'.) | 1526

Check for

updates

Vol. 13, No. 6 / June 2025 / Photonics Research

Research Article

PHOTONICS Research

All-fiber-optic mass sensor based on
optomechanical nanofilm resonators

Qiao LiN," XiNn DinG," WEIGUAN ZHANG,? YUELIANG X1A0," Minaxiu WaNG,' Jingy1 Hou,'

Conamin Li,' CHenxu Li,' CHANGRUI Liao,™?

Yiring WanNG,'?

AND SHEN Liu"*

'Shenzhen Key Laboratory of Photonic Devices and Sensing Systems for Internet of Things, Guangdong and Hong Kong Joint Research Centre
for Optical Fibre Sensors, State Key Laboratory of Radio Frequency Heterogeneous Integration, Shenzhen University, Shenzhen 518060, China
2Guangdong Laboratory of Artificial Intelligence and Digital Economy (SZ), Shenzhen 518107, China

3Shenzhen Key Laboratory of Ultrafast Laser Micro/Nano Manufacturing, Key Laboratory of Optoelectronic Devices and Systems of Ministry
of Education/Guangdong Province, College of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen 518060, China

*Corresponding author: shenliu@szu.edu.cn

Received 4 November 2024; revised 28 February 2025; accepted 19 March 2025; posted 20 March 2025 (Doc. ID 546219); published 27 May 2025

Mass detection plays an indispensable role in many fields like medical targeted therapy, biological cytology, and
nanophysics. However, traditional mass detection faces the challenge of a complex system, expensive instruments,

and long testing time. Here we report an all-fiber-optic mass sensor based on a nanofilm resonator. Using resonant
frequency shifts as the readout of analyte mass, the sensor achieves the mass sensitivity of 0.920 kHz/pg with a
mass resolution of 1.9 x 10714 g, for the first-order mode in the mass range up to 372 pg at room temperature. In
this work, we transfer the excitation laser and detection laser to the micro-cavity structure at the end of the optical
fiber. Combined with optical fibers, the sensor can be made extremely integrated, making it more stable and
collimation-free compared with traditional bulky optical setups. Its good biocompatibility and anti-electromag-
netism disturbance ability also make this mass sensor potentially a beneficial tool for cell biology and basic phys-

ics measurements. © 2025 Chinese Laser Press

https://doi.org/10.1364/PRJ.546219

1. INTRODUCTION

Mass detection is critical in many disciplines such as chemical
science [1], cell biology [2,3], and nanoelectronics [4]. For ex-
ample, in targeted drug delivery and tumor imaging applica-
tions, precisely adjusting the dose of metal nanoparticles can
directly improve the therapeutic effect [5]. The common mass
measurements are generally based on mass spectrometry, cavity
optomechanics [5-7], gas chromatography, and so on. Among
them, mass spectrometry, with a very high accuracy, is used to
detect charged analytes by means of dissociation [8,9].
However, when measuring heavier species such as nanostruc-
tures and biological components, the charged analytes are suc-
cessively fragmented by several dissociation methods causing
complex mass spectrum patterns, which greatly reduces the per-
formance [5]. The cavity optomechanical effect uses an optical
resonator to couple the optical mode with the mechanical vi-
bration mode. Through the vibration of the nanomechanical
resonator, weak dynamic signals such as micro-mass changes
can be converted into the modulation of the optical mode.
This provides another simple and effective alternative optical
measurement to compensate for the limitations of traditional
mass spectrometry. Utilizing optical readout, we can realize
the real-time monitoring of weak dynamic signals, such as weak
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pressure [10,11], small mass [6], thermal radiation [12,13],
weak current [14], and trace gas [15]. In 2016, Malvar ez al.
[5] measured the mass of gold nanoparticles and Escherichia coli
by monitoring the resonant frequency of a silicon nitride can-
tilever beam. Since deconvolution of mass and adsorption lo-
cation can be obtained by measuring at least two vibration
modes, the group also measured high-order vibration modes
of the cantilever beam to analyze the particle position. Some
higher-order modes typically resonate at very high frequencies,
showing advantages in achieving high resolution and fast re-
sponse [12,15,16]. Moreover, in 2021, Stassi ez a/. [17] utilized
a two-photon polymerization technique to print NEMS
resonators with quality factors up to 15,000 and mass sensitiv-
ity of 450 zg. This combination of cavity mechanics and ex-
treme miniaturization in NEMS offers the possibility to
reach an unprecedented resolution in high-performance mass
sensing.

Cavity optomechanical resonators can be categorized into
electronic and optical drives based on their actuation methods,
each with distinct pros and cons. Electronic drive typically em-
ploys a PZT [5] or an additional conductive layer on the res-
onator surface, combined with an electric current to generate
force [13]. This actuation method is straightforward in terms of
principle and operation. Compared to the complex optical path
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system of traditional optical drives, it features simpler equip-
ment and a more robust system. However, due to the presence
of PZT, the probe’s overall size cannot be significantly reduced,
even if the sensing head is a nanoscale mechanical resonator,
which hinders integration. Moreover, the electronically
driven probe remains an active device, susceptible to electro-
magnetic interference and not resistant to electrochemical cor-
rosion, limiting its application in complex and confined
environments. In contrast, optically driven optomechanical res-
onators can reduce parasitic capacitance and thermal-mechani-
cal displacement noise, and operate non-invasively. Therefore,
simplifying the traditional bulky optical drive system and in-
tegrating it into a compact surface could harness the benefits
of optical actuation while avoiding the drawbacks of electronic
drives.

In recent years, the development of sensors based on fiber-
end microstructures has offered an excellent solution to the
aforementioned challenge. Common fiber-end microstructure
sensors include those based on a Fabry-Perot interferometer
(FPI) [18-21], small-size tip lenses [22-24], and microbubble
cavities [25]. Among these, sensors based on FPI are of signifi-
cant research interest due to their simple principles, flexible de-
sign, and stable structure. However, the commonly used
wavelength demodulation is generally fit for static measure-
ments, but inadequate for precise large dynamic signal assess-
ment. And it is also constrained by the spectrometer resolution
and the free spectral range. Although research into optical fiber
applications for mass sensing is sparse, with limited studies at
the gram level, we have also noted the outstanding work by Yu
et al. [26] recently, who bent a micro-nano fiber into a U-shape
to create a cantilever beam and used a gold microflake as a sam-
ple tray to form a microbalance, enabling the measurement of
tiny particles in the range of 0 to 15 ng. Inspired by such re-
searches, we believe that combining the fiber platform with
nanomechanical resonant cavities could provide a new ap-
proach for developing novel mass sensors.

In this work, a hollow core fiber (HCF) is spliced to the end
face of single-mode fiber to support and suspend a trampoline-
type graphene nanofilm resonator, forming a highly integrated
all-fiber open FPI for mass sensing. Analytes land on the nano-
mechanical resonator via a magnetron sputtering system in a
low vacuum of 2 Pa. The shifts of resonant frequencies serve
as the readout of mass. At room temperature, the sensor exhib-
its mass sensitivities of -0.920 kHz/pg and 2.010 kHz/pg for
the first and second order modes, respectively, with a mass
range up to 372 pg. The mass resolution of 1.9 x 1074 g is
calculated. Traditional mass measurement like mass spectrom-
etry tends to significantly reduce its performance when
detecting heavier substances such as nanostructures and bio-
logical components. Its application is generally limited to light
analytes (<107'? g). Here, the mass measurement that we pro-
posed offers a complementary approach in the picogram range
for the field of mass sensing. In the measurement configuration,
a sine-sweep modulated laser and another single-wavelength la-
ser with a narrow linewidth are transmitted through the fiber to
drive and detect the mechanical vibration of the resonator, re-
spectively. This method effectively simplifies the previously
complex and bulky optically driven system, achieving

integration and enhanced stability without the need for colli-
mation. What is more, as a flexible sensor, fiber exhibits excel-
lent bending properties as well as its superior biocompatibility
and anti-electromagnetic interference characteristics, which
make this mass sensor promising for detection in complex
and multi-curved environments.

2. EXPERIMENTAL METHOD

A. Sensing Principle

The nanomechanical mass sensor fabricated in this study is
illustrated in Fig. 1. This device senses external physical quan-
tities by forming an optical resonator at the tip of an optical
fiber, utilizing the vibrations of the nanomechanical resonator.
The optical resonator is a Fabry-Perot cavity composed of two
reflective surfaces: a fixed single-mode fiber end face and a mul-
tilayer graphene film (MLG) supported by HCF. Under the
excitation of periodic external forces, such as dynamically vary-
ing air pressure or optical forces, the MLG film can undergo
forced vibrations, acting as a harmonic oscillator. Since the res-
onant frequency of the resonator is related to its mass, it satisfies
the following equation [27]:

=Lk (1)

B 2r Mo ’

where / represents the elastic coefficient. When the change in
the mass of the resonator is Am.g, the drift in the resonant
frequency is Af,. Thus, the relationship between the mass in-
crement of the resonator and the drift in the resonant frequency
is given by

Ames = 2megAf,,/ [ (2

Therefore, by monitoring the variation in the resonant fre-
quency, it is possible to detect the added mass on the resonator,
with the change in the film’s mass being linearly related to the
change in the resonant frequency.

Additionally, for a film undergoing forced vibrations, the in-
plane stress of the film will undergo periodic changes when a
beam of light at a certain frequency is applied to the film. In this

(@ v )
Nanoparticles
MLG film o
Optical
cavil
v ©
5 =
| [\ g Before mass sensing
SMF | 5 After mass sensing
| (=3
| =
oK
| A Frequency

Fig. 1. (a) The scheme of the optomechanical mass sensor. (b) The
scheme of analytes acting on graphene membrane. () Detection of
mass-induced tension increases by monitoring the resonant frequency
of the optomechanical resonator.
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case, the resonant frequency of the film can also be calculated
using the following equation [27]:

A | S
I = o \/; ®)

where @,,, is a constant related to the vibration mode order,
with subscripts (7, 7) representing the number of nodal diam-
eters and nod circles, respectively. The constant a,,, varies
according to different orders modes (2, 7) of the film vibration,
for example, ay; = 2.404, a;; = 3.832, ay; = 35,135. p de-
notes the surface density of the film. § is the total tension of the
film, and # represents the thickness of the film. For a composite
film with a thickness of #, changes in # lead to a corresponding
drift in f,,. Combined with Eq. (3), for the same resonator, its
resonant frequency f, decreases as the thickness 7 of the
composite film increases. Using Eq. (3), it is therefore possible
to measure small masses by detecting changes in the resonant
frequency.

B. Sensor Fabrication and Characterization

Figure 1(a) illustrates the schematic diagram of the proposed
optomechanical mass sensor. Its fabrication process mainly con-
sists of two steps. First, as shown in Fig. 2(b), a single-mode
fiber is spliced with an HCF, whose inner diameter is 75 pm,
using a splicing machine. Then the end of the HCF is cut flat
with a cutting knife. Meanwhile the length of the HCF, which
serves as the initial cavity length of the Fabry-Perot interferom-
eter (FPI), is controlled and monitored in real-time through
a microscope. The length here is measured as 54 pm under
the microscope. Following this, the MLG film is transferred
to the open micro-cavity end of the fiber and suspended using
the graphene wet transfer technique [28]. Figure 2(a) shows a
Raman spectrum of the suspended graphene on the end face of
the resonator, whose scanning electron microscope (SEM) im-
age also is shown in the inset. Unlike a traditional drum head
resonator, we utilize a focused ion beam (FIB) etching method
to create four circular holes on the suspended graphene film,
with the centers of the circles located on the concentric circle

of the MLG film. Each circle is rotated around the center of the
graphene film by an interval of 90° to form a trampoline-shaped
membrane, resulting in a trampoline-type fiber end face reso-
nant structure. The SEM image of this structure is shown in
Fig. 2(c). Achieved by selectively trimming sections from a con-
ventional drum head membrane resonator, this suspended
trampoline structure allows for the release of some tension, thus
obtaining a low-tension suspension structure that enhances the
mechanical quality factor (Q-factor) and reduces the damping
coefficient. Furthermore, the non-linear machining process also
makes the film less prone to damage during fabrication and
operation. Studies have indicated that such shaped trimming
can improve the reproducibility of device fabrication in terms
of the resonant frequency and mechanical sensitivity [15].

C. Mass Measurement

As shown in Fig. 3(a), the mass detection system based on the
cavity optomechanical effect constructed in this study utilizes
two tunable single-wavelength lasers. One serves as the excita-
tion light source with a wavelength of 4;, and the other as
the detection light source with a wavelength of 1,. The laser
generated by Laser A is modulated by an electro-optic modu-
lator (EOM) and then sequentially passes through a 90:10 fiber
coupler and a circulator before entering the optical fiber gra-
phene film resonator. The laser from Laser B enters the optical
fiber graphene film resonator through the other port of the
90:10 fiber coupler and the circulator. The phase difference
between the reflected light from the fiber end face and that
from the graphene film will change with the surface tension
of the graphene film. The reflected light is returned through
the circulator and detected by a photodetector (PD), with
its spectral signals displayed by a vector network analyzer
(VNA). In particular, in order to eliminate the influence of
the excitation light on the demodulated signal (detection light
signal), a tunable band-pass filter is used to filter out the
excitation light. Additionally, a periodic signal generated by
a signal generator is used as the RF signal for the EOM.
As shown in Fig. 3(b), the device is connected to a spectrometer
and a broadband light source via the circulator for spectral
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(a) Raman spectrum from the suspended multilayer graphene film measured by a 532 nm laser. The inset shows the SEM image of the

resonator before etching. (b) The side view of the open optical cavity at the fiber end face under the microscope. (c) The SEM image of the

trampoline-type resonant structure covering the fiber end facet.
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Fig. 3. Experimental setup. (a) The optical excitation and detection system used to monitor the response of the fiber tip resonator to change in Au
mass. (b) The apparatus used to acquire optical reflection spectra. EOM, electro-optic modular; VINA, vector network analyzer; PD, photodetector;
BBS, broadband light source; OSA, optical-spectrum analyzer. (c) The reflection spectrum of trampoline-type graphene film resonator. (d) The

device of the mass source supplied by the Au target.

testing and its reflection spectrum is shown in Fig. 3(c), with a
contrast ratio of about 6 dB and an FSR,,,, 1) of 22 nm.
FSR,, 1) here is the free spectral range of the interference
spectrum. On this basis, the length of the Fabry-Perot cavity,
Lpp, can be calculated according to the equation [29]

L A1
FP = 20 FSR (1)

the mth order interference dip/peak and 7. is the effective in-
dex of the intracavity medium. The calculated cavity length is
approximately 53.83 pm. Based on dynamic signal demodula-
tion principles, the wavelength at the maximum slope
(orthogonal working point, that is, 3 dB) is selected for optical
detection. Therefore, the wavelength of detection light is set to
1524.1 nm, with its optical power being set to 6.5 mW. The
wavelength of excitation light is chosen to be 1549.7 nm.
During the experimental test, the power and wavelength of ex-
citation and detection light are kept unchanged. Lastly, the
mass source here, as shown in Fig. 3(d), is supplied by the
Au target, with the sensor and silicon wafer placed under it.

, where 4,, is the resonant wavelength of

3. RESULTS AND DISCUSSION

A. Optomechanical Frequency Response

Here, the resonant frequency of the resonator is analyzed and
simulated by the finite element method utilizing the solid me-
chanics and thin film modules of COMSOL Multiphysics. The
insets in Fig. 4(a) display the simulation results for the
mechanical vibration modes of the first and second order res-
onance frequencies, especially the flapping and tilting modes.
Then we use a vector network analyzer to measure the first and
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Fig.4. (a) Mechanical frequency characteristics of the sensor. Insets:

the simulation of the first and second order modes of the resonator
obtained through finite element method. (b), (c) Amplitude versus
frequency plot of the resonator. The dotted lines are Lorentz fitting
of two resonance peaks in linear coordinates.

second order resonance frequencies of the resonator, corre-
sponding to the (0,1) and (1,1) modes. The peak frequencies
are observed at 751.429 kHz and 1567.429 kHz, respectively.
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Fig. 5. Mass sensing results. (a) Frequency characteristics of the first and second order modes of the resonator as functions of time in response to
increasing masses during the sputtering process. (b), (c) Plotted results of peak searching of (a), showing shifts of resonant frequencies and variation of

amplitude at these two frequencies, respectively.

Figures 4(b) and 4(c) show that the amplitude responses for
both the first and second order modes closely align with
Lorentzian fits, which is consistent with the behavior of a linear
damping oscillator. This agreement also reflects the effective
decoupling of optical driving and detection.

B. Sensing Results

The corresponding mass sensing results are shown in Fig. 5. It
illustrates the evolution of the frequency spectrum of the gra-
phene film as gold deposition time increased. The vector net-
work analyzer is controlled by MATLAB to perform automatic
scanning, allowing time-monitoring of the resonator’s resonant
behavior. Data are recorded every 3.56 s over a total duration of
80 s. More specifically, from Fig. 5(a), it can be observed that
both the first and second order resonance peaks exhibit an

obvious shift towards lower frequencies along with increasing
gold mass. To characterize the relationship between the peak
resonant frequency and the increase in gold mass more clearly,
the plot of the peak frequency versus the deposition time is
shown in Fig. 5(b). From the data, the sensitivity value of
the sensor is calculated to be 4.280 kHz/s and 9.353 kHz/s
for the first and second resonant modes based on linear fits,
respectively. The higher-order resonant modes exhibited greater
sensitivity within the same mass range, suggesting that the de-
vice’s sensitivity could be enhanced by observing higher-order
modes. Additionally, from Fig. 5(c), it is clearly demonstrated
that the amplitude values of the resonance peaks decrease
gradually with the increasing gold mass. This phenomenon
may be attributed to the influence of gold film thickness on
the built-in stress of the graphene film. When light energy
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is applied to the composite film, a thicker film requires more
light energy to convert into mechanical energy to achieve the
same vibration. Therefore, under identical optical power exci-
tation, thicker films display lower amplitudes, leading to a cer-
tain measurement limit for the device. Notably, the amplitude
values exhibit fluctuations in decline, which could be due to the
limited number of data points collected and resolution of the
analyzer. Also, since the deposition of gold particles requires
some time, the deposition duration varies depending on par-
ticle size and location, leading to uneven thickness distribution
in the gold film. Consequently, the amplitudes obtained from
real-time monitoring display fluctuations. This result also indi-
rectly validates the rationale that monitoring resonant frequen-
cies is a more reasonable and stable method for indirectly
measuring minuscule masses compared to amplitude changes.
The variation in amplitude for the second order resonance peak
is smaller than that of the first order peak, which could be
attributed to the inherently smaller magnitude of the second
order resonance peak, making it less sensitive to micro-mass
changes.

C. Calibration

In this paper, the mass generation and control system is a mag-
netron sputtering system. Metal nanoparticles serving as ana-
lytes are supplied by magnetron sputtering, where an
electron beam is accelerated to impact the target surface under
an applied electric field. According to the principle of momen-
tum conservation, metal nanoparticles on the target surface are
ejected with a certain velocity, which allows them to deposit
onto the surface of the graphene film resonator. By adjusting
the voltage and current parameters of the magnetron sputtering
system, the electron velocity can be controlled, thereby adjust-
ing the deposited mass of nanoparticles on the graphene sur-
face. In this paper, the Au target as shown in Fig. 3(d) is chosen
as the mass source due to its good ductility and consistent film
formation. In order to observe the change of resonant fre-
quency with mass clearly, minuscule mass detection is realized
by calibrating the mass of Au-plated film in the experiment.
The baffle above the coating of the vacuum chamber is closed,
and the graphene film resonator is fixed directly below the
baffle, so that only a small number of Au atoms are allowed
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to deposit on the surface of the graphene film resonator.
Simultaneously, a clean silicon wafer is fixed at the fixed posi-
tion of the graphene film resonator for calibrating the gold
mass.

Here, the added mass of Au is calculated by multiplying the
density of Au by its volume. The area of the trampoline-type
graphene film resonator is calculated by using a mathematical
model. The thickness of the Au film is measured using atomic
force microscopy (AFM). Prior to AFM testing, the silicon wa-
fer surface is lightly scratched with tweezers to artificially intro-
duce a measurable height difference in the film. AFM is then
used to observe the morphology of the Au film on the silicon
wafer and measure the thickness of the Au film at different lo-
cations (along the start and middle of the scratch) [Fig. 6(a)].
The measuring result is demonstrated in Fig. 6(b). From the
inset, it can be observed that the Au film is uniformly distrib-
uted on the silicon wafer surface, with a noticeable height
difference at the scratch area. AFM results show that the thick-
nesses of the Au film measured at different positions near the
sensor are 19.785 nm, 17.548 nm, 16.642 nm, 16.587 nm,
16.237 nm, and 16.201 nm. The thickness variation of differ-
ent positions at the same wafer is minor, attributed to the cir-
cular shape of the deposition mask, where the Au film is thicker
near the outer edge. Since the graphene film is placed inside the
deposition chamber, the average thickness of the Au film mea-
sured from the middle and inner positions of the silicon wafer is
taken as 17.176 nm. Consequently, the detection range of mass
is up to 372 pg. In Fig. 7, we combine this with results from
Fig. 5(b) with linearity close to 99% and the sensitivity of the
resonator is 0.920 kHz/pg and 2.010 kHz/pg, for the first and
second order modes, respectively. Furthermore, the detection
limit (DL) can be calculated according to the equation that
is introduced by White ez al. [30] as

-0
DL=3—,

y @
where 6 and § respectively represent the individual noise
variance and mass-detection sensitivity. We analyze the back-
ground frequency spectrum after testing for the & evaluation,
which is calculated as 0.072 kHz using standard derivation
analysis [31]. Hence, a mass detection limit is obtained as

Gold film

600 800 1000 1200
Position (um)

200 400

(a) The diagram of the silicon wafer used to measure the thickness of the added Au film. (b) The calibration result of the thickness of Au
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2.35x 107 g. Lastly, we also employ finite element analysis
using COMSOL software to simulate the response of a gra-
phene film on the tip of an optical fiber to gold mass.
Specifically, we perform a parametric scan to simulate the im-
pact of different gold thicknesses on resonant frequencies. As
shown in Fig. 7, the experimental results are consistent with the
prediction in simulation.

D. Stability of System

During the mass testing, the graphene film resonator is put in
the vacuum chamber of the magnetron sputtering deposition
system. Fluctuations in the chamber pressure can affect the res-
onant frequency of the resonator. Therefore, this study also
evaluates the system stability by monitoring changes in the fun-
damental resonant frequency of this optomechanical resona-
tor [10].

First, the stability of the system is assessed prior to the mass
testing experiments. During the testing process, all devices in
the system are kept in fixed positions with constant parameters.
The period is 20 min, during which a set is collected every 10's.
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The plotted results of peak searching of the resonator’s fre-
quency spectrum over time are shown in Fig. 8. It can be ob-
served from the figure that the frequency spectrum of the
resonator remains generally constant over 20 min, indicating
that the environment within the vacuum chamber is stable.
The fluctuation range of the resonator’s resonant frequency
is approximately 0.03 kHz, displaying random fluctuations.
These fluctuations may be related to the resolution bandwidth
of the spectrum analyzer and the testing frequency, confirming
that the system’s stability is good. After the mass sensing test is
completed, the system’s stability is re-evaluated in the same way.
During the 20 min period, the resonant frequency drifted ap-
proximately 0.25 kHz. This behavior may be attributed to the
optical heating accumulation effect, or preheating. The fre-
quency measurement error could be characterized using

Allan deviation, defined as [13]

1 1 N
" m;(’[f‘fm)z’ (5)

where f ;s the resonant frequency extracted at the measure-

ment in Fig. 8. The Allan deviation is calculated as

2.97 x 107, Thus, a mass resolution 67 of 1.90 x 1014 g is
_of  _ _oa<fy

obtained by using the equation ém = iy = sensitvig? where

the sensitivity is the first order mode in kHz/pg and 61 cor-
responding to the above equation here is the intrinsic inaccur-
acy in the resonant frequency determination [10].

4. CONCLUSION

In conclusion, we demonstrate that mass sensing based on res-
onant frequency tracking of vibration modes with optical ex-
citation is a suitable approach for precise mass detection. In
contrast with traditional mass sensors, our device exhibits a res-
olution as small as 1.90 x 10-'% g and great stability in mass
sensing for nanosized analytes, which opens the door to rel-
evant biomedical applications. Utilizing the principle of cavity
optomechanics, the added mass response sensitivity of this op-
tomechanical resonator is determined to be 0.920 kHz/pg and
2.010 kHz/pg for the first and second order modes, respec-
tively, with the added mass range up to 372 pg at room temper-
ature. This result confirms that a higher-order mode of the
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Fig. 8. Experimental assessments of frequency stability. (a) Frequency stability before testing. (b) Frequency stability after testing.
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resonator provides better mass sensitivity in the same sensing
range with the same general trends. Therefore, enhancing mass
sensitivity could potentially be achieved by observing higher-
order modes. Finally, this all-optical sensitive mass sensor based
on fiber can also be highly integrated for its small size, leading
to a wider applied range of disciplines, spanning from biome-
chanical sensing to fundamental physics.
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