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Optofluidic resonators are capable of characterizing various fluidic media. Here, we propose an optofluidic micro-
bottle resonator (OFMBR) that is applied to generate pendant droplets, whose maximum mass is related to the
liquid surface tension. Mass and type of droplets forming along the OFMBR stem can be monitored in real time
by spectrum variation. As a pendant droplet grows, increased droplet gravity introduces a decreased coupling gap
and compressive force between the tapered fiber and OFMBR, leading to a resonance wavelength shift. The op-
eration mechanism of the proposed sensors is validated by theoretical simulation and experimental results. From
the experimental spectra, a liquid mass sensor with maximum sensitivity of −3.34 pm∕mg is obtained, and dis-
tilled water and alcohol can be identified. This scheme provides a new thread for droplet generation as well as
fluidic properties characterization. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.450535

1. INTRODUCTION

Manipulating microvolume droplet and characterizing droplet
properties are of great importance in life science and bio-
logical applications, e.g., drug discovery, particle sorting, droplet
generation [1–3]. Droplet properties have been extensively inves-
tigated in the past years, including effective surface tension and
viscosity, dynamic evaporation, and droplet oscillation, etc.
[4–6]. Specifically, a droplet can function as a resonator to excite
the whispering gallery mode (WGM), owing to its smooth sur-
face and spherical morphology [7–9]. It provides an excellent
platform to investigate optomechanics, by virtue of the character-
istic of being hundreds of times softer than solid resonators [10].
Accordingly, the deformation of droplets driven by photon pres-
sure can be determined [10,11]. Actually, the above-mentioned
investigations rely on auxiliary devices to sustain the morphology
of droplets, such as solid substrates and optical fiber end face and
stem [10–12]. In addition, the specific technologies and high-
speed cameras are necessary to manipulate droplet position
and capture motion images [13,14].

Optofluidic capillary is a promising candidate to character-
ize the fluid properties due to the inherently fluidic channel
[15,16]. Recently, WGMs in a microcapillary-based droplet
resonator have been demonstrated to measure droplet morpho-
logic variation with nanoscale precision [17]. Compared with a
microcapillary, an optofluidic microbottle resonator (OFMBR)

can enhance light–matter interaction, thanks to well-confined
WGMs [18–20]. It has attracted enormous attention in micro-
fluidic application, including gas and gas concentration iden-
tification [21,22], magnetic field intensity and bimolecular
binding event monitoring [23–25], and ultrasound and nano-
particle detection [26–29]. Furthermore, monitoring of dy-
namic flow rates and the phase transition of hydrogel are
demonstrated [30–33]. However, there are few demonstrations,
to the best of our knowledge, in which OFMBR is employed to
characterize liquid properties and identify liquid types.

Herein, monitoring liquid mass and radius in real time
and identifying liquid types in OFMBR are demonstrated
by observing resonance wavelength variation. Thanks to liquid
surface tension and solid–liquid interfacial forces, liquid out-
flowing from an OFMBR end face forms a pendant droplet
along its stem. The growing droplet gravity decreases the cou-
pling gap and introduces compressive force between the tapered
fiber and OFMBR, which shifts the resonance wavelength.
Theoretically, the displacement on OFMBR caused by droplet
gravity is simulated using COMSOL simulation software,
which is based on solving a Navier equation. Liquid mass and
liquid identification experiments are carried out, and the mor-
phology of a pendant droplet is monitored by a CCD camera.
Our scheme paves the way for applications of droplet genera-
tion and liquid properties characterization.
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2. OPERATION PRINCIPLE AND THEORETICAL
ANALYSIS

The schematic diagram of the proposed sensor is shown in
Fig. 1(a), which utilizes a tapered fiber perpendicularly cou-
pling with a horizontally placed OFMBR. One end of the
OFMBR connects to a commercial syringe pump to inject fluid
with controllable and stable flow rates. The other flat end face is
kept open to serve as a pendant droplet generator. The liquid
outflowing from the OFMBR end face forms a pendant droplet
along its stem thanks to the liquid surface tension and solid–
liquid interfacial forces. Further, the pendant droplet will de-
tach from the stem when the growing droplet gravity is greater
than the liquid surface tension.

The schematic of spectrum variations during pendant drop-
let formation, as illustrated in Fig. 1(b), can be clarified in three
stages. In the first stage, the coupling gap between the OFMBR
and tapered fiber maintains beyond the coupling region. In
consequence, the WGM will not be excited, presenting a flat
transmission spectrum. After that, the liquid outflowing from
the OFMBR end face starts to form a pendant droplet along its
stem. In the second stage, the growing gravity of the pendant
droplet decreases the coupling gap, prompting to excite the
WGM. In the third stage, the persistently growing gravity
results in the physical contact and compressive force be-
tween tapered fiber and OFMBR. The compressive force then
introduces a decreased radius of OFMBR, resulting in a blue-
shift of the resonance wavelength with a decreasing signal
intensity. The maximum wavelength shift can be obtained
when the droplet gravity is equal to liquid surface tension.
Subsequently, the pendant droplet detaches from the stem,

a new pendant droplet forms, and the above-mentioned stages
repeat simultaneously.

The mass of the pendant droplet can be calculated by multi-
plying the fluid density by the fluid volume. The radius of the
pendant droplet can be deduced according to the sphere vol-
ume formula, providing that the morphology of the pendant
droplet is approximated as a sphere under microgravity
[5,11]. Consequently, the mass and radius of the pendant drop-
let can be obtained from

m � ρdrovt , (1)

r �
�
3vt
4π

�1
3

, (2)

where m, ρdro, and r are the mass, density, and radius of the
pendant droplet, and terms v and t are the flow rate inside
the OFMBR (unit, μL/min) and flow time, respectively.

The operation principle of the proposed sensor is that the
gravity of pendant droplet would alter both the refractive index
and radius of OFMBR by mechanical and strain effect, respec-
tively. Both variations prompt the resonance wavelength to
shift, which can be expressed as

dλ

λ
� dR

R
� dn

n
, (3)

where R denotes the maximum outer radius of OFMBR, and
n denotes the effective refractive index of resonant mode.
Equation (3) reveals that the resonance wavelength shifts to-
ward shorter wavelengths with decreasing R and n. However,
the strain effect induced a morphology change that dominates
the mechanical effect induced refractive index change [34]. The
governing equation for elastic mechanics study is based on
equilibrium differential equation, which can be
written as

ρmed

∂2u
∂t2

� da
∂u
∂t

− ∇ · σ � f , (4)

where ρmed and da are the density of the elastic medium and
damping coefficient, and u, σ, and f are the displacement
vector, stress tensor, and body force vector, respectively.
Specifically, the terms on the left-hand of Eq. (4) denote the
inertial force, damping force, and stress, where the first two
terms can be eliminated when the system is in a steady state
[35]. The term on the right-hand of Eq. (4) denotes the body
force. Furthermore, Eq. (4) can evolve into a Navier equation
by taking account of the geometric and physical equations [36].
It describes the deformation of a continuous, isotropic, and lin-
ear elastic medium in the absence of body force [34,37]:

�μ� G�∇∇ · u� G∇2u � 0, (5)

where μ and G are Lame constants, which relate to Young’s
modulus and Poisson’s ratio of material. The morphologic
variation causing a wavelength shift of the resonator has been
systematically investigated in Ref. [34], which reveals that the
resonance wavelength dependence on force is essentially linear.

In order to analyze the influence of droplet gravity on device
displacement, the solid mechanics interface of COMSOL
Multiphysics is employed. As shown in the inset on the top

Fig. 1. (a) Schematic diagram of the proposed sensor. (b) Spectrum
changes under three stages. Blue and orange dashed lines represent
variations of the resonance wavelength and signal intensity with time,
respectively.
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right of Fig. 2, the simulation model is established, and three
boundary conditions are considered: 1) one end of OFMBR
and both ends of the tapered fiber are set as fixed ends, where
no displacement occurs; 2) a contact pair is established between
the OFMBR and tapered fiber; 3) a point load is added at the
other end face of OFMBR to simulate the droplet gravity.
The terms l 1 and l2 represent the length from the fixed end
of the OFMBR to the coupling point and from the coupling
point to the load, respectively. F 1 indicates the load gravity.
In the simulation, the OFMBR material properties, including
Young’s modulus, Poisson’s ratio, and material density, are set as
73 GPa, 0.17, and 2200 kg∕m3, respectively. The maximum
outer diameter and wall thickness of OFMBR are set as 200
and 8 μm, respectively. The parameter of l 1 is set as the con-
stant of 13,000 μm.

Figure 2(a) shows the simulation result as l2 and F 1 are set
as 17,000 μm and 0.085 mN, whose values are close to reality.
It shows that 87 and 564 μm displacements occur at the cou-
pling point and OFMBR end face under the gravity F 1, respec-
tively. Figure 2(b) shows the displacement dependence on the
droplet gravity when l2 is 17,000 μm, where the displacements
at both locations increase monotonically with growing droplet
gravity. In addition, the value of l2 can be tailored by cutting it
at desired length. Simulations are conducted as l 2 changes from
500 to 25,000 μm by fixed F 1 as 0.085 mN; the obtained

result is shown in Fig. 2(c). We note that the displacements
simulated here refer to the displacement in the direction of load
gravity. The simulation results convey two insights. The
first is that the occurring displacement validates the existence
of compressive force at the coupling point, which deforms the
OFMBR. The second is that the longer l2 gives rise to the larger
displacement at the OFMBR end face. However, a pronounced
elastic force is generated when the pendant droplet detaches,
which will result in OFMBR vibration and potential coupling
position variation. Therefore, the OFMBR with overlong l 2 is
not favorable for a stable experiment.

3. EXPERIMENT RESULTS

The OFMBR used in the experiment has a maximum outer
diameter of 200 μm and a wall thickness of around 8 μm,
which is fabricated by discharging a silica capillary with an
inner and outer diameter of 75 and 125 μm (Polymicro,
TSP075150), respectively. The microscope image of
OFMBR is shown in the dashed box in Fig. 3. The WGMs
of OFMBR are evanescently excited by an adiabatic tapered
fiber with a diameter of 1 to 2 μm, which is fabricated by a
heat-and-pull method and encapsulated in a U-shaped groove
to enhance the tapered fiber robustness.

Figure 3 shows the setup for sensing experiments. The light
emitted from a tunable semiconductor laser (Santec, TSL-710)
at the 1540 nm wavelength band transmits into tapered fiber
through a polarization controller (PC) to excite the WGMs of
OFMBR. The output light is composed of light propagating
directly from tapered fiber and coupling back from the
OFMBR, which will be detected by an oscilloscope after
a photodetector (PD). The coupling position between the
tapered fiber and OFMBR is adjusted by two 3D translation
stages via a CCD-assisted in situ monitoring system, and the
PC is adopted to adjust the polarization state of input light
to optimize the WGM spectrum. Additionally, a triangular
wave signal generated by a function generator is utilized to drive
TSL scanning in a narrow wavelength range; the power of the
TSL is set as 0.1 mW to avoid the thermal effect [38]. To avoid
external environmental changes induced spectrum shift, the
whole setups are placed on an optical air floating

Fig. 2. (a) Simulation result of displacement under droplet gravity
when the length l1 is 13,000 μm and l2 is 17,000 μm. Inset on top
right shows the established model in COMSOL; inset on bottom left
is the enlarged view at the coupling point. (b) Influence of droplet
gravity on device displacement when l2 is 17,000 μm. (c) Influence
of length l 2 on device displacement when droplet gravity is 0.085 mN.

Fig. 3. Schematic diagram of liquid mass and liquid identification
sensing system. Inset in the dashed box shows the microscopic image
of the OFMBR. TSL, tunable semiconductor laser; CCD, charge
coupled device; PD, photodetector; PC, polarization controller.
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platform, and the coupling system is protected in an isolated
glass box.

In the experiment, we first verify the proposed sensor works
with periodicity. We choose a phosphate buffer solution (PBS)
with a density of 1.04 g∕cm3 as the fluid material here due to
its extensive usage as solvent material in biochemical solutions.
The flow rate of the syringe pump is set as 20 μL/min. To
observe the influence of droplet gravity on the transmission
spectrum comprehensively, the distance of the coupling gap be-
tween the OFMBR and tapered fiber is manually adjusted to
beyond the coupling region of 3 μm through translation stages,
which is favorable for distinguishing Stage 1 and Stage 2, as
shown in Fig. 1(b). Therefore, the transmission spectrum only
presents a flat line, as indicated by the red line in Fig. 4(a).
A visible pendant droplet forms along the OFMBR stem after
the syringe pump starts to work due to the surface tension and
interfacial forces. Figure 4(a) records the spectrum variations
induced by the evolutions of two pendant droplets. The growth
of droplet gravity prompts to excite the WGMs and then shifts
the resonance wavelength to a shorter wavelength with de-
creased signal intensity, which is in accordance with our theo-
retical analysis. The signal intensity fluctuation of
dips arises from the coupling position instability as a droplet
evolves. Furthermore, the duration of a pendant droplet from
generation to detachment is 28 s. As one period completes
when a pendant droplet detaches, new pendant droplets form

simultaneously, and the spectrum will return to initial state as
well. The relationship between resonance wavelength shift
and flow time is plotted in Fig. 4(b). It reveals that the maximum
wavelength shifts for two pendant droplets are 8.8 and 9.1 pm,
which are basically consistent. Moreover, the slopes correspond-
ing to two linear fitting lines are −0.395 and −0.398, indicating
the close variation rate of wavelength shift with droplet mass.

In the mass sensing experiment, the PBS is infused into the
OFMBR with the stable flow rates of 10 and 30 μL/min. The
procedure for the sensing experiment is the same as above, with
the obtained results shown in Fig. 5. The detached times of
a pendant droplet under 10 and 30 μL/min are around 50 s
and 17 s. Accordingly, the maximum pendant droplet mass and
radii under two flow rates are 8.77 mg and 1.28 mm, 8.99 mg
and 1.29 mm, respectively. The little difference in maximum
pendant droplet mass could arise from the difference in forma-
tion rates and low time recording accuracy. The resonance
wavelength dependence on pendant droplet mass is shown
in Figs. 5(a) and 5(b). The obtained sensitivities are
−3.34 pm∕mg and −1.20 pm∕mg at flow rates of 10 and
30 μL/min, respectively. The sensitivity difference could be re-
lated to the fact that the overhigh flow rate inside the OFMBR
would accelerate the formation rate of the pendant droplet,
which induces the OFMBR oscillation as well as instability
of the coupling states. The red dots and fitting lines in
Figs. 5(a) and 5(b) indicate the relationships between droplet
mass and radius, which reveal that the maximum pendant
droplet radius is millimeter-scale in our system. To broaden
the sensing range of droplet mass, one would employ a capillary
with a larger outer diameter and choose liquids with a greater
surface tension coefficient.

Fig. 5. Resonance wavelength dependence and radius of pendant
droplet dependence on droplet mass as the flow rates are
(a) 10 μL/min and (b) 30 μL/min.

Fig. 4. (a) Resonance wavelength of two pendant droplet changes
with flow time as the flow rate of the syringe pump is set as 20 μL/min.
(b) Dependence of resonance wavelength shifts on flow time. Dots in
the figure represent experiment data; the lines are fitting lines.
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The proposed structure is also capable of identifying liquids
with different surface tension coefficients. The principle is that
the larger the surface tension coefficient, the greater the maxi-
mum pendant droplet gravity, thus inducing a larger maximum
wavelength shift. Distilled water and alcohol are chosen as the
detected liquids here owing to their distinguished surface ten-
sion coefficients (72.01 × 10−3 N∕m for distilled water;
22.3 × 10−3 N∕m for alcohol at room temperature). We record
the detached time for both liquids at different flow rates, with
the result shown in Fig. 6(a), which manifests that the liquid
with a larger surface tension coefficient has a longer formation
time, corresponding to a bigger droplet gravity. The detached
times for distilled water and alcohol at a flow rate of 10 μL/min
are around 60 s and 26 s, enabling us to deduce that the
maximum droplet masses are around 10 and 3.42 mg, and
the maximum radii are 1.34 and 0.95 mm, respectively.

In the liquid identifying experiment, two types of liquids are
infused into an individual injection syringe. Then, distilled
water passes through the OFMBR with a stable flow rate of
10 μL/min, and a spectrum is recorded as the pendant droplet
evolves. Subsequently, the experiment is repeated by employing
the other injection syringes filled with alcohol. The wavelength
shift dependence on flow time for both liquids is shown in
Fig. 6(b), which reveals that the maximum wavelength shifts
caused by alcohol and distilled water are −10.5 and −12.5 pm,
respectively. It should be noted that the resonance wavelength
variation of alcohol is contributed by droplet gravity and heat
dissipation, due to the endothermic nature of alcohol evapora-
tion, even though the wavelength shift induced by alcohol is
still smaller than that by distilled water due to the significant
difference in maximum droplet gravity. As such, alcohol and

distilled water identification could be achieved according to
the difference between detached time and maximum wave-
length shift.

To observe the morphology of pendant droplets with a
micrometer to millimeter scale radius, a CCD camera is em-
ployed to monitor the pendant droplet formation. The morphol-
ogies of the distilled water pendant droplet as time evolves are
shown on the right side of Fig. 7, which present a sphere under
microgravity, and a slight deformation occurs as the radius in-
creases to millimeter-scale [5]. Furthermore, the radius of the
pendant droplets can be deduced by converting the measured
pixel length to the actual value. Figure 7 shows the comparison
of pendant droplet radius between experimental and theoretical
values, which are calculated based on Eq. (1). The experimental
results are in agreement with the theoretical ones, where the little
difference can be ascribed to the liquid evaporation [17] and
limited pixel and resolution of the CCD camera.

4. CONCLUSION

We have proposed and demonstrated a liquid mass and liquid
type identification sensor, utilizing a tapered fiber and an
OFMBR. Theoretically, the influence of droplet gravity on de-
vice displacement is analyzed using COMSOL simulation soft-
ware. It reveals that droplet gravity contributes to altering the
coupling states between tapered fiber and OFMBR, which
shifts the resonance wavelength. Experimentally, we first verify
that the proposed sensor works with periodicity; then, the
liquid mass sensing experiment is carried out. The maximum
sensitivity of −3.34 pm∕mg is obtained at the flow rate of
10 μL/min. Moreover, the distilled water and alcohol are iden-
tified due to their distinguished surface tension coefficients, and
the morphologic variation of pendant droplet is monitored
under CCD camera. Our sensor provides a scheme to charac-
terize the liquid properties, which has enormous potential
in droplet generation and identification-related microfluidic
applications.
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Fig. 6. (a) Detached time for distilled water and alcohol at different
flow rates. (b) Dependence of wavelength shift on flow time for
distilled water and alcohol.

Fig. 7. Comparison of pendant droplet radius between experiment
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of pendant droplet of distilled water at different moments.
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