ex-
ponential decay rate, we measured a lifetime of 69� 5 ns [inset
of Fig. 2(b)] corresponding to an optical Q of �1.7� 0.1� × 108
and a �5� 0.4� × 105 finesse.

A typical measurement of droplet vibrations is shown in Fig. 3,
where each of the resonances exhibits vibrations as shown in
the inset. The resonances are broadened (from a Lorentzian
shape) into a shark tail shape. This broadening usually stabilizes
the resonances by operating at the self-stable regime. The self-
locking mechanism, which is explained in more detail in [31],
enables more than 1000 acoustical cycles per resonance.
Although we operated with no external locking system, we believe
that a locking system [36] will enable vibration excitation for a
practically unlimited duration. As the laser passed through the
droplet optical resonances and the optical power increased above

100 μW, strong oscillations in the transmission were observed,
indicating mechanical vibrations. The appearance of these vibra-
tions was so abundant that it was almost impossible to pass
through an optical resonance without seeing oscillations like those
shown in Fig. 3.

We experimentally test several droplets [Fig. 4(a)] with diam-
eters ranging from 30 to 100 μm. The droplets micrographs are
shown in Fig. 3(a) beside their Comsol simulated acoustical
mode. The measured frequencies were only 3%–5% off the simu-
lated ones [Fig. 4(b)]. Excitation of highorder mechanical modes,
as seen here, is typical in optomechanical systems [15], and relates
to the fact that the acoustical cycle time should be on the same
scale of the photon lifetime. Also typical to similar optomechan-
ical systems, higher harmonics [Fig. 4(c)] are seen in the Fourier
spectrum because of the nonlinear relation between the optical
transmission and the radius. In more detail, the transmission
shows a Lorentzian growth with radius.

We then measure the mechanical quality factor (Qm) and the
optical threshold of the mechanical oscillations. The oil droplets’
Qm is obtained from the width of the Lorentzian-fitted power
spectrum near threshold [Fig. 5(a)]. For this droplet we measured
a Qm of 81� 5. As expected [37], power increment was accom-
panied by narrowing of the oscillation linewidth from 253�
15 KHz at 28 μW to 72� 5 KHz at 34 μW. As for the power
threshold where vibrations appear, the vibration amplitude as a
function of input power is given in Fig. 5(b), and shows a knee
behavior.

The location of the knee is the point where the mechanical
gain turns larger than loss, and is generally referred to as oscilla-

Fig. 1. Theory of droplet’s modes: comparison between (a) a capillary
mode and (b) its acoustical correspondent of a liquid sphere in air. The
outer circle represents the boundary of the sphere at equilibrium state and
the color represents pressure. The liquid is silicone oil as in the experi-
ments here. The capillary mode was analytically calculated [1] and the
acoustical mode was numerically calculated using a finite-element
method [Comsol].

Fig. 2. (a) Experimental setup: a tunable laser is evanescently coupled,
via a tapered fiber, to an optical whispering gallery mode (red ring) of a
droplet resonator. The blue cylinder represents a silica stem that holds
the transparent oil. Change in colors and deformation represents the ex-
aggerated shape of the droplet acoustic mode. (b) Experimental results:
ring down signal from a 60 μm oil droplet (red points) together with a fit
predicted by the rate equation (solid blue line). We plotted the peaks of
the signal as a function of time on a semilogarithmic scale, and used linear
regression (inset) for extracting the life time of the photon. Its coefficient
of determination, R2, equals 0.98.
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tion threshold. The region below the threshold represents the
modulation of incoming light by thermal Brownian fluctuation,
while the region above the threshold represents a vibration that is
optically excited. The Qm of our droplet can be calculated with
the formula

Qm � π∕�αλ�; (3)

where λ is the acoustical wavelength in meters (m) and α is the
acoustical attenuation coefficient in units ofm−1. To calculate the
acoustical attenuation we use the formula [38]

α � ω2

2ρc3

�
4

3
η� ζ

�
; (4)

where c is the speed of sound, ω the acoustical frequency, η the
dynamic viscosity, and ζ the volume viscosity. Using the data pro-
vided by Xiameter for the silicone oil, the calculated Qm is 94.5
for the 20.57 MHz mode, which is 17% more than the measured
quality factor (81� 5).

Though we saw here only a single mechanical frequency for a
given droplet, it is likely that other breath modes might be
possible by changing the photon lifetime in the droplet, as was
demonstrated in [15]. Another eigenmode expected in our drop-
let is the mechanical whispering gallery mode that is common in
resonators with size and quality factors similar to our droplet
[10,16].

In conclusion, we show acoustical resonances in liquid droplets
for the first time to our knowledge. In essence, our work extends
optomechanics to one of the most basic structures in nature—

Fig. 3. Experimental results: showing transmission changes by scan-
ning the laser through resonance. A cavity ring down is observed in the
sharp peak, and is followed by mechanical oscillations (enlarged in the
inset). The frequency of the ring down is different from the frequency in
the oscillations.

Fig. 4. Experimental results: (a) droplet’s micrograph next to one of its
calculated acoustical modes. More than 99% of the acoustical energy is
found in the liquid, (b) oscillations signal for each droplet in the time
domain, (c) oscillations signal for each droplet in the frequency domain
where up to five harmonics are seen. The diameters of our droplets were
40� 2 μm, 50� 2 μm, and 75� 2 μm, where the error is set by the
resolution of our microscope. The calculated frequencies are 37.54,
20.57, and 12.45 MHz, which are within 5% difference from the exper-
imentally measured rates.

Fig. 5. Experimentally measured mechanical quality factor and thresh-
old. (a) Lorentzian fits to the mechanical power spectrum at 3 input
powers; green, red, and black correspond to 28� 1 μW, 31� 1 μW,
and 34� 1 μW with linewidths of 253� 15 kHz, 126� 9 kHz, and
72� 5 kHz, respectively. The droplet diameter was 60 μm. (b) A graph
of the mechanical power out versus the optical power, and linear fits for
under and over threshold regimes, indicating a 68 μW threshold. The
droplet diameter was 40 μm.
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droplets. Our system is simple, as it operates at room conditions
while fed by a continuous-time laser with no external modulation,
no controller, and no feedback loop. Additionally, the droplet’s
smooth walls are simple to fabricate and sustain. We believe that
accessing droplet acoustics with light, as we demonstrate here, will
soon be followed by similar resonantly enhanced optical access
to the capillary modes of droplets. Furthermore, we believe that
the droplet can function also as a hybrid optocapillary resonator
where optical interrogation, excitation and cooling of acoustical or
capillary modes will be possible.
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