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Microbubble-probe WGM resonators enable
displacement measurements with high spatial
resolution
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A microbubble-probe whispering gallery mode resonator
with high displacement resolution and spatial resolution for
displacement sensing is proposed. The resonator consists
of an air bubble and a probe. The probe has a diameter
of ∼5 µm that grants micron-level spatial resolution. Fabri-
cated by a CO2 laser machining platform, a universal quality
factor of over 106 is achieved. In displacement sensing, the
sensor exhibits a displacement resolution of 74.83 pm and
an estimated measurement span of 29.44 µm. As the first
microbubble probe resonator for displacement measure-
ment, the component shows advantages in performance, and
exhibits a potential in sensing with high precision.
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Displacement sensing with high precision is of great significance
in industrial measurement and control, high-precision process-
ing, and intelligent manufacture. The measurement of strain,
pressure, force, and vibration can also be realized through it
[1–3]. Conventionally, displacement measurement is conducted
through micro-electro-mechanical systems (MEMS). However,
the electric nature restrains the performance and practicality of
MEMS components, especially under complex environments.
The development of optical fiber sensors brings novel solution
for displacement sensing.

Several kinds of optical fiber-based components have been
used for displacement sensing, including Fabry–Perot interfer-
ometer (FPI) [4,5], Mach–Zehnder interferometer (MZI) [6–8],
surface plasmon resonance (SPR)-based sensors [9,10], mul-
timode fiber interferometer (MMI) [11], and fiber gratings
[12,13]. Song et al. developed a liquid-crystal-based FPI dis-
placement sensor and achieved a wide dynamic range of 0.9
mm with a resolution of 6.7 nm [14]. Tian et al. proposed
a displacement sensor based on an MMI [11]. The sensor
achieved a sensitivity of 36 pm/µm and a dynamic range of
100 µm. A fiber Bragg grating sensor is reported by Tao, Dong,
and Lai in 2016 [15]. The displacement sensor exhibits a

wide measurement range of 3 mm but with a sensitivity of
0.57 pm/µm. However, the performance of these components
is not sufficient for high-precision measurement. Especially
for micro objects, components with high spatial resolution are
required.

The whispering gallery mode (WGM) resonator is known for
its high performance in measurement. Due to its inherent advan-
tages of high-quality (Q) factor, small mode volume, and high
optical energy density, it exhibits predominant sensitivity and
resolution in sensing application. Various applications includ-
ing biomedical sensing [16–18], magnetic field measurement
[19], and ultrasound sensing [20] have been performed on the
WGM platform. Micro force detection has been also realized on
probe-based resonators [21,22]. However, it is still challenging
to achieve high-Q factor. The same as a microdisk, microtoroid,
and microsphere, a microbubble is a typical category of WGM
cavities. With the hollow cavity and micro channel endowed
by its particular structure, a microbubble WGM resonator is
advantageous in microfluid measurement [23] and strain-related
measurement [24–28].

In our study, a silica microbubble probe resonator (MPR)
for displacement sensing is proposed. The MPR exhibits high
displacement and space resolution and was fabricated with a
silica capillary (SC) by CO2 laser machining. Having a probe on
the tip of the microbubble, the component shows a micron-level
spatial resolution allowing the measurement on micro objects.
Samples with the different diameter were demonstrated, and a
universal Q factor of over 106 is achieved. The resonators were
used for a displacement sensing test. An MPR with a diameter
of 86 µm exhibited a sensitivity of 51.89 pm/µm with a linearity
of 98.38%. The displacement resolution was determined to be
74.83 pm. Having a free spectral range (FSR) of ∼1.53 nm, the
measurement span of the sensor is estimated to be 29.44 µm.

The machining setup is essentially the same as that shown
in [29]. The two translation stages can be controlled to move
linearly with a minimum step of 1 µm. The SC selected herein
has an inner diameter of 250 µm and an external diameter of
350 µm.
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Fig. 1. (a) Schematic of the major fabrication steps. (b) Structure
SEM images of the microbubble probe. The component contains a
support part, a microbubble, and a probe.

As shown in Fig. 1(a), the fabrication of the microbubble
probe (MP) mainly includes three steps. Initially, an SC was
mounted on two translation stages. After the SC was melted by
the laser spots, the two stages were controlled to move oppositely
by which a waist is formed in the middle. By pressurizing the
SC, the inner air pressure became larger than the external so
that the waist can be expanded to a bubble under the heating
of laser spots. The inner pressure used is approximately 300
kPa. Lastly, one side of the waist was moved to the middle. By
heating and pulling oppositely, the waist broke and formed a
probe. The inner pressure can be 300 kPa–1 MPa, while a small
pressure is preferable since it helps the careful control of the
bubble expansion. The length of the probe is directly related
to the power of the CO2 laser, e.g., a short probe can be easily
obtained with a relatively small power of hundreds of milliwatts.

The structure of a typical MP component obtained is illus-
trated in Fig. 1(b) by the scanning electron microscopy (SEM)
images. The diameter of the microbubble and the probe tip is
82.6 µm and 5.6 µm, respectively. The sensitivity of the sensor
highly depends on the shape of the microbubble. Including the
size, diameter, and wall thickness, factors have been discussed in
previous studies [24,30]. Obviously, microbubbles with a thin
wall can achieve high sensitivity but with a price of narrow
measurement range due to its low mechanical strength. This is
because the maximum force sustainable is linked to the wall
thickness and the bubble diameter [22].

To investigate the effect brought by the structure, two exam-
ple MPs obtained are demonstrated here with their microscopy
images and spectra measured, as illustrated in Fig. 2. The MPR
shown in Fig. 2(a) has a diameter of 114 µm and exhibits a
full width at half maximum (FWHM) in spectrum of 76.5 MHz

Fig. 2. (a) Microbubble probe with a diameter of 114 µm and (b)
its strongest resonance dip measured. (c) Microbubble probe with a
diameter of 86 µm and (d) its strongest resonance dip measured.

which indicates a Q factor of 5.08× 106. That shown in Fig. 2(c)
has a diameter of 86 µm and has a FWHM of 92.7 MHz, yielding
a Q factor of 4.19× 106. Their resonance dip follows a Lorentz
fit and exhibits a universal Q factor level of ∼106. Clearly, the
difference in size leads to the difference in the spectrum.

To obtain the MPR, a tapered fiber is required to couple the
light into the microbubble cavity. The tapered fiber has a waist
diameter of ∼2 µm and a transmission loss of ∼0.5 dB. Form-
ing WGM resonance in the equatorial plane, any changes in
the cavity diameter can lead to the shift of resonance dips [22].
The WGM resonance and the displacement test were measured
using the setup illustrated in Fig. 3. A metal board on a trans-
lation stage (Q545.140, PI) was set in front of the probe. The
stage has a minimum incremental motion of 6 nm and a sens-
ing resolution of 1 nm for feedback. After the probe touches the
board, the displacement brought by the board can be received
by the probe. The probe introduces such displacement into the
microbubble, which leads to a compression on the microbubble.
The compression of the microbubble brings a variation in equa-
torial diameter, which changes the resonance condition of the
WGM therein. A dip drift can be observed consequently. During
the process, the microbubble compresses dominantly while the
probe and the support parts deform minorly. This means that the
component can bear more displacement than the limit endurance
of the microbubble. It was observed that a microbubble with
a diameter of ∼80 burst when a displacement of 90 µm was
applied. When the microbubble is close to bursting, the spec-
trum distorted due to the nonlinear deformation and coupling
change.

Figure 4(a) shows the spectrum evolution of an MPR with a
microbubble diameter of 52 µm. As the displacement increased
from 0 to 700 nm, the dip of interest underwent a wavelength
redshift of 19.67 pm, which shows a sensitivity of 28.13 pm/µm
with a good linearity of 99.97%. The Q factor is calculated to
be ∼1.27× 106. Figure 4(b) gives the comparison of two MPR
test results. An MPR with larger microbubble diameter of 86 µm
exhibits a higher displacement sensitivity of 51.89 pm/µm with
a linearity of 98.38%. It can be observed that the sensitivity can
be improved by increasing the microbubble diameter.

The detection limit (DL), indicating the minimum displace-
ment measurable, the displacement resolution herein, can be
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Fig. 3. Schematic of the displacement sensing setup.

Fig. 4. (a) Spectral evolution versus displacement of the
microbubble with a diameter of 52 µm. (b) Test results for two
microbubbles with a diameter of 52 µm (in blue) and 86 µm (in
green).

determined as [31]
DL =

R
S

, (1)

where R is the sensor resolution indicating the minimum spectral
shift that can be measured accurately and S represents the sen-
sitivity. The sensor resolution can be known through R ≈ 3σ,
where [31]

σ ≈
∆λ

4.5(SNR0.25
)
, (2)

where ∆λ is the FWHM of the resonance dip that relates to the
Q factor. SNR is the signal to noise ratio. To evaluate the exact

Table 1. Microbubble DL Calculation Parameters

MPR 1 MPR 2

Q factor 1.27× 106 4.19× 106

FWHM (pm) 0.61 0.18
σ (nm) 4.28× 10−6 1.29× 10−6

Sensor resolution (nm) 1.28× 10−5 3.88× 10−6

Sensitivity (pm/µm) 28.13 51.89
DL (pm) 457.16 74.83

performance of the MPR, a typical value of 60 dB is selected for
calculation [31].

Combining with the results acquired, the DL of the device
can be found to be 74.83 pm. The FSR is calculated to be
1.53 nm. Therefore, the measurement range is calculated to be
0 to 29.44 µm. The calculation parameters are listed in Table 1.

In conclusion, a novel microbubble probe based WGM res-
onator with high displacement and spatial resolution is proposed.
Fabricated by CO2 laser micro machining, the microbubble
cavities achieve a universal Q factor level of ∼106. Benefiting
from the micron-level spatial resolution of the probe, measure-
ments can be conducted on micro objects. One of the resonators
was tested with displacement sensing, and shows a sensitivity
of 51.89 pm/µm and a linearity of 98.38%. Silica microbub-
bles possess good mechanical strength and resistance against
extreme conditions but at the price of a relatively lower sensi-
tivity compared to other materials with low Young’s modulus.
The sensitivity of the sensor can be further improved by opti-
mizing the geometry of the microbubble such as diameter, wall
thickness, and axial size. The minimum displacement resolu-
tion is calculated to be 74.83 pm while the measurement span
is estimated as 29.44 µm. This resonator sensor with high dis-
placement resolution and spatial resolution exhibits a potential
in high-precision displacement-related measurements.
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