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ABSTRACT

We experimentally demonstrate resonantly enhanced measurements of droplet evaporation by tracking whispering-gallery-mode resonances.
Droplet optical Q-factors exceeding 2� 108, coupled to a standard optical fiber, enable operation for several days and evaporation measure-
ment as fine as the release of a single-molecular layer every 50 s! We observe that lower viscosities are associated with faster evaporation, since
its molecules are shorter and, hence, have weaker cohesive forces per molecule and higher Brownian velocities. To our surprise, long-term
measurements resulted in an exponentially decaying evaporation rate, explained by the early evaporation of shorter molecules, leaving a
majority of longer molecules possessing lower vapor pressure.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
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Whispering-gallery mode (WGM) resonators play a major role in
detection1–9 in fields ranging from biology10–12 and chemistry13 to
environmental14,15 and nanoparticle sensing.16–18 In biology, WGM
resonators were used for monitoring cardiac tissues19–21 and biointer-
faces,22,23 detecting single virus,24–26 nano-particles,27,28 DNA,29,30 and
protein molecules.31–33 Such WGM sensors rely on submerged dielec-
tric spheres34,35 and toroids36,37 as well as on liquid filled bottles.38–42

In these resonators, the solid–liquid interface acts as the cavity wall. A
different type of WGM sensor relies on a droplet per se.43–48 In such
droplet configurations, the walls of the droplets are made of gas–
liquid49–55 or liquid–liquid56–58 (e.g., water–oil) interface. As such, the
droplet’s surface is free to move. These droplets were used to sense
Brownian54- and induced59-capillary oscillations, temperature,57,60 and
humidy44,61 as well as to function as continuous in time lasers.46

Positioning control of such droplets relative to a tapered fiber coupler
was demonstrated via optical tweezing the droplet in both air43 and
water48 environments.

For evaporation measurements, tweezed droplets were monitored
via free space coupling for their Mie62–64 scattering and Fano combs.63

Here, we employ a similar principle—tracking changes in optical
resonance as the droplet radius evolves—but without using optical
tweezers, which can heat the droplet and affect its evaporation dynam-
ics. Instead, we utilize high-quality-factor optical modes and couple
light into and out of the droplet via a standard optical fiber. In detail,
by converting the measured resonant wavelength shifts into radius

changes, we monitor evaporation rates. Special attention is given to
monitor changes in evaporation rates over long times and to different
viscosities (5, 10, and 20 cSt).

The evaporation behavior of liquids is fundamentally linked to
their molecular structure.65,66 For example, low-viscosity silicone oils
consist of shorter polymer chains with lower molecular weights, which
experience weaker intermolecular attractions and possess higher aver-
age molecular speeds, leading to faster evaporation. In contrast, high-
viscosity oils, composed of longer polymer chains, exhibit stronger
intermolecular attractions and lower average molecular speeds, there-
fore evaporate more slowly. Low evaporation rates correspond to low
vapor pressure and vice versa. A detailed thermodynamic description
of evaporation can be found in Ref. 67.

As oil evaporates, the shorter, faster, and less cohesive molecules
escape first. Over time, primarily longer molecules remain; these mole-
cules volatilize much more slowly. As a result, the overall rate declines
and eventually approaches a very low value, a phenomenon termed
evaporation saturation.68,69 This saturation differs from cases in which
nonvolatile solutes, such as salts, are left behind after the solvent
evaporates.

In our experimental setup, as illustrated in Fig. 1(a), a 970nm
laser (New Focus, TLB-6700) is coupled into a tapered optical
fiber,70,71 with the transmitted signal detected on the other side of the
tapered fiber, by a photodetector (New Focus, 1801). The output signal
is monitored in real time using an oscilloscope, allowing observation of
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FIG. 1. Experimental setup where (a)
droplet evaporation is measured via the
(b) continuous drift in the droplet transmis-
sion spectrum. The plots represent a
0.02 nm/s change in droplet radius corre-
sponding to the evaporation of a single-
molecular layer every 5 s. A supplemen-
tary video includes a film of such a drifting
resonance (see also supplementary mate-
rial Note 1). (c) Micrograph of a typical
droplet. (d) A cross-sectional profile of a
typical optical mode acquired using a NIR
camera through residual forward Rayleigh
scattering. (e) A superposition of the two
preceding micrographs. Multimedia avail-
able online.
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the resonance wavelength shifts caused by droplet evaporation. A func-
tion generator is employed to repeatedly scan the laser wavelength
while passing through the drifting resonances. A polarization control-
ler is used to manipulate the polarization state within the fiber, thereby
improving the coupling efficiency for one of the polarizations. To pre-
pare the droplet, a conical fiber tip is dipped into a small volume of sili-
cone oil (XIAMETER; viscosity: 5/10/20 cSt; refractive index: 1.396/
1.3989/1.4009), forming a liquid optical resonator. The balance
between surface tension and gravity enables the stable attachment of a
single silicone oil droplet at the fiber tip, as shown in the 3D subpanel
of Fig. 1(a). The droplet moves along the vertical cone, mainly in the
axial direction, and stops at a position where the combined energies of
gravity, liquid–air surface tension, and liquid–solid surface tension
reach a minimum. The fiber tip is mounted (vertically) on a precision
translation stage (PI; microtranslation stage: M-105; nanopositioner:
P-611.3), allowing for fine positioning control of the tapered coupler
in the non-contact regime relative to the droplet.

During the experiment, the liquid resonator continuously evapo-
rates into the air, as illustrated by the blue arrows in Fig. 1(a), leading
to a gradual decrease in its diameter. We continuously monitor the
droplet’s diameter via the drifting resonance-wavelength, k0ðtÞ, as
described by

M
k0 tð Þ
n

¼ 2pR tð Þ; (1)

where M is the integer corresponding to the number of wavelengths,
resonating along the circumference of the droplet, n is the refractive
index of the resonator, and R is the radius of the resonator.

Figure 1(b) (Multimedia view) illustrates the temporal evolution
of the resonance wavelength of the droplet resonator (10 cSt). The x
axis represents the resonance wavelength in vacuum, while the y axis
denotes the normalized transmission. Four subfigures are displayed
sequentially from top to bottom, corresponding to time points between
0 and 0.6 s. Over this 0.6 s interval, the resonance wavelength exhibits a
blue shift of 0.014nm, corresponding to a shift rate of approximately
0.02nm/s. Bearing in mind that the Bohr diameter of an atom is
approximately 0.1 nm, the measured evaporation rate of 0.02 nm/s cor-
responds to the release of a single-molecular layer (give or take) into
the air every 5 s. In what follows, even lower evaporation rates were
observed, corresponding to the evaporation of a single-molecular layer
every 50 s. The detailed tracking method for moving resonance peaks
can be found in supplementary material Note 2.

While Fig. 1(b) captures the temporal evolution of the resonance
wavelength, Figs. 1(c)–1(e) provide spatial information about the
droplet resonator and the confined optical mode. Specifically, Fig. 1(c)
shows a micrograph of a typical droplet, Fig. 1(d) presents the cross-
sectional profile of a typical optical mode captured using a NIR camera
through residual forward Rayleigh scattering, and Fig. 1(e) displays a
superposition of the two, illustrating the position of the mode within
the droplet.

The evaporation dynamics of silicone oil droplets with different
viscosities were analyzed by monitoring the resonance wavelength shift
over time and converting it into the corresponding radius change using
the optical resonance condition. The resonance condition for the drop-
let resonator can be expressed as

k0 tð Þ ¼ 2pnR tð Þ
M

; (2)

where k0ðtÞ is the resonance wavelength as a function of time, RðtÞ is
the resonator radius as a function of time, n is the refractive index of
the silicone oil (assumed constant), and M is the mode number
(assumed constant). Here, RðtÞ is further expressed as

R tð Þ ¼ R0 þ DR tð Þ; (3)

where R0 denotes the droplet radius at equilibrium and DRðtÞ repre-
sents the deviation from the equilibrium position due to evaporation.
Based on this relationship, the time-dependent radius change DRðtÞ
was extracted from the measured k0ðtÞ.

Figure 2 presents the normalized radius change, DRðtÞ, as a func-
tion of time for three types of silicone oil with viscosities of 5, 10, and
20 cSt. Linear fitting was applied to each dataset to determine the
radius change rates, expressed in nm/s. The fitted rates are�13.1 nm/s
for 5 cSt (Droplet diameter: 151.2lm), �1.3 nm/s for 10 cSt (Droplet
diameter: 129.8lm), and �0.1 nm/s for 20 cSt (Droplet diameter:
116.9lm). To give a scale, the later evaporation rate corresponds to
the evaporation of a single-molecular layer every 50 s. The 5, 10, and
20 cSt measurements were conducted immediately after droplet for-
mation. The results demonstrate that droplets with lower viscosity
exhibit faster radius reduction, as indicated by the steeper slopes.

To investigate the long-term evaporation dynamics, a 5 cSt sili-
cone oil droplet resonator was repeatedly measured over a 22h period.
Figure 3 shows the time evolution of the radius and the corresponding
evaporation rate, defined as � _RðtÞ. The radius change rate ( _RðtÞ) as a
function of time is presented in Fig. 3(a). The experimentally measured
evaporation rate, � _R tð Þ; was fitted with a single-exponential decay
function of the form

_R tð Þ ¼ _R0e
�t

s; (4)

where _R0 is the initial evaporation rate and s is the evaporation-saturation
time constant. Best fitting Eq. (4) to our experimental result gave a time
constant of 0.6h and initial evaporation rate of 12.8nm/s. We note that
the refraction index also changes during evaporation.72 However, refrac-
tion changes account for less than 0.4% of the optical path length varia-
tion. This is in comparison to 37.9% changes in droplet radius.

Liquid droplets extend the capacities of solid-based devices by
being a million times softer than comparable solid structures, making

FIG. 2. Droplet radius vs Time is derived from the resonance wavelength shift using
the optical resonance condition. Solid lines represent linear fits to the experimental
data. The extracted radius change rates are �13.1 nm/s for 5 cSt (Droplet diame-
ter: 151.2lm), �1.3 nm/s for 10 cSt (Droplet diameter: 129.8lm), and �0.1 nm/s
for 20 cSt (Droplet diameter: 116.9lm). The 5, 10, and 20 cSt measurements were
conducted immediately after preparation.
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them correspondingly more sensitive to external forces. Furthermore,
the droplet’s liquid-phase boundary can absorb or repel particles based
on surface tension considerations. Additionally, components in the liq-
uid can evaporate into the surroundings, and surrounding components
can be absorbed by the liquid. Going to such new frontiers requires a
consideration of evaporation as we measure here. Our drifting
resonance tracking might impact droplet microfluidics by performing
experiments using a tunable laser with a properly wideband that
can track a single resonance throughout the experiment time.
Alternatively, a short-band tunable laser can monitor a set of resonan-
ces, while new resonances replace those drifting out. Another insight
relates to the properties of oils. An oil with specific viscosity can be
prepared in two ways: (1) mixing low-viscosity and high-viscosity oil
where the polymer chains are identical in chemical composition but
differ in length, and (2) using oil where all molecules are of the same
length, give or take. While these two options are identical when work-
ing in an enclosed vessel, this is not the case when exposed to air. In
this latter case, the oil mixture will increase its viscosity over time,
while the constant-length molecules will not.

See the supplementary material for the multimedia available
online and the tracking method for moving resonance dips.
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FIG. 3. Time evolution of the radius change rate ( _RðtÞ) and evaporation rate (� _RðtÞ) of a 5 cSt silicone oil droplet resonator over a 22 h period. (a) Radius change rate ( _RðtÞ)
as a function of time, fitted to theory. The error bars correspond to the standard deviation of the radius change rate, obtained from the linear fitting in Fig. 2. (b) Evaporation
rate, defined as � _RðtÞ, following an exponential decay with the same fitting form. (c) and (d) Same data as in (a) and (b), respectively, but plotted with a logarithmic y axis to
highlight the exponential decay behavior.
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