
Nanophotonics 2021; 10(11): 2799–2832

Review

Bei-Bei Li*, Lingfeng Ou, Yuechen Lei and Yong-Chun Liu*

Cavity optomechanical sensing
https://doi.org/10.1515/nanoph-2021-0256

Received May 23, 2021; accepted July 4, 2021;
published online August 24, 2021

Abstract: Cavity optomechanical systems enable interac-

tions between light and mechanical resonators, providing

a platform both for fundamental physics of macroscopic

quantum systems and for practical applications of preci-

sion sensing. The resonant enhancement of both mechan-

ical and optical response in the cavity optomechanical

systems has enabled precision sensing of multiple phys-

ical quantities, including displacements, masses, forces,

accelerations, magnetic �elds, and ultrasounds. In this

article, we review the progress of precision sensing appli-

cations using cavity optomechanical systems. The review

is organized in the following way: �rst we will intro-

duce the physical principles of optomechanical sensing,

including a discussion of the noises and sensitivity of the

systems, and then review the progress in displacement

sensing, mass sensing, force sensing, atomic force micro-

scope (AFM) and magnetic resonance force microscope

(MRFM), accelerometry, magnetometry, and ultrasound

sensing, and introduce the progress of using quantum

techniques especially squeezed light to enhance the per-

formance of the optomechanical sensors. Finally, we give

a summary and outlook.
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1 Introduction

The �eld of optomechanics [1] studies the interaction

between optical and mechanical degrees of freedommedi-

ated by radiation pressure force. The use of optical micro-

cavities can greatly enhance this optomechanical interac-

tion. The �eld of cavity optomechanics has gained rapid

development in the last two decades, originally spurred by

the �eld of gravitational wave detection. Bene�ting from

the development of micro-/nano-fabrication techniques,

various cavity optomechanical systems with both high

optical and mechanical quality factors have been devel-

oped, for both fundamental research and practical appli-

cations. There have been several books [2, 3] and several

excellent review papers [1, 4–6], focusing on the funda-

mental physics and quantum e�ects of cavity optome-

chanics. Researchers have used radiation pressure force

of photons to control and manipulate motions of mechan-

ical resonators to study the quantum mechanical e�ects

of macroscopic mechanical resonators, such as to real-

ize ground state cooling of macroscopic mechanical res-

onators [7–11], quantum squeezing ofmechanicalmotions

[12–15], and the production of squeezed light [16–18].

In addition, optomechanical induced transparency [19]

and dark modes [20], strong coupling [21], and nonclas-

sical correlations [22] between amechanical resonator and

an optical �eld, topological energy transfer [23], nonre-

ciprocal control and cooling of mechanical modes [24],

nonreciprocal transport of light [25–28], quantum entan-

glementbetweenmechanical resonators [29, 30] havebeen

realized in cavity optomechanical systems. Besides this

intriguing fundamental research, cavity optomechanical

systems also provide ideal platforms for precision sens-

ing, due to the mechanical resonance enhanced response

and optical resonance enhanced readout sensitivity. In

contrast to traditional microelectromechanical systems

(MEMS)-based sensing systems which use electric circuits

to read out the signal, optical readout mechanism has less

detrimental noise such as Johnson noise, and can easily

reach quantum limited levels, known as shot noise. For

instance, shot noise limited displacement sensitivity of

the order of 10−19 m/
√
Hz has been realized using cavity

optomechanical systems [31]. Based on the ultrasensitive

displacement measurement, precision sensing of various
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physical quantities, such as force andmass, etc., has been

realized. Besides the ultrahigh precision, cavity optome-

chanical sensors also provide the advantages of small

size, low weight, and low power consumption, on-chip

integration capability, compatibility with �ber coupling,

etc., and therefore have great potential to be used in real

applications in the near future. There have also been sev-

eral review papers focusing on the applications of cavity

optomechanics [32, 33]. Since then, the �eld of optome-

chanical applications has been rapidly developed, espe-

cially in theareaofprecisionsensing.While this reviewwill

focuson the recent researchprogressesof optomechanical-

system-based precision sensing applications, including

displacement sensing [31],mass sensing [34], force sensing

[35], atomic forcemicroscope (AFM) [36–38] andmagnetic

resonance force microscope (MRFM) [39–41], accelerome-

try [42, 43], magnetometry [44–53], and acoustic sensing

[54–65].

2 Physical principles of cavity

optomechanical sensing

In this section, we introduce the physical principles of

cavity optomechanical sensing. First we introduce the

optomechanical coupling principle, review the di�erent

optomechanical sensing platforms developed in the past

few years, and then discuss the noise, sensitivity, and

bandwidth of optomechanical sensing.

2.1 Optomechanical coupling

Optomechanical coupling describes a phenomenon that

an optical radiation �eld interacts with the mechanical

vibrationalmode. For example,we focus on aF–P optome-

chanical system (Figure 1). The cavity �elds exert radiation

pressureon themovablemirror,which leads to thechanges

of both the resonance frequency and damping rate and of

the mechanical modes. At the same time, the mechanical

vibration of the spring modulates the position of the mov-

able mirror, which changes the cavity length L and optical

resonant frequency�c.

To precisely model the coupling process, we provide

a full quantum theory of cavity optomechanical coupling

below. Here, both the mechanical resonator and the cavity

�eld are pictured as quantized bosonic �elds. Beginning

with the system Hamiltonian and taking the dissipation

into account, the system dynamics can be described by

quantum Langevin equations. Let us consider a typical

cavityoptomechanical systemcomposedof asingleoptical

Figure 1: Schematic of a typical optomechanical system, with a
laser-driven Fabry–Perot (F–P) cavity. The left mirror is fixed and the
right mirror is movable.

cavity mode coupled with a mechanical mode, which can

be modeled as a F–P cavity with one �xed mirror and

one movable mirror mounted on a spring (Figure 1). The

system’s total Hamiltonian H can be written as

H = Hdrive + Hfree + Hint. (1)

Here the �rst term of Eq. (1) (Hdrive) describes the opti-

cal driving of the system. Consider that a continuous-wave

laser is injected into the system, and the laser Hamiltonian

is written as

Hdrive = Ω∗
ei�Lta+Ω e−i�Lta†, (2)

where�L is the input laser frequency, a (a
†) is the bosonic

annihilation (creation) operator of the cavity opticalmode,

and Ω =
√
�exP∕(ℏ�L) e

i� denotes the driving strength,

where P is the input laser power, � is the initial phase of

the input laser, and �ex is the decay rate of input-cavity

coupling.

The second term of Eq. (1) (Hfree) is the Hamiltonian of

the uncoupled optical and mechanical modes, described

by

Hfree = �ca
†a +�mb

†b. (3)

Among it, the mechanical mode is regarded as a quantum

harmonic oscillator, where b (b†) is the bosonic annihila-

tion (creation) operator of the mechanical modes, and �c

(�m) is the optical (mechanical) resonance frequency. The

commutation relations satisfy
[
a, a†

]
= 1 and

[
b, b†

]
= 1.

Thedisplacementoperatorof themechanicalmode isgiven

by x = xZPF(b
† + b), where xZPF =

√
ℏ∕(2me��m) is the

zero-point �uctuation, with me� being the e�ective mass

of the mechanical mode.

The third term of Eq. (1) (H int) describes the optome-

chanical interaction between the optical mode and the

mechanical mode, which is given by

Hint = ga†a(b† + b). (4)
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Here g = xZPFG represents the single photon optomechan-

ical coupling strength, and G = ��c (x)∕�x is the optome-

chanical coupling strength representing optical frequency

shift per displacement. This Hamiltonian can be obtained

bysimply considering that theoptical resonance frequency

is modulated by the position of the mechanical resonator

and using Taylor expansion at the original point, which

is written by�c (x) = �c(0)+ x��c (x)∕�x + O (x) ≃ �c(0)

+ g
(
b† + b

)
. A more rigorous and detailed derivation of

thisHamiltoniancanbe found inLaw’spaper [66].Besides,

the radiation pressure force is written as the derivation of

H int with respect to displacement:

F = −
dHint

dx
=

g

xZPF
a†a. (5)

In the frame rotating at the input laser frequency �L,

the system Hamiltonian is transformed to

H = −Δa†a+ �mb
†b+ ga†a

(
b† + b

)

+
(
Ω∗

a+Ωa†
)
, (6)

whereΔ = �L − �c is the input-cavity detuning.

The quantum Langevin equations are given by

ȧ =
(
iΔ−

�
2

)
a − iga

(
b+ b†

)

− iΩ−
√
�exain, ex −

√
�0ain, 0, (7a)

ḃ =
(
−i�m −

�
2

)
b− iga†a −

√
�bin. (7b)

Here �0 is the intrinsic cavity decay rate, � = �0 + �ex

is the total cavity decay rate, � is the damping rate of the

mechanicalmode.Besides,ain,0,ain,ex, andbin are thenoise

operators associated with the intrinsic cavity decay, exter-

nal cavity decay(input-cavity coupling), and mechanical

damping. Additionally, the quality factors of optical and

mechanical mode are de�ned as the ratio of their reso-

nant frequency and damping rate respectively, which are

Qo = �∕�c and Qm = �∕�m.

The optomechanical coupling enables optical read-

out of mechanical motions. As shown in Figure 2A, when

the laser frequency f L = �L∕2	 is locked on the side of

an optical resonance, the mechanical oscillation with a

displacement of x translates into a periodic change in

the cavity length, and therefore shifts the optical res-

onance frequency and modulates the amplitude of the

intracavity �eld periodically. As a result, the output pho-

tocurrent i(t) experiences a periodic modulation, with a

frequency corresponding to themechanical frequency�m,

and an amplitude proportional to the displacement x and

Figure 2: (A) Physical principle of optical readout of the mechanical
motion. A mechanical displacement x shifts the optical transmission
spectrum from the black solid curve to the red dash-dotted curve.
The periodic mechanical motion therefore cause a modulation of the
output photocurrent i(t), when the laser frequency f L is locked on
the side of the optical resonance. (B) Susceptibility |
 (�)| of a
mechanical resonator as a function of the frequency, normalized to
its zero frequency susceptibility |
 (0)|. The susceptibility on the
mechanical resonance is enhanced by a factor of mechanical quality
factor Qm compared to that at zero frequency.

linearized optomechanical coupling strength G. For sim-

plicity, we consider a simple case of a single mechan-

ical resonance, for which the response of a mechani-

cal resonator to an external force as a function of the

frequency is quanti�ed by the mechanical susceptibil-

ity of the resonator 
(�) = 1∕(me�(�
2
m −�2 − i��)). In

Figure 2B we plot |
 (�)| of a mechanical resonator with

mechanical quality factor Qm = 1000, normalized to the

susceptibility at zero frequency |
 (0)|. It can be seen that

the response of a mechanical resonator to external force is

signi�cantly enhanced at its mechanical resonance, with

a factor of Qm. Therefore, the mechanical response to an

external stimulus, such as force and acoustic pressure,
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etc., is enhanced by the mechanical resonance, and hav-

ingahighmechanicalquality factor is important toachieve

better measurement sensitivity. In addition, the optical

read-out sensitivity is also enhanced by the optical reso-

nance, bene�tting from the ultrahigh optical quality factor

of the microcavities.

2.2 Optomechanical sensing platforms

With the development of micro-/nano-fabrication tech-

niques, various optomechanical platforms have been

developed, including macroscopic and microscale sus-

pended mirrors, membranes, waveguides, cantilevers,

whispering gallerymode (WGM)microresonators and pho-

tonic crystal cavities. Among them, WGMmicroresonators

and photonic crystal cavities have attracted increasing

research interests for precision sensing applications, due

to their high Q optical and mechanical resonances, good

optomechanical coupling, and capability for integration.

This review will mainly focus on optomechanical sensing

using WGMmicrocavities and photonic crystal cavities.

From the viewpoint of geometrical optics, WGM

microresonators [75] con�ne light through total internal

re�ection of light along the inner surface of a rotational

symmetric resonator. Due to their extremely high opti-

cal Qo factors and small mode volumes, WGM microres-

onators have been found various applications in quantum

electrodynamics, quantum optics, ultrasensitive sens-

ing, low threshold microlasing, nonlinear optics, and

cavity optomechanics, etc. Various types of WGM

microresonators have been developed for optomechanical

sensing applications, including microspheres, microbot-

tles, microbubbles, microrods, microdisks, microtoroids,

microrings, etc. Microspheres were the earliest type of

WGMmicroresonator researchersused,whichcanbeeasily

fabricatedbymelting the tipsof optical�bers.For example,

a silica microsphere has been used to detect a single

molecule (Figure 3A), through monitoring the mechanical

frequency shift induced by molecule binding [67]. They

have ultrahigh optical Qo factors (typically larger than

108). In order to achieve on-chip integration, researchers

later developed silica microdisks that can be massively

Figure 3: Various optomechanical sensing platforms. (A)–(D) Are whispering gallery mode microresonators: (A) silica microsphere [67]. (B)
GaAs microdisk [68]. (C) Silica microtoroid [69]. (D) Silicon nitride double disks [70]. (E) Microcantilever mechanical resonator coupled with a
microdisk cavity [71]. (F) Nanostring mechanical resonator coupled with a microdisk cavity [35]. (G)–(I) are photonic crystal nanomechanical
resonators, including single photonic crystal nanobeam cavities (G) [72], two coupled photonic crystal nanobeam cavities (H) [73], split
coupled photonic crystal nanobeam cavities (I) [74].
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fabricated on a silicon chip through photolithography. In

recent years, microdisks based on various material sys-

tems have been developed, such as GaAs, silicon nitride,

crystalline, and polymer microdisks, etc. For example, a

GaAs microdiskwith mechanical resonances at a few hun-

dreds of MHz has been used to measure the mechanical

oscillation of a single bacterium (Figure 3B) [68]. In order

to decrease the surface roughness of the silica microdisks,

the Vahala group developed a CO2 laser re�ow technique

which can melt the edge of the microdisks into micro-

toroids,andcansigni�cantly increase theopticalQo factors

to 108 level [76]. Ultralow dissipation and therefore high

mechanical quality factors (higher than 50,000) have been

realized in spokes supported microtoroids, as the clamp-

ing loss can be signi�cantly reduced (Figure 3C) [69, 77].

Thesespokedmicrotoroidscanbe functionalizedwithelec-

trodes for optical tuning or electric �eld detection [78].

Double disk microresonators [70, 79–83] have also been

fabricated, which consist of two parallel silica or silicon

nitride microdisks separated by a few hundred nanome-

ters in the vertical directions (Figure 3D). These double

disk microresonators support WGM optical modes shared

by the two disks andmechanicalmodes inwhich two disks

move towards opposite directions (�apping modes). The

mechanical motion of the �apping mode shifts the opti-

cal resonance sensitively, with optomechanical coupling

strength of several tens of GHz/nm, which is typically

one order of magnitude higher than the radial breath-

ing mode in a single disk. Therefore these double disk

microresonators provide an ideal platform for optome-

chanics research. These double disk microresonators can

also be functionalized with gold electrodes for electrical

tuning of optical resonances or electric �eld sensing [83].

Due to their high optical Qo factors, WGM optical

microresonators can also be used to read out motions

of external mechanical resonators. For example, a micro-

toroid cavity is used to evanescently read out themechani-

calmotions of a siliconnitridenanobeam [84]. Amicrofork

mechanical resonator coatedwithamagneticmaterial cou-

pled with a siliconmicrodisk cavity has been fabricated as

a torque sensor, which canmeasure the magnetic moment

of themagneticmaterial (Figure 3E) [71, 85]. In this coupled

system, the mechanical resonator experiences a torque

acted on the magnetic material by an external magnetic

�eld, and the mechanical motion can be optically read

out with high sensitivity using the microdisk resonator. In

addition, a silica microdisk and silicon nitride nanobeam

mechanical resonator integratedonthesamechiphasbeen

realized for ultrasensitive sensing (Figure 3F) [35]. High-Qo

microtoroidal resonators have also been used to detect the

surface wave motion of a thin �lm of super�uidic Helium

[86]. Very recently, super�uidic helium droplet which sup-

ports both optical WGM modes and mechanical modes

has also been used for optomechanics study [87]. These

super�uidic optomechanical systems have the potential

for precision rotation sensing.

Another type of highQo optical cavity is photonic crys-

tal cavities. They con�ne light within a defect area in a

periodic dielectric structure by photonic bandgap. Due

to their high Qo factors, extremely small mode volumes,

typical on the order of �3 with � being the wavelength),

and ease of integration, photonic crystal cavities have also

attracted increasing research interest. Thesephotonic crys-

tal cavities also support high Qm mechanical resonances,

and therefore provide an ideal platform for optomechani-

cal sensing. Optomechanical crystals were �rst developed

by the Painter group in 2009 [88], and the optomechanical

crystal withmechanicalQm factor as high as 1010 has been

realized in 2020 [72], by carefully designing the phononic

bandgap structure (Figure 3G). Coupled optomechanical

crystals have also been realized, with high optomechan-

ical coupling strength (Figure 3H) [73]. A split photonic

crystal cavity (Figure 3I) [74] and a hetero photonic crys-

tal cavity [89] have also been realized for magnetic �eld

sensing and mass sensing, respectively.

2.3 Noise, sensitivity, and bandwidth

Themost important parameter for optomechanical sensors

is sensitivity, which is de�ned as the minimum detectable

signal, and can be quanti�ed by the noise equivalent

signal. Thus we will discuss the noise sources in the

optomechanical systems, which include thermal noise

from the thermal environment with nonzero temperature,

and noises from the probe laser. Noises from the probe

lasers consist of the classical noise and the quantumnoise.

The classical noise (mainly in the low frequency range)

includes laser intensity noise, phase noise, etc., which can

be suppressed by some measurement techniques, such as

balanced homodyne detection. The quantum noise origi-

nates from the quantum property of photons, also known

as photon shot noise. In optomechanical systems, the

quantum noise includes the imprecision noise and the

backaction noise. The imprecision noise originates from

theuncertainty relationbetweenthenumberandthephase

of photons, while the backaction noise (or radiation pres-

sure noise) originates from the radiation pressure force of

photons acting on themechanical resonator. Inmost cases

of optomechanical sensing applications, the probe laser

power is relatively low, to avoid thermal e�ect induced

optical resonance shift [48], and thus the backaction noise
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is typically negligible. As a result, herewemainly consider

the thermal noise and shot noise in the optomechanical

sensing systems.

The sensitivity of a physical quantity A (including

displacement, force, etc.) at the frequency � is deter-

mined by
√
SAA(�), where the noise spectrum is de�ned

as the Fourier transform of the autocorrelation func-

tion of A as SAA (�) = ∫ +∞

−∞ ⟨A (t)A (0)⟩ ei�tdt Microtoroids
have high optical quality factors and broad mechan-

ical resonance frequency range, therefore providing a

good platform for high sensitivity and broad band-

width optomechanical sensing. Here we consider a micro-

toroidmechanical optomechanical resonator,with anopti-

cal quality factor Qo = 106, mechanical quality factor

Qm = 1000, e�ective mass me� = 2 ng, optomechanical

coupling strength G = 500 MHz/nm. At room tempera-

ture T = 300 K, a mechanical resonator experiences a

thermalnoise forceFth =
√
SFF (�) =

√
2mme��kBT [1]. The

displacement noise power spectrum of a mechanical res-

onator from thermal noise is

Sth
xx
(�) = |
(�)|2F2

th
=

2�kBT

me�

[(
�2
m − �2

)2
− �2�2 )

] , (8)

as shown in the black solid curve in Figure 4A. It exhibits

a peak on the mechanical resonance and decays rapidly

away from the mechanical resonance. The displacement

noise power spectrum from the laser shot noise, on the

other hand, is frequency independent [2].

Sshot
xx

(�) =
�

16�Ng2
0

(
1+

�2

�2

)
, (9)

where � is the total optical decay rate, � = 0.8 is the

optical detection e�ciency, N is the intracavity photon

number N = P�ex∕(ℏ�L) for probe power P. The displace-

ment noise power spectra for shot noise at di�erent powers

are shown in the black (200 μW), red (2 μW), blue (20 nW),

purple (200 pW), and green (2 pW) dotted curves. The total

noise power spectra for displacement at di�erent powers

are shown in the dash-dotted curves. It can be seen that,

the systemshave lessnoiseato�-resonance frequency.And

as the probe power increases, the shot noise dominated

displacement sensitivity is improved and thermal noise

limited displacement sensitivity is easier to reach for high

probepower cases. In addition to theprobepower, theopti-

cal Qo factor and optomechanical coupling strength also

a�ect the sensitivity. The higher Qo and G are, the higher

the readout sensitivity is, and therefore it is easier to reach

thermal noise limited sensitivity.

Figure 4: (A) Displacement noise power spectra of a mechanical
resonator. The black solid curve denotes the thermal noise. The
dotted lines denote shot noise at different powers: 200 μW (black),
2 μW (red), 20 nW (blue), 200 pW (purple), and 2 pW (green),
respectively. The dash-dotted curves are total noise at different
powers: 200 μW (black), 2 μW (red), 20 nW (blue), 200 pW (purple),
and 2 pW (green), respectively. (B) Force sensitivity as a function of
the frequency, for different powers corresponding to those in (A).

Practical optomechanical sensors are usually used to

detect an external physical quantity. For example, formag-

netic �eld sensing using optomechanical systems, it is

essentially detecting a magnetic �eld (B) induced force

(F ∝ B) acting on the mechanical resonator. Therefore in

the following, we discuss the force sensitivity
√
SFF(�) =√

Sxx(�)∕ |
 (�)| of a mechanical resonator. In Figure 4B,

we plot the force sensitivity as a function of the frequency,

for di�erent probe powers. It can be seen that the peak

sensitivity for force occurs at the mechanical resonance

frequency, and the sensitivity degrades when going away

from the mechanical resonance. As a result, reaching ther-

mal noise limited regime is bene�cial for better sensitivity.

Thepeaksensitivity isdependentonthemechanicaldamp-

ing rate gamma. Therefore, having a lower damping rate
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(or higher mechanical Qm factor) is important for a better

force sensitivity.

In order to characterize the frequency dependent sen-

sitivity, we de�ne a bandwidth as the frequency range in

which the sensitivity is better than twice of the peak sen-

sitivity (below the dashed line in Figure 4B). It can be

seen that, the higher the probe power is, the broader the

bandwidth is. For example, at a probe power of 200 μW,

the thermal noise limited frequency range covers all the

way from DC to about twice the resonance frequency. In

addition to probe power, having a higher optical factor

Qo and optomechanical coupling strength are also helpful

to reach the thermal noise limited sensitivity, and there-

fore broadening the bandwidth of the optomechanical

force sensor. Thismeans that optomechanical sensors pro-

vide an ultrabroadband sensing platform, with bandwidth

easily reaching tens of MHz.

3 Optomechanical sensing

applications

3.1 Displacement sensing

Ultrahigh-sensitivity displacement sensing is the core of

precision detection of many physical quantities, such as

force (Section 3.3), magnetic �eld (Section 3.5), accelera-

tion (Section 3.6) and ultrasound (Section 3.7). Thanks to

the strong coupling between the optical cavity and the

mechanical resonator, the optomechanical system pro-

vides an excellent platform for precision displacement

sensing.

The displacement sensing based on the optomechani-

cal system (Figure 1) is tomeasure thedisplacementx (�) of

themechanical resonator in the frequency domain. In gen-

eral, through optomechanical coupling, the optical trans-

mission signal carries the information of the displacement

of the mechanical resonator. Then, it can be read out by a

photodetector and optical spectrum analyzers [32].

Various cavity optomechanical systems have been

demonstrated to be suitable for the displacement sen-

sors, involving WGM cavities [8, 31, 84, 90, 92], photonic

crystal cavities [73, 93, 95, 96], F–P cavities [97]. Table 1

summarizes the relevant optomechanical parameters for

some representative recent experimental implementations

in displacement sensing.

The displacement sensor based on WGM cavity

optomechanical systems has been demonstrated to

possess high sensitivity. In 2008, Schliesser et al. reported

a displacement sensor based on a silicamicrotoroid cavity

optomechanical system (Figure 5). They reduced the noise

by utilizing homodyne and polarization spectroscopy

techniques and achieved the displacement sensitivity of

10−19 m∕
√
Hz level, which was limited by the shot noise

[31]. In 2010, Ding et al. developed a microdisk made of

GaAs. Due to the high refractive index of GaAs, the optome-

chanical coupling G reached 71 GHz/nm, which led the

sensitivities of their systemdown to 2× 10−17 m∕
√
Hz [90].

Apart from coupling with the internal mechanical

mode, the WGM microcavities were also explored to cou-

ple with the external mechanical resonators through the

Figure 5: Motion transduction with a microtoroid cavity. (A)
Schematic and (B) optical microscope image of tapered fiber
coupled microtoroid cavity [31].

Table 1: Experimental parameters for a representative sampling of published cavity-based displcement sensors experiments.

Device type
√
Sxx(m∕

√
Hz) meff (kg) Qm G (MHz ⋅ nm−1) Year

1. Microtoroid [31] ∼9.0 × 10−19 1.0 × 10−11 >5.0 × 104 − 2008
2. Microdisk [90] 2.0 × 10−17 2.1 × 10−14 6.6 × 102 7.1 × 104 2010
3. Microtoroid cavity-string [84] 5.7 × 10−16 4.9 × 10−15 4.0 × 104 2.3 × 101 2009
4. Microtoroid cavity-nanowire [91] 5.3 × 10−16 4.0 × 10−15 2.8 × 102 9.4 × 101 2010
5. Microdisk cavity-nanobeam [92] 4.3 × 10−17 2.9 × 10−15 7.6 × 105 4.4 × 103 2015
6. Photonic crystal nanobeam [73] 5.0 × 10−17 4.3 × 10−14 (0.5 ∼ 1.5) × 102 7.7 × 105 2009
7. Photonic crystal nanobeam [42] 4.0 × 10−15 1.0 × 10−11 1.4 × 106 3.5 × 104 2012
8. Photonic crystal nanobeam [93] 9.3 × 10−18 1.4 × 10−16 6.6 × 100 7.8 × 105 2017
9. Microwave cavity-nanowire [94] 4.8 × 10−15 1.1 × 10−14 6.2 × 105 2.0 × 10−1 2009
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near �eld. The superiority of the evanescent �eld coupling

is separating the optical and mechanical degrees of free-

dom, which extends the sizes of the measured mechanical

resonator into the nanoscale. In 2009, Anetsberger et al.

put forward a displacement detector based on the near-

�eld cavity optomechanics (Figure 6A). Theymeasured the

motion of the external SiN strings employing the evanes-

cent �eld of the toroid silica microcavities. Taking advan-

tage of a Pound–Drever–Hall (PDH) technique [97], they

implemented thesensitivityof 5.7 × 10−16 m∕
√
Hz, limited

by the shot noise [84]. In 2015, Wilson et al. exploited the

special fabrication technique to signi�cantly shorten the

distance between the mechanical and optical elements,

which enhanced the optomechanical coupling to G = 4.4

GHz/nm. Assisted by the feedback cooling method, the

sensitivityof their systemwasdownto4.3× 10−17 m∕
√
Hz,

which was a combination of thermorefractive noise, diode

laser frequency noise, and so on [92].

From works 2, 3, 4, 5 in Table 1 and Eq. (9), it is

seen that increasing the optomechanical coupling helps

enhance the shot-noise-limited displacement sensitivity.

Bene�ting from the strong optomechanical coupling (G

above 10 GHz/nm), the factor limiting the sensitivity of

photonic crystal cavity systems is no longer shot noise.

In 2009, Eichen�eld et al. proposed a displacement sensor

basedon theSi3N4 photonic crystal cavities. Limitedby the

photoreceiver noise, their system got the sensitivity with

5 × 10−17 m∕
√
Hz [73]. In 2017, Zhang et al. demonstrated

a detection system with a femtogram scale nanobeam

optomechanical crystal resonator. Even in the water, its

sensitivity achieved 9.3 × 10−18 m∕
√
Hz [93], in the same

year, Zobenica et al. presented an integrated sensor uti-

lizing the photonic crystal cavity (Figure 7). As Figure 7B

showed, the tuning, sensing, and read-out functions were

concentrated in an area of only 15 × 15μm2. Employ-

ing an electromechanically tunable, double-membrane

Figure 6: (A) Schematic of the tapered-fiber-interfaced optical cavity dispersively coupled with an array of nanomechanical resonators.
Scanning electron micrograph (false color) of (B) doubly clamped SiN nanostring resonators and (C) microtoroid cavity. (D) Displacement
density as a function of frequency. Inset: finite-element simulation of the string’s fundamental mode [84].

Figure 7: (A) Sketch of the photonic crystal cavity sensing device. (B) False-colored SEM image of a typical device (top view) with contact
pads to both sensing and actuation diodes. Bottom: zoom-in SEM image showing the active part of the sensor: a four-arm bridge structure
containing a photonic crystal cavity suspended above a fixed photonic crystal membrane. Inset: SEM image of the patterned optical cavity.
(C) Electronic spectrum analyzer spectrum of the photocurrent noise where the fundamental mechanical mode is visible in the output power
(red dots) and control measurement with laser off (black dots). The right axis displays the calibrated power spectral density of motion.
Insert: finite-element simulation of fundamentalmechanical mode at frequency of 2.18 MHz [95].
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photonic crystal cavity, the system had a sensitivity of

1 × 10−13 m∕
√
Hz restricted by the pick-up electrical noise

[95]. Then, in 2020, Galeotti et al. rolled o� the sensitivity

of the on-chip displacement sensor to 7× 10−15 m∕
√
Hz,

whichwas helped by usingmore compact electrical probes

with correspondingly lower pick-up noise [96].

In addition to the above examples, there are other

schemes to realize displacement sensing in optomechan-

ical systems. In 2013, Tallur et al. illustrated a detection

approach based on Rayleigh scattering in an optomechan-

ical system, which enhanced the displacement sensitivity

at multi GHz frequencies in the resolved sideband regime

[98]. Then in 2020, Liu et al. proposed an integrated

cavity-free optomechanical displacement sensor, which

was based on a three-dimensional directional coupler and

dual-channel waveguide photodiodes. Constrained by the

pick-up electric noise, their system attained the sensitivity

of 4.5 × 10−14 m∕
√
Hz [99].

Grounded on quantum correlations between the shot

and backaction noise, there are some works in reducing

the quantum noise and even obtaining the displacement

sensitivity beyond the standard quantum limit (SQL) [1]. In

2013, Ho� et al. demonstrated that injecting the squeezed

light helps reduce the shot noise in the microcavity system

[100]. In 2015, Peano et al. provided a scheme of creating

squeezed light inside the cavity with a nonlinear medium,

which enhanced the signal-to-noise ratio (SNR) of the sys-

tem [101]. In 2017, Kampel et al. modi�ed the readout

of the interferometer, also called variational techniques,

and realized the near-SQL-limited measurement [102]. In

2019, Mason et al. improved the variational techniques

and realized the beyond-SQL sensitivity at the o�-resonant

frequency [103]. In 2020, Sainadh et al. put forward a

schemeofbeating theSQL through the interactionbetween

the linear and quadratic optomechanical coupling in an

unresolved sideband limit [104].

3.2 Mass sensing

Traditionally, the mass of tiny charged particles is mea-

sured by the mass spectrometer [105]. Due to the need

for the measurement of molecular-scale substances in

the �elds of chemistry and biology, the measurement

of the mass of electrically neutral particles has become

a hot research issue [106]. In general, the minuscule

size of microresonators renders their physical properties

extremely sensitive to the perturbation caused by external

in�uence. These mechanical resonator-based mass sen-

sors rely on a resonant frequency shift due to an accreted

mass and do not need the process of molecular ioniza-

tion, opening a new chapter during these years in the

�eld of nanotechnology measurement. At present, there

are two methods for microresonator frequency measure-

ment, the electrical measurement method [107, 108] and

the optical measurement method [109, 110]. This section

will introduce the latter in detail.

The resonator acts as a mass sensor due to the reso-

nance frequency sensitivity of the mass absorbed onto it.

Although themeasurement technique is quite challenging,

the principle of mass sensing is still simple. A mechani-

cal resonator can be described by a harmonic oscillator,

which has an e�ective mass me�, a spring constant k, and

a resonance frequency

fm =
1

2	

√
k

me�

. (10)

Changes in the spring e�ective mass me� will cause the

resonance frequency shift of themechanical resonatorfm,

which is me� = 2me�fm∕fm. Qualitatively, we simply

consider the deposited mass as

md ≈ me� = −
2me�

fm
 fm. (11)

It can be seen from Eq. (11) that when the resolution of

the instrument is �xed, smaller masses can be detected by

reducing the e�ective mass of the mechanical resonator

or increasing the resonance frequency of the mechani-

cal resonator. More speci�cally, the relationship between

deposition mass and the frequency shift also depends on

the binding position of the object in the mechanical mode

[111, 112].

In 2012, Li et al. proposed a scheme of the all-optical

mass sensor based on an optomechanical system, inwhich

a microtoroid cavity was coupled to a strong pump �eld

Figure 8: Diagram of the all-optical mass sensor based on an
optomechanical system. (A) A strong pump field and a weak signal
field are applied to a toroidal nanocavity system, which weighs the
masses of biological chromosome. (B) Equivalent figure of (A) in the
typical cavity optomechanical system, which consists of a movable
mirror connected with a spring and a fixed mirror [113].
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and a weak signal �eld [113], as shown in Figure 8. Later,

in 2013, Liu et al. realized the mass sensor in silica micro-

toroid cavity optomechanical systems Figure 9. Due to the

resonator with 6.0 × 10−8 g e�ective mass and 1.5 × 103

e�ective mechanical quality factor, the system exhibited

150 fg (1.5 × 10−13 g) mass sensitivity. As Figure 9A shows,

the driving light provided by near-infrared (IR) tunable

laser acted as both pump source and probe light, which

were coupled into and out of the microtoroidal cavity uti-

lizing a silica �ber taper. The pump power exceeds the

optomechanical oscillation threshold, and the probe light

optical signalwas transferred into the electrical signal that

was collected and analyzed in the RF spectrum analyzer.

Frequency shifts of the microtoroid as adding microbeads

with di�erentmass are shown in Figure 9C. Figure 9F is the

RF spectrumof the fundamental optomechanical vibration

in 8.505 MHz and its high-order harmonics. Furthermore,

they demonstrated intrinsic harmonic optical modulation

inside the optomechanical system can amplify the signal

to enhance the sensitivity of the system [109].

In 2016, Yu et al. developed a microsphere cavity

optomechanical system (Figure 10),whosemechanical res-

onator had 10−6 g e�ective mass and 2.6 × 106 e�ective

mechanical factor, leading to 66 kDa (1.1 × 10−19 g) mass

sensitivity. Figure 10B is the power spectral density of the

cavity transmission displaying the 262 kHz fundamental

oscillation and its high-order harmonics. They put the

microspheres into the solution of the protein molecule

and observed the binding event of the protein molecule

andmicrospheresby the recorded time-frequencydiagram

of the system under the third harmonic of the oscillation

frequency.As shown inFigure 10C, thebindingand separa-

tionof proteinmoleculeswithmicrosphereswere observed

at the time of 28 and 34 s, respectively [110]. Their works

showed the excellent performanceof themicrosphere cavi-

ties in the liquid environment aswell as the potential of the

optomechanical system in the detection of biomolecules.

Additionally, there are also theoretical schemes to

explore ways to improve sensitivity or propose new sys-

tems. One way to reduce the mechanical linewidth is to

use a double cavities optomechanical system. In 2014,

Jiang et al. proposed a scheme based on the hybrid opto

electromechanical systems, where an optical cavity and

a superconducting cavity coupled with a mechanical res-

onator at the same time [114]. Soon afterward, in 2015,

they illustrated an approach that utilizes the coupled two

microtoroid cavities optomechanical system, whose band-

widthwas nearly 1/14 of the one in the single cavity system

[115]. In 2017, Lin et al. demonstrated a method to reduce

the environmental noises in mass sensing by detecting

the change of cavity quadratures for optomechanical sys-

tems [116]. In 2018, Liu et al. proposed an optical weighing

technique. The optomechanical system was composed of

a plasmonic cavity and a suspended graphene nanorib-

bon with a tiny mass, a high mechanical frequency, and

a narrow mechanical bandwidth, which was predicted to

have sensitivity down to a single atom [117]. Then, in 2019,

Liu et al. illustrated a scheme embedding the degenerate

Figure 9: (A) Sketch of experimental setups for mass measurement using microtoroid optomechanical systems. (B) Scanning electron
microscope (SEM) image of one of the utilized microtoroids. Inset: a polyethylene microbead landed on the toroidal region of the resonator.
(C) Radio frequency (RF) spectrum near the fundamental frequency as adding microbeads with different mass. (D) Schematic diagram of
radial breathing mode of microtoroids. (E) Finite-element simulation of modeling for displacements of one of the mechanical modes. (F) RF
spectrum of the optical output power in the absence of the microbeads [109].
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Figure 10: (A) Schematic illustrating the sensing mechanism. When binding the molecules, the optical transmission curve of the
optomechanical system drifts from the red line into the blue line. The color map on the microsphere shows the radial breathing mechanical
mode simulated by the finite element method. (B) The power spectral density of the cavity transmission. (C) Typical mechanical
spectrograms recorded at the third harmonic of the oscillation tone with 100 nM-nominal-concentration protein molecules [110].

parametric ampli�er into a membrane-in-the-middle cav-

itydrivenbyastrongcontrol�eldandaweakprobepulse. It

ampli�ed thedetectingsignal viaanonlinear second-order

sideband process [118].

Nanomechanical mass spectrometry is well suited for

the analysis of high mass species such as viruses. Previ-

ously used one-dimensional mechanical resonators have

adisadvantage that the sensing signal is sensitively depen-

dentonthebindingpositionof theparticlesonthemechan-

ical resonator. To overcome this problem, speci�c readout

schemes can be used to simultaneously monitor multiple

resonance modes, whichmake sensingmore complicated.

In 2020, Sansa et al. demonstrated single-particle mass

spectrometry with nano optomechanical resonators fabri-

catedwithavery large scale integrationprocess [34],which

a uniform sensing signal for particles binding at di�erent

positions on the mechanical resonator.

The mass spectrometer uses a plate mechanical res-

onator coupled with aWGMmicrodisk cavity. The working

principle of the mass spectrometry is as follows. Each

time a particle with a mass mp lands on the mechani-

cal resonator, the mass of the mechanical resonator Mres

changes by mp, therefore its resonance frequency �m

changes from
√
k∕Mres to

√
k∕(Mres +mp). The resonance

frequency of the mechanical resonator is optically read

out by the microdisk evanescently. In order to eliminate

the e�ect of the particle landing position, they use an

in-plane vibration mode, with the mode pro�le shown

in Figure 11. Figure 11B shows the �nite-element color

map of normalized frequency sensitivity to added point

mass, showing that the frequency shift due to particle

adsorption does not depend on particle position on the

platform. Figure 11C shows the false-colored scanning

electron microscope images of the device, general view

(left), and zoom-in on the nanoram (right). The platform is

1.5 μm wide and 3 μm long, with 80 × 500 nm support

beams. The optical ring diameter is 20 μm, and the optical

ring-to-platformgap is 100nm.Close to1.55μmwavelength

light is coupled in andout of the ringbyopticalwaveguides

through a 200 nm gap. The silicon-on-insulator (SOI) top

layer is 220 nm thick, partially etched to realize the opti-

cal grating couplers. Figure 11D is the cross-section of the

di�erent components of the device. The nanoresonator is

etched down to 60 nm. The crystalline Si layer is highly

doped locally for low metal-to-silicon contact resistance.

A 200nmamorphous silicon layer is deposited aboveapla-

narized silicon oxide layer for protection and etched open

above thegratingcouplersand thenanoram.TheAlSi is the

electrical contact for the electric driving of the mechanical

resonator. Light is coupled in and out of the optomechani-

cal chips using grating couplers with a pitch of 0.6 μmand
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Figure 11: Single-mode optomechanical resonator for mass spectrometry [34]. (A) Mode profile of the planner mechanical resonator. (B)
Mass sensitivity for different particle landing positions on the planer mechanical resonator. (C) SEM pictures of the mass spectrometer using
nanomechanical resonator coupled with a microring cavity. (D) Cross section of different components of the device. (E) SEM picture of the
grating structure to couple light into the microresoantor. (F) In-plane optical packaging by waveguide-to-fiber-transposer chips aligned and
glued to the grating couplers. (G)–(I) Single-particle optomechanical mass spectrometry of tantalum clusters. (G) Frequency trace of the
mechanical resonator for the 5.7 MDa cluster deposition. (H) Statistical distributions of different sized tantalum clusters using the
optomechanical mass spectrometer. (I) Time of flight mass spectrometry for the four different tantalum clusters.

a width of 0.3 μm, designed for maximum transmission

close to a 1550 nm wavelength and an input angle of 10◦,

as shown in Figure 11E. Figure 11F shows the quasi in-plane

optical packaging by waveguide-to-�ber-transposer chips

(measuring around 1×2× 20mm), aligned and glued to the

grating couplers.

To improve the frequency stability f∕f , therefore

allowing a better mass sensitivity mmin = 2Mresf∕f , the

mechanical resonator is driven electrically at its mechan-

ical resonance fm. The frequency stability is ultimately

limited by intrinsic �uctuations of the resonance fre-

quency in the mechanical domain. To reach this limit, a

large SNR is required, which is maximized when the res-

onator is driven up to the onset ofmechanical nonlinearity

and when its thermomechanical noise dominates. Elec-

trostatic actuation is performed with a side-gate 250 nm

away from thenanoresonator. The frequency stability f∕f

was measured by tracking the resonance frequency of the

resonator using a phase-locked-loop.

Then the mass spectrometer is demonstrated using

tantalum clusters with di�erent masses. Figure 11G–I

shows single-particle optomechanical mass spectrome-

try of tantalum clusters. Each time a particle lands on

the mechanical resonator, its resonance experiences a

frequency shift, as shown in the frequency trace of the

optomechanical resonator for the light green (5.7 MDa)

cluster population deposition (Figure 11G). Its inset shows

several frequency jumps from individual cluster deposi-

tions. Figure 11H shows the normalized nanoresonator’s

mass spectra for di�erent tantalum cluster populations �t-

ted with a log-normal function (dark blue lines) withmean

masses ranging from 2.7 to 7.7 MDa (for optomechanical

MS), equivalent to particle diameters from8 to 11.3 nm.As a

comparison,Figure 11I shows timeof�ightmass spectra for
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corresponding clusters. They show good agreement, and

the optomechanical mass spectrometer shows advantages

for larger-sized particles.

3.3 Force sensing

The optomechanical system is capable of detecting the

force exerting on the mechanical resonator with high

sensitivity. According to the relation between the exter-

nal force and the displacement of the resonator F (�)
= x (�)∕
 (�), the force signal can be got through the

displacement detection. Therefore, the force sensitivity of

the system is
√
SFF (�) =

√
Sxx (�)∕ |
 (�)|. It can be seen

that the sensitivity of force detection and displacement

detection only di�er by a frequency-dependent response

factor.

We �rst review the force sensors based on near-�eld

coupling structure, which had 10 am/Hz-level sensitivity

[35, 119]. In 2012, Gavartin et al. presented the integrated

hybrid force detection systems. As Figure 12 shows, the

hybrid structure in the vacuum chamber was composed of

taper �ber, microdisk cavity, and nanomechanical beam.

Gavartin et al. used three lasers with di�erentwavelengths

to provide a readout of resonator motion, feedback con-

trol, and the small incoherent radiation pressure force

for direct force detection. Since the radiation pressure

force was measured at room temperature, the noise that

restricts the system is mainly thermal noise. Thanks to

the small resonator mass (9 × 10−15 kg) and low mechan-

ical loss (∼ 38 Hz), the thermal noise of the system is

Sth
FF
(�m) = (74 aN)

2 ∕Hz. What’s more, they detected a sta-

tionary incoherent force signal with a magnitude of about

1/25 of the thermal noise signal through the change of the

average energy of the harmonic oscillator, demonstrating

that their detecting ability was (15 aN)
2 ∕Hz [35]. It is worth

mentioning that though feedback control does not better

the force sensitivity [120, 121], it shortens thedetection time

due to the mechanical motion bandwidth improvement

[122]. In 2013 Harris et al. showed that the same SNR can

be achieved by properly �ltering the force signal without

feedback cooling. Moreover, even if there are non Gaus-

sian or correlated noises and nonstationary processes in

the system, the scheme is still applicable [120].

The force sensors utilizing the interaction between the

optical cavity and the ultracold atom gas are also attrac-

tive. In 2014, shown in Figure 13, Schreppler et al. applied

a calibrated optical-dipole force (Red and blue arrow) to

a gas of ultracold rubidium atoms (gray ellipse), induc-

ing center-of-mass motion of the gas. They measured the

force that caused this movement in the F–P cavity. When

the probe light resonated with the oscillation frequency of

the cloud, the system had the best force sensitivity
√
SFF

= 42± 13 yN∕
√
Hz. Since the mechanical mode of the gas

was close to its base state of motion, thermal noise only

accounts for a small proportion of the total noise of the

system. The system was mainly limited by shot noise and

backaction noise. By adjusting the system parameters, the

shot noise and the backaction noise were made equal. At

this time, the minimum total noise of the system could be

obtained [123].

A microwave cavity-based system that works at low

temperatures (∼15 mK) has low thermal noise. In 2008,

Regal et al. put the mechanical resonator into the cavity

capacitance and achieved the sensitivity with 3 aN∕
√
Hz

[126]. Soon after, in 2009, Teufel et al. employed a vibrat-

ing aluminumwire as a plate of the cavity capacitor, which

Figure 12: (A) SEM image of an integrated hybrid force detection system base on a microdisk cavity coupled with nanomechanical beam. Top
right: enlarged picture of the adjacent area. Bottom right: optical micrograph of the hybrid system coupled with a tapered fiber. (B)
Finite-element simulation of electric field distribution in the microdisk cavity. (C) Frequency noise units and displacement density units as a
function of frequency. Finite-element simulation of the fundamental vibration mode of the beam is shown in the inset [35].
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Figure 13: Schematic of gas mass center motion detection with the
optomechanical system based on the F–P cavity [123].

coupled the mechanical and optical mode more naturally.

Additionally, they employed a degenerate Josephson para-

metric ampli�er to reduce themeasurement technics noise

and got a shot-noise-limited sensitivity of 0.51 aN∕
√
Hz

[94]. In 2016, Weber et al. explored the performance of

the multi-layer graphene mechanical vibrator coupled

with the superconducting cavity system in force sens-

ing (Figure 14) and obtained the best force sensitivity of

390 ± 30 zN∕
√
Hz. In their system, thermal noise and the

sum of shot noise and backaction noise accounted for

almost 50% of the total noise.

In Table 2, we sum up some characteristic parameters

of representative works in the past few years. It should be

noted that since the optomechanical e�ects that can be

exploited in each type of sensor are di�erent, we need to

select the appropriate sensor in the speci�c work.

Reducing the noise level of force measurement is

the key to improving sensitivity. In force sensing, some

work has been done to decrease quantum noise, through

squeezing the state of light in injecting [127], out-

putting [128], measuring [129] processes, and utilizing the

parametric ampli�er [130, 131]. Moreover, evading back-

action noise is suggested to be realized employing the

F–P cavity with double movable ends [132], or coupling

the cavity with a negative e�ective mass oscillator [127,

133]. In 2018, Mehmood et al. showed that force sensing

sensitivity strongly depends upon the phase �uctuations

associated with the driving laser [134]. Apart from reduc-

ing noise, there are other ways to improve sensitivity, such

as enhancing signal response. In 2019, Motazedifard et al.

provided a scheme that puts cigar-shaped Bose–Einstein

condensate into cavities, which enhances the mechanical

response of the system to the input signal [131].

Precision force detection helps improve the accuracy

of atomic forcemicroscope [36–38, 125, 135], whichwill be

discussed in the next section in detail.

3.4 AFM and MRFM

AFM is a very high-resolution type of scanning probe

microscopy, with demonstrated resolution on the order

of fractions of a nanometer, more than 1000 times better

than the optical di�raction limit. The AFM consists of a

cantilever with a sharp tip (probe) at its end that is used

to scan the specimen surface. The cantilever is typically

silicon or silicon nitride with a tip radius of curvature on

the order of nanometers.When the tip is brought into prox-

imity of a sample surface, forces between the tip and the

sample lead to a de�ection of the cantilever according to

Hooke’s law. The de�ection of cantilever is usually readout

by shining a light beamonto the cantilever, andmeasuring

the phase change of the light. Several di�erent aspects of

the cantilever motion can be used to quantify the inter-

action between the tip and sample, including the value

Figure 14: (A) False-color image of multilayer graphene optomechanical devices. (B) Cross-sectional illustration of the graphene resonator
along the white dashed dotted line in (A). (C) Schematic of the detection circuit. The superconducting cavity couples with the graphene
mechanical resonator through the capacitance [124].
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Table 2: Summary of sensitivities for force sensing experiments in optomechanical systems.

Device type
√
SFF(N∕

√
Hz) meff (kg) Qm G (MHz ⋅ nm−1) Year

1. Microdisk cavity-nanobeam [35] 1.5 × 10−17 9.0 × 10−15 4.8 × 105 1.8 × 101 2012
2. Microdisk cavity-ring [119] 5.3 × 10−17 − 1.4 × 103 1.3 × 104 2012
3. Microdisk cavity-cantilever [125] 1.3 × 10−16 6.1 × 10−16 7.8 × 103 7.0 × 100 2014
4. F–P cavity-rubidium atoms [123] 4.2 × 10−23 1.8 × 10−22 3.7 × 101 1.3 × 102 2014
5. Microwave cavity - nanowire [126] 3.0 × 10−18 2.0 × 10−15 2.3 × 103 7.3 × 103 2008
6. Microwave cavity-nanowire [94] 5.1 × 10−19 1.1 × 10−14 (0.5 ∼ 1.5) × 102 2.1 × 10−1 2009
7. Microwave cavity-nanowire [124] 3.9 × 10−19 9.6 × 10−18 2.0 × 105 3.3 × 10−1 2016
8. F–P cavity-membrane [103] 1.1 × 10−17 2.3 × 10−12 1.0 × 109 4.2 × 10−1 2019

of the de�ection, the amplitude of an imposed oscillation

of the cantilever, or the shift in resonance frequency of

the cantilever. To make the phase change of light measur-

able, the cantilevers are usually made to be comparable to

the light spot size, which is usually at micrometer scale.

Reducing the cantilever size to nanoscale dimensions can

improve the bandwidth and sensitivity, but current optical

transduction methods su�er when the cantilever is small

compared to the achievable spot size.

In recent years, researchers have developed cavity

optomechanical systems for AFM applications, in which

the mechanical resonator works as the cantilever probe

whose mechanical oscillation can be sensitively readout

using an optical microcavity, providing high sensitivity

and bandwidth. In reference [36], Srinivasan et al. demon-

stratedsensitiveoptical transduction inamonolithic cavity

optomechanical system inwhichasubpicogramnanoscale

silicon cantilever with a sharp probe tip is separated

from a microdisk optical resonator by a nanoscale gap

(Figure 15A). The nanoscale cantilever has resonance fre-

quencies of tens of MHz and their thermally driven vibra-

tions can be transduced by the microdisk optical modes

with high quality factor (around 105). The displacement

sensitivity has reached to 4.4× 10−16 m/
√
Hz, the band-

width is larger than 1 GHz, and the dynamic range is

estimated to be larger than 106 for a 1-s measurement.

Later in 2017, Chae et al. used this nanocantilever-

microdisk coupled system to realize functional AFM detec-

tion with high temporal resolution (10 ns) and picome-

ter vertical displacement uncertainty simultaneously [37].

With the ability to capture fast events with high preci-

sion, this work realized the measurement of the thermal

conductivity for the �rst time, concurrently with chemical

compositionat thenanoscale inphotothermal induced res-

onance experiments (Figure 15B). The paradigm-shifting

photonic readout for small probes breaks the common

trade-o� between AFM measurement precision and abil-

ity to capture transient events, thus transforming the

Figure 15: Atomic force microscope using cavity optomechanical
systems. (A) Integrated silicon microcatileter probe which is
optomechanically transduced using a microdisk [36], (B) photonic
transducer photothermal induced resonance: a fiber-pigtailed,
integrated transducer leverages cavity optomechanics to measure
motion of a nanoscale probe, radically reducing the noise and
increasing the measurement bandwidth for capturing the sample’s
fast thermalization dynamics induced by laser pulses [37]. (C) Top:
optomechanical probe with resonance frequency larger than 100
MHz, which couples light through a waveguide (WG) and two fiber
grating couplers (IN and OUT). Bottom: SEM micrograph of the
optomechanical probe, used in [38].

ability to observe nanoscale dynamics in materials. In

2020, Allain et al. introduceda resonating optomechanical

atomic force probe at a frequency of 117 MHz, two orders

of magnitude above traditional AFM cantilevers, with a

Brownianmotion amplitude four orders below (Figure 15C)

[38]. Using this technology, they demonstrated both
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contact and noncontact AFM, which can measure inter-

actions with subpicometer amplitudewith very fast speed.

By functionalizing AFM, more measurements can

be performed. For example, magnetic force microscopy

(MFM)uses a sharpmagnetized tip to scanamagnetic sam-

ple, and the tip-samplemagnetic interactions are detected

and used to reconstruct the magnetic structure of the

sample surface. The MRFM concept combines the ideas

of magnetic resonance imaging (MRI) and AFM. MRFM

uses a cantilever tipped with a ferromagnetic (iron cobalt)

particle to directly detect a modulated spin gradient force

between sample spins and the tip. MRI is well known as

a powerful technique for visualizing subsurface structures

with three-dimensional spatial resolution.Pushing the res-

olution below 1 mm remains a major challenge, however,

owing to the sensitivity limitations of conventional induc-

tive detection techniques. Currently, the smallest volume

elements in an image must contain at least 1012 nuclear

spins for MRI-based microscopy, or 107 electron spins for

electron spin resonance microscopy. MRFM was then pro-

posed as a means to improve detection sensitivity to the

single-spin level, and thus enable three-dimensional imag-

ing ofmacromolecules (for example, proteins) with atomic

resolution.Themagneticparticle ischaracterizedusingthe

technique of cantilever magnetometry. As the ferromag-

netic tip moves close to the sample, the atoms’ nuclear

spins become attracted to it and generate a small force

on the cantilever. The spins are then repeatedly �ipped,

causing the cantilever to gently sway back and forth in

a synchronous motion. That displacement is measured

with a laser beam interferometer to create a series of two-

dimensional images of the sample, which are combined

to generate a three-dimensional image. The interferometer

measures the resonant frequency of the cantilever. Using

smaller ferromagnetic particles and softer cantilevers can

increase the SNR.

In 2003, Mamin et al. developed an MRFM based on

an ultrasensitive cantilever mounted perpendicular to the

sample [39]. At the end of the cantilever is a micron-size

SmCo magnetic particle that generates a strong magnetic

�eld gradient. A microwave �eld from a superconduct-

ing resonator is applied to excite electron spin resonance.

The inhomogeneity of the tip �eld con�nes the magnetic

resonance to the region that satis�es the condition B0
= �mw∕�g, where �mw is the frequency of the microwave

�eld, �g is the gyromagnetic ratio, and B0 is the tip �eld

(Figure 16A). Using thisMRFM, they report the detection of

the
√
N statistical polarization in a small ensemble of elec-

tron spin centers in silica by MRFM. Using �eld gradients

as high as 5 G/nm, they achieved a detection sensitivity

equivalent to roughly two electron spins, and observed

spin-lock lifetimes as long as 20 s. In 2004, Rugar et al.

reported the detection of an individual electron spin by

MRFM [40], usingavery similarMRFMsystem (Figure 16B),

with an interrupted oscillating cantilever-driven adia-

batic reversal (iOSCAR) protocol. The cyclic spin inversion

causes a slight shift of the cantilever frequency owing to

the magnetic force exerted by the spin on the tip. A spatial

resolution of 25 nm in one dimension was obtained for an

unpaired spin in silicon dioxide. Spins as deep as 100 nm

below the sample surface can be probed.

In 2019, Fischer et al. developed an MRFM using

a high-stress silicon nitride membrane mechanical res-

onator [41] to image spins at room temperature. They use

a “trampoline” membrane resonator with a quality factor

above 106. A Michelson interferometer is used to readout

the trampoline mechanical resonator. With this system,

theydemonstrated electron spin resonanceof an ensemble

of electron spins in diphenylpicrylhydrazil (DPPH) at room

temperature using the trampoline resonators functional-

ized with a magnetic grain (Figure 16C). Such high-stress

resonators can potentially reach 0.1 aN/
√
Hz force sensi-

tivities atMHz frequencies byusing techniques suchas soft

clamping and phononic-crystal control of acoustic radia-

tion in combination with cryogenic cooling. This MRFM

could also be combined with an integrated F–P cavity

Figure 16: Magnetic force microscope using cavity optomechanical
systems [39–41]. (A) Ultrasensitive silicon cantilever coated with a
microsize SmComagnetic particle at the end is used as an MRFM
probe, to detect the electronic spins in silica [39]. (B) Configuration
of the single-spin MRFM experiment [40]. (C) Experimental
schematic for magnetic resonance force microscopy using a silicon
nitride membrane mechanical resonator [41].
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readout at cryogenic temperatures, to further increase the

sensitivity.

3.5 Acceleration sensing

Acceleration sensing is essential for various applications

ranging from inertial navigation to consumer electronics.

Typical acceleration sensing is performed by measuring

the displacement of a �exibly mounted test mass sensi-

tively, which can be realized using capacitive, piezoelec-

tric, tunnel-current, or optical methods. Optical detection

provides superior displacement sensitivity, resilience to

electromagnetic interference and long-range readout. Cav-

ity optomechanical systems with ultrahigh displacement

sensitivity provide an ideal platform for on-chip, high

sensitivity, and broad bandwidth accelerometers. In 2012,

Krause et al. demonstrated an optomechanical accelerom-

eter that made use of ultrasensitive displacement readout

using a photonic crystal zipper nanocavity monolithically

integrated with a nanotethered test mass of highmechani-

calQ factor.Thedeviceachievedanaccelerationsensitivity

of 10 ng/
√
Hz with submilliwatt optical power, a band-

width of more than 20 kHz, and a dynamic range of greater

than 40 dB [42].

Figure 17A shows the basic principle of operation of

an accelerometer. When subjected to an acceleration a,

a mechanically compliant test mass experiences a dis-

placement x(�) = me�a(�)
 (�), in which 
(�) is the

mechanical susceptibility. Figure 17B shows the displace-

ment in response to the acceleration. It showsapeakon the

mechanical resonance frequency, suggesting that having a

highQmechanical test mass is important for high sensitiv-

ity accelerometer. Figure 17C shows the false-colored SEM

imageof theoptomechanical accelerometer, consistingof a

photonic crystal zipper cavities with one of the zipper cav-

ity connected to a nanotethered test mass. A test masswith

dimensions of 150 μm × 60 μm × 400 nm (green) is sus-

pended on highly-stressed 150-nm wide and 560-μm long

nanotethers, which allow for highmechanical frequencies

(27 kHz) and high mechanical quality factors (106). On

the upper edge of the test mass, a zipper photonic crystal

nanocavity (pink) is implemented. The zoom-in view of

the photonic crystal zipper cavity is shown in Figure 17D,

showing its electric �eld distribution of the fundamental

bounded mode of the zipper cavity. When the test mass

experiences a displacement due to external acceleration,

thegapbetweenthe twocoupledphotoniccrystalnanocav-

ities changes (Figure 17E), therefore shifting the optical

resonance of the zipper cavity mode. Figure 17F shows

the SEM picture of an array of devices with di�erent test

masses.

A dimpled tapered �ber is used to couple light into the

zipper cavity to optically read out the mechanical motion

of the test mass. A balanced photodetector is used to mea-

sure thephotocurrent out of the tapered�ber. Theoptically

detected noise power spectrum is shown in the left axis of

Figure17G,showingamechanical resonanceataround27.5

kHz. The equivalent displacement noise power spectrum

is shown on the right axis. The tone at 26 kHz (orange) is

the transduction of a tone applied to the shear piezo cor-

responding to an acceleration of 38.9 mg. The dashed and

dotted lines are theoretical noise levels for shot noise (red),

detector noise (cyan), thermal noise (green), and the total

of all noise contributions (purple). The responseof the sen-

sor as a function of frequency is measured by scanning the

frequency of acceleration applied to the sensor. Calibrated

from thenoisepower spectrumand the response spectrum,

the sensitivity NEA is derived, as shown in Figure 17H,

showing a broad bandwidth of tens of kHz. The dashed red

line depicts the theoretical expectation for the NEA given

shotnoiseand thermalnoise limitations. Thegreendashed

curve corresponds to the thermal noise (ath).

Later in 2014, Cervantes et al. from NIST developed

another cavity optomechanical accelerometer, consisting

of a F–P �ber optic microcavity with one end of the �ber

cavity connected to a silica mechanical resonator [43].

With a displacement sensitivity of 200 am/
√
Hz of the

test mass, this F–P �ber optic microcavity optomechan-

ical accelerometer has achieved an excellent acceleration

sensitivity. At lower frequencies of 10–100 Hz, it has

reached a comparable resolution to conventional devices

at �g∕
√
Hz levels and improving to sub �g∕

√
Hz through

1 kHz. Unprecedented sensitivities below 100 ng/
√
Hz

over 10 kHz are achieved above 1.5 kHz, and better than

10 ng/
√
Hz slightly above 9 kHz over approximately 2 kHz.

3.6 Magnetic field sensing

Ultrasensitive magnetic �eld sensing has various impor-

tant applications, such as magnetic anomaly detection

[136], mineral exploration [137], MRI [138, 139], and mag-

netoencephalography (MEG) [140, 141]. Currently, themost

technologically advanced magnetometer is based on the

superconducting quantum interference device (SQUID)

[142, 143]. However, the requirement of cryogenic cool-

ing increases the complexity of SQUID magnetometers.

To circumvent this requirement, various high precision

magnetometers without the cryogenic environment have

been developed in the last few decades, such as atomic

magnetometers [144, 145], nitrogen-vacancy center mag-

netometers [146, 147], and cavity optomechanical mag-

netometers [44–53]. Among them, cavity optomechanical
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Figure 17: An on-chip optomechanical accelerometer [42]. (A) Canonical example of an accelerometer. When the device experiences a
constant acceleration a, a test massm undergoes a displacement x = ma∕k, in which k is the spring constant of the mechanical resonator.
(B) Frequency response 
 (�) of an accelerometer in an log–log plot, showing a mechanical resonance at frequency fm =

√
k∕m∕2	 with

mechanical quality factor Qm = 10. (C) False-colored SEM image of the optomechancial accelerometer. (D) Zoom in of the zipper photonic
crystal nanocavity, showing the electric field |E(r)| of the fundamental bounded mode of the zipper cavity. The top beam is mechnically
anchored to the bulk SiN and the bottom beam is attached to the test mass. (E) Schematic displacement profile of the fundamental in-plane
mechanical mode used for acceleration sensing. (F) SEM image of an array of devices with different test mass sizes. (G) Left axis: optical
power spectral density of the balanced photodetector signal showing mechanical modes at 27.5 kHz. Right axis: equivalent displacement
noise. The tone at 26 kHz is transduction of the acceleration signal applied to the shear piezo corresponding to an acceleration of 38.9 mg.
The dashed and dotted lines are theoretical noise levels for shot noise (red), detector noise (cyan), thermal noise (green), and the total noise
(purple). Inset: time trace of the transduction of an applied acceleration of 35.6 mg at 25 kHz. (H) Frequency-dependent noise equivalent
acceleration (NEA) of the device, quantifying its broadband resolution.

magnetometers o�er the advantages of small size, weight,

and power consumption; ease of on-chip integration; high

sensitivity; andbroadbandwidth.Thepresenceofmechan-

ical and optical resonances greatly enhances both the

response to the magnetic �eld and the measurement sen-

sitivity. In the last decade, a lot of e�orts have been made

to achieve on-chip, high-sensitivity cavity optomechanical

magnetometers.

Cavity magnetometry was �rst developed in 2012 by

Forstner et al. [44]. The idea was to combine magne-

tostrictive material into a high Qo microtoroid cavity. The

expansion of the magnetostrictive material is resonantly

transduced into the physical structures of a highly com-

pliant microresonator and optically readout out with high

sensitivity.As the�rst proof of principle demonstrationof a

cavity optomechanical magnetometer, a piece of Terfenol-

D with a size of a few tens of microns was a�xed to the

top surface of a microtoroid by using micromanipulators

and two-component epoxy. A probe laser is locked on the

side of an optical resonance, and the mechanical motion

of the microcavity translates into a periodic modulation

of the intracavity power and is detected with a spectrum

analyzer. The magnetic response of the magnetometer is

measured by anetwork analyzerwhen the frequency of the

driving magnetic �eld is swept. A peak sensitivity of 400

nT/
√
Hz was achieved, with theoretical modeling predict-

ing the possibility of sensitivities below 1 pT/
√
Hz using

this cavity optomechanical magnetometer.
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The sensitivity and bandwidth of the �rst demon-

strated cavity optomechanical magnetometer were crit-

ically constrained by the poor coupling of the magne-

tostrictive expansion to the mechanical resonance of the

device, because that the expansion of the magnetostric-

tive material and the mechanical motion are not on the

same plane. In order to overcome this problem, Forsterner

et al. later in 2014 developed a new device structure with

the magnetostrictive material embedded directly within

the microtoroid. The magnetic �eld sensitivity was sig-

ni�cantly improved by three orders of magnitude, with

a peak sensitivity at a level of 200 pT/
√
Hz, and a band-

width of around 40 MHz [45]. In addition, by employing

the nonlinearities inherent in the magnetostrictive mate-

rial, low frequency magnetic �eld response can be mixed

up to the high frequency range, and therefore can be indi-

rectly measured. Magnetic �eld sensing with frequencies

as low as 2 Hz has also been realized, with a sensitivity of

150 nT/
√
Hz [45]. In 2020, Li et al. has further improved

the sensitivity of the microtoroid basedmagnetometer to a

level of 26 pT/
√
Hz and the bandwidth to 130 MHz [49], by

optimizing thegeometrical structure of themagnetometers

(Figure 18A).

The above-mentioned fabrication method by manu-

ally epoxy bonding a grain of magnetostrictive material

has several challenges. First, the manual deposition pro-

cess requires the precise positioning of microsized grains

relative to the microcavity. Second, the use of epoxy bond-

ing makes the approach ill-suited for scalable fabrication.

Furthermore, both optimization of the overlap of the mag-

netostriction to mechanical motion and reproducible per-

formance across devices are hard to realize due to the

random geometry, orientation, and size of the magne-

tostrictivematerial grain in eachdevice. Toovercome these

challenges, in 2018, Li et al. developed a controllable fab-

rication method, which involves deterministically sputter

coating thin �lms onto the microcavities (Figure 18B) [47].

These sputter-coated magnetometers got relatively good

reproducibility across devices, and a peak sensitivity of

585 pT/
√
Hz is achieved. They also showed that ther-

mally annealing of the sputtered �lm can improve the

magnetometer sensitivity by a factor of 6.3.

The microtoroids have mechanical resonances in the

ranges of MHz to tens of MHz, and therefore the magne-

tometers based on microtoroid cavities have good sensi-

tivity in the MHz frequency range, which is suitable for

Figure 18: Cavity optomechanical magnetometers. (A) Cavity optomechancial magnetometry using microtoroids with particles of
magnetostrictive material Terfenol-D embedded inside [49]. (B) Cavity optomechanical magnetometry using microtoroids with a thin film of
Terfenol-D sputter coated inside [47]. (C) Cavity optomechanical magnetometry using a cm-size CaF2 resonator with a cylinder of Terfenol-D
embedded inside [46]. (D) A magnetometer using a microtoroid with a microsized magnet embedded inside the cavity, capsulated using
poly(dimethylsiloxane) (PDMS) [50]. (E) Magnetometry working at hundreds of MHz to a few GHz, assisted by ferromagnetic resonance in a
yttrium iron garnet (YIG) film, whose mechanical motion is read out through a microsphere [52].
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applications such as MRI. Other applications, such as

magnetic anomaly detection and MEG, need high mag-

netic �eld sensitivity at low frequencies (Hz to kHz range).

One straightforward idea is to increase the size of the

cavity and thus to decrease the mechanical resonance

frequencies. In 2016, Yu et al. demonstrated a centimeter-

scale optomechanical magnetometer using a crystalline

CaF2 whispering gallery mode resonator with a cylinder of

Terfenol-D embedded inside (Figure 18C). The large size of

the resonator, with a magnetic �eld integration volume of

0.45 cm3, allows high magnetic �eld sensitivity to be

achieved in the hertz-to-kilohertz frequency range. A peak

sensitivity of 131 pT/
√
Hz was achieved, in a magnetically

unshielded noncryogenic environment [46]. Femtotesla

range sensitivity may be possible in future devices with

the further optimization of laser noise and the physical

structure of the resonator. Another work that achieved

good magnetic �eld sensitivity at a low frequency range

was done by Zhu et al. in 2017. They demonstrated a

magnetometer using polymer encapsulated whispering

gallery mode microcavity actuated by a micro-magnet

(Figure 18D). The magnetic �eld induces a force on the

micro-magnet causing deformation in the polymer around

the cavity. The deformation induces a refractive index

change in the polymer which can be optically readout

through the transmitted light from the cavity. Due to

the relatively large size of the magnetometer and thus

low mechanical resonances, this magnetometer works at

hertz-to-kilohertz range and achieved a sensitivity of 880

pT/
√
Hz [50]. Polymer encapsulation and�ber optical con-

nection ensure the environmental robustness and practi-

calityof thesensor. Inanotherwork,byelasticallycoupling

amagnet toasphereshell cavity,asensitivityof60nT/
√
Hz

at 100 Hz has been realized [51].

Except for the e�orts made in low-frequency cav-

ity optomechanical magnetometry, researchers have also

developed magnetometers that work at high-frequency

ranges (from hundreds of MHz to GHz). In 2020, Colom-

bano et al. demonstrated a hybrid magnetometer that

exploits the coupling between the resonant excitation of

spin waves in a ferromagnetic insulator and the resonant

excitation of the breathing mechanical modes of a glass

microsphere deposited on top. The interaction is mediated

by magnetostriction in the ferromagnetic material and the

consequent mechanical driving of the microsphere. The

magnetometer response thus relies on theoverlapbetween

the ferromagnetic resonance and themechanicalmodes of

the sphere, leading to a peak sensitivity of 850 pT/
√
Hz at

206MHz.Byexternally tuningthe ferromagnetic resonance

using an external static magnetic �eld, a sensitivity on the

ferromagnetic resonance of a few nT/
√
Hz is achieved at

GHz frequency range, providing a platform for high-speed

magnetic �eld sensors.

Another type of cavity optomechanical magnetome-

ter is torque magnetometry. A torque magnetometer can

either detect the magnetic moment m⃗ of a magnetic mate-

rial or an external magnetic �eld B⃗, by measuring the

torque �⃗ = m⃗ × B⃗ exerted on the magnetic material by

an external magnetic �eld B⃗. A torque magnetometer

can be realized by depositing a magnetic material onto

a cantilever [148, 149] or a torsional [150–155] mechani-

cal resonator. For instance, torsional torque magnetome-

ters have been realized by focused-ion-beam milling of

permalloy coated silicon nitride membranes and read-

ing out the torsional mechanical response using optical

interferometry. By varying thebiasmagnetic �eld, themag-

netic behavior with an excellent sensitivity around 108�B

for sing magnetic element [150]. These torsional torque

magnetometers have been used to measure the magnetic

hysteresis in microscale permalloy [151], magnetic super-

cooling of the transition to the vortex state [152, 156], and

the Barkhausen e�ect in magnetic materials [153]. AC sus-

ceptometry [154] and Torque-mixing magnetic resonance

spectroscopy [155] have also been realized using these

torsional torque magnetometers.

Combining optical cavities with the torque magne-

tometers can further improve the sensitivity, due to the

optical resonance enhanced transduction. In 2003, Kim

et al. fabricated a nanoscale torsional resonator evanes-

cently coupled to optical microdisk whispering gallery

mode resonators [157]. The on-chip, integrated devices are

measured using a fully �ber-based system.With a thermo-

mechanically calibrated optomechanical noise �oor down

to 7 fm/
√
Hz, these devices open the door for a wide

range of physicalmeasurements involving extremely small

torques, as little as 4 × 10−20 Nm. By cooling the system

to a temperature of 25 mK, the torque sensitivity can be

improved to 2.9 × 10−24 Nm [71]. Magnetic actuation and

feedback cooling have been realized using this torque-

cavity system [85]. Broadband optomechanical transduc-

tion of nanomagnetic spin mode in a permalloy disk was

also realized [158].

In addition, optomechanical transduction of a torque

magnetometer using photonic crystal nanobeam cavities

has also been demonstrated [53, 74]. In 2014, Wu et al.

demonstrated a phototonic crystal split-beam nanocav-

ity for detecting the nanoscale source of torque. Both

dissipative and dispersive couplings are experimentally

observed, with a dissipative coupling of up to approxi-

mately 500MHz/nm and dispersive coupling of 2 GHz/nm.

This enables the measurement of sub-pg torsional and
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cantilever-like mechanical resonances with a thermally

limited torque detection sensitivity of 1.2 × 10−20 Nm/
√
Hz

in ambient conditions and 1.3 × 10−21 Nm/
√
Hz in low vac-

uum [74]. Further, they demonstrated the potential of this

nanophotonic optomechanical system as a torque magne-

tometer and radiofrequency magnetic susceptometer [53].

The structure of theoptomechanical system is shown in the

SEMpicture in Figure 19A, inwhicha split photonic crystal

nanocavity is integrated within a torsional nanomechani-

cal resonator. At the end of one split nanocavity is coated

with a 40 nm thick permalloy island. The �eld distribu-

tion of its optical resonance is shown in the bottom panel

of Figure 19A. The exquisite readout sensitivity enables

observations of the unique net magnetization and RF-

driven responses of singlemesoscopicmagnetic structures

in ambient conditions. The magnetic moment resolution

is su�cient for the observation of Barkhausen steps in

the magnetic hysteresis of a lithographically patterned

permalloy island (Figure 19B and C).

3.7 Ultrasound sensing

Ultrasound sensing has various important applications

in biomedical imaging, photoacoustic sensing, and non-

destructive industrial monitoring. Currently, piezoelectric

transducers represent state-of-the-art ultrasound sensors,

but have some limitations. First, achievinghigh sensitivity

usually needs millimeter to centimeter sized piezoelectric

elements. However, this results in a highly directional

response toMHz frequencydue to spatial averaging,which

can degrade image signal to noise ratio for applications

that require omnidirectional response such as photoa-

coustic imaging. Second, achieving the highest sensitivity

usually requires detectors that are fabricated from acous-

tically resonant piezoceramic materials. This can result

in a sharply peaked frequency response thereby preclud-

ing a faithful representation of the incident acoustic wave

and ultimately compromising image �delity. Optical ultra-

sound sensors, o�er an alternative, and are beginning

to challenge the current piezo-electric dominated land-

scape, especially those based on highly sensitive optically

resonant structures such as microtoroids, microspheres

microdisks, microrings, F–P interferometers, and in-�ber

Bragg gratings. These microresonators detect acoustic

waves through photoelastic e�ect or acoustic pressure

induceddeformationof themicroresonators,bothofwhich

can be optically read out. These ultrasound sensors have

several advantages in terms of ultrasound sensing per-

formances. First, ultrasound sensors based on optical

microresonators provide high sensitivity, due to the optical

resonance enhanced interaction length,which usually can

reach thermal noise or shot noise limited level, instead of

electronic noise limited regime in the piezoelectric case.

Second, they have low directivity at MHz frequencies, due

to the microscale sizes. In addition, microresonators can

be scalably fabricated on a chip, and therefore provide the

Figure 19: (A) A torque magnetometer using split photonic crystal nanobeams with a micro-sized magnetic material deposited on one of the
beams [53]. (B)–(C) Barkhausen steps in the magnetic hysteresis of a lithographically patterend permalloy island, measured using the
torque magnetometer.
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possibility ofmultichannel detectors for imagingwith high

spatial resolution.

Silica microresonators with di�erent geometries have

been used for ultrasound sensing, due to their high Qo fac-

tor. In 2013, Moni� et al. demonstrated ultrasound sensing

using a microtoroid together with its side coupled tapered

�ber encapsulated in a low refractive index polymer,

throughdetecting theoptical transmissionchange induced

by ultrasound. The achieved optical Qo factor is 6 × 106,

and a response of 35 mV/kPa [54]. In 2014, Chistiakova

et al. used an ultra-highQo silicamicrosphere (Figure 20A)

to detect ultrasound at 12 MHz, and has achieved an ultra-

high ultrasound response 4911 mV/kPa of and a low noise

equivalent pressure (NEP) of 0.535 Pa [55]. In 2017, Kim

et al. demonstrated ultrasound sensing in an air envi-

ronment using a high Qo (∼ 107) silica capillary microres-

onator (Figure 20B), and achieved an NEP of 215mPa/
√
Hz

and 41 mPa/
√
Hz at 50 and 800 kHz, respectively [56].

In 2020, Pan et al. presented ultrasound sensing based

on a digital optical frequency comb (DOFC) technique

combined with high-Qo optical microbubble resonators.

DOFC enables precise spectroscopy on resonators that can

trace the ultrasound pressure with its resonant frequency

shift with femtometer resolution and sub-microsecond

response time. This system enables precise spectroscopy

on resonators that can trace the ultrasound pressure with

its resonant frequency shift with femtometer resolution

and sub-microsecond response time. The achieved NEP of

air-coupled ultrasound is 4.4 mPa/
√
Hz by combining a

high Qo (∼ 3 × 107) microbubble resonator with the DOFC

method [58].

In addition to using optical resonance enhanced

readout sensitivity, exploring mechanical resonance in

microresonators can also increase its response to an exter-

nal ultrasound, therefore increasing the sensitivity. In

2019, Sahar et al. has achieved ultrasensitive ultrasound

sensing using a lithographically fabricated microdisk sus-

pended above a silicon chip via thin tethers (Figure 20C).

By engineering its structure for high-acoustic sensitivity,

for the �rst time, they have reached a regime where gas

molecule collisions dominate the noise �oor. This allows

NEP of 8–300 μPa/
√
Hz in the frequency range between

1 kHz and 1 MHz [57]. Compared to acoustic sensors that

use similar, but nonsuspended, optical cavities and rely

on refractive index shifts and static deformations rather

thannanomechanical resonances, thepeaksensitivity rep-

resents a more than three order-of-magnitude advance.

Normalized by device area, it outperforms all previous air-

coupled ultrasound sensors by two orders of magnitude at

ultrasound frequencies from 80 kHz to 1 MHz. In 2020,

Yang et al. demonstrated an optomechanical microde-

vice based on Brillouin lasing in an optical microcavity

to sense external light, sound, and microwave signals,

through the modulations to the microcavity Brillouin laser

Figure 20: Acoustic sensing using different cavity optomechanical systems: (A) silica microsphere cavity [55], (B) silica microbottle cavity
[56], (C) silica microdisk cavity [57], and (D) stimulated Brillioun lasing in silica microspheres [63].
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in a resonance-enhanced manner through either pres-

sure forces including radiation pressure force or thermal

absorption (Figure 20D). They achieved an acoustic sens-

ing NEP of 267 μPa/
√
Hz at the kHz frequency range [63].

In order to achieve high ultrasound sensitivity at

tens of MHz frequency, Guggenheim et al. demonstrated

a plano-concave polymer F–P microresonator for high

sensitivity and broadband acoustic sensing, as shown in

Figure 21. The sensor comprises a solid plano-concave

polymer microcavity formed between two highly re�ec-

tive mirrors (Figure 21A). The cavity is embedded within

an encapsulating layer of identical polymer so as to create

an acoustically homogeneous planar structure. The cavity

itself is constructed by depositing a droplet of optically

clear UV-curable liquid polymer onto a dielectric mirror

coated polymer substrate. The droplet stabilizes to form a

smooth spherical cap under surface tension and is subse-

quently cured under UV light. The second dielectricmirror

coating is then applied, followed by the addition and cur-

ing of further polymer to create the encapsulating layer.

Laser light is incident from the bottom of the cavity, and

is used to measure the acoustic wave induced deforma-

tion of the cavity. This plano-concave microresonator has

achieved a strong optical con�nementwith aQo factor 10
5,

resulting in a high sensitivity of 1.6mPa/
√
Hz, and a broad

bandwidth up to 40 MHz [59]. One distinguishing feature

of this plano-concavemicroresonator is that it can be inte-

grated at the end of a �ber, and therefore be used as a �ber

probe for photoacoustic imaging applications (Figure 21B).

They used this microresonator on a �ber system to demon-

strated optical-resolution photoacoustic imagingofmouse

ear vasculature in vivo (Figure 21C).

Integrated microresonators can be massively fabri-

cated on a chip, and therefore provide an ideal plat-

form for high-resolution photoacoustic imaging appli-

cations. Polymer materials are generally much softer

than dielectric materials, and therefore can be easily

deformed by ultrasound, producing large sensing sig-

nals. In addition, polymer materials can be easily fabri-

cated into microresonators through the nanoimprinting

method, allowing for acquiring volumetric photoacous-

tic images with cellular/subcellular resolution in three

dimensions. In 2014, Zhang et al. demonstrated an ultra-

sonic detector with unprecedented broad bandwidth and

high sensitivity, based on an imprinted polymer optical

microring (Figure 22A). The polymer microring was fab-

ricated by nanoimprinting of polystyrene (PS) �lm using

a silicon mold. The imprinting process simpli�es fabrica-

tion, increases throughput, and improves reproducibility.

The device consists of a ring resonator (with Qo factor of

Figure 21: Acoustic sensing using a plano-concave F–P -cavity [59].
(A) Schematic of the plano-concave polymer microresonator. (B)
Microresonator fabricated at the end of the fiber for imaging
applications. (C) Photoacoustic imaging demonstrated using this
plano-concave polymer microresonator.

1.3 ×105) coupled with a bus waveguide. It has an acoustic

response of up to 350 MHz at −3 dB and noise-limited

detectable pressure as low as 105 Pa in this frequency

range [60]. In 2014, Li et al. demonstrated photoacous-

tic sensing using an SU8 polymer microring resonator

nanofabricated on a 250 μm thickness microscope cov-

erslip (withQo factor of 10
4), with a bandwidth of 140 MHz

and anNEP of 6.8 Pa [61]. In 2019, the same group reported

a disposable ultrasound sensing chronic cranial window

using an integrated PDMS microring fabricated using a

soft nanoimprint lithography process (Figure 22B). The

devicewas surgically implantedon theskull to createaself-

contained environment, maintaining optical access while

eliminating the need for external ultrasound coupling
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medium for photoacoustic imaging. Using this system,

they demonstrated photoacoustic microscopy of cortical

vascular network in live mice for over 28 days [62].

In addition to polymer materials, silicon microres-

onators have also been used in acoustic sensing appli-

cations, as silicon related technology has been very well

developed in semiconductor industry. Silicon on insula-

tor (SOI) wafers can be massively produced, and silicon

microresonators are easily scalably fabricated on a chip.

In 2020, Shnaiderman et al. demonstrated miniaturized

high-sensitivity and ultrabroadband acoustic sensing

usinganarray of point like siliconwaveguide-etalondetec-

tor using an SOI platform. The cavity is formed by a spacer

and a Bragg grating, with a cavity size of only 220 nm by

500 nm, allowing an ultra-small sensing area (Figure 22C).

The SOI based optical resonator design provides per-area

sensitivity that is 1000 times higher than that of microring

resonators and 108 times better than that of piezoelec-

tric detectors. This design enables an ultra-wide detection

bandwidth, reaching 230 MHz at−6dB [64].

In 2021, Westerveld et al. demonstrated an ultra-

sound sensor in silicon photonic technology with extreme

Figure 22: Photoacoustic sensing using integrated resonator systems: (A) polystyrene microring resonator [60]. (B) PDMS microring
resonator [62]. (C) Silicon point-like silicon waveguide–etalon detector [64]. (D) Silicon microring resonator coupled with a membrane with a
15 nm air gap in between [65].
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sensitivity owing to an innovative optomechanical waveg-

uide. This optomechanical system consists of a silicon

microring resonator coupled with a silicon membrane

above the microring, with a 15 nm gap in between. The

device is fabricated using CMOS-compatible processing,

with the schematic of the structure, fabrication �ow, SEM

images and opticalmicroscope images of the device shown

in Figure 22D. The function principle of this optomechan-

ical acoustic sensor is as follows: an external acoustic

wave drives the mechanical motion of the membrane, and

changes the gap between the membrane and the micror-

ing. This induces a change in the e�ective refractive index

of the optical mode and therefore shifts the optical reso-

nance of the microring. As a result, the acoustic signal can

be optically readout using this microring resonator. The

20 μm small sensor has a noise equivalent pressure below

1.3 mPa/
√
Hz in the measured range of 3–30 MHz, domi-

nated by acoustomechanical noise [65]. This is two orders

of magnitude better than for piezoelectric elements of an

identical size. Bene�tting from the advanced micro/nano

fabrication of silicon photonics, this device can be eas-

ily massively fabricated on a chip, as shown in the bot-

tom panel of Figure 22D. Photoacoustic imaging is also

demonstrated using an array of these devices, coupled

withacommonwaveguide.Thedemonstrated sensor array

with on-chip photonic multiplexing o�ers the potential of

miniaturized catheters with sensor matrices interrogated

using just a few optical �bers, unlike piezoelectric sensors

that typicallyuseanelectricalconnection foreachelement.

4 Quantum enhanced

optomechanical sensing

In typical optomechanical sensing devices, coherent light

sources are used, which are limited by quantum noises.

To reduce the quantum noise below the standard quan-

tum limit and improve the measurement sensitivity, we

can use the squeezed light source in place of the coherent

light source as the driving light of the optomechanical sys-

tem. This chapter will introduce the concept of squeezed

light and the process of squeezed light improving the

measurement sensitivity of the optomechanical system.

4.1 Squeezed light

Consider a single optical mode a, which can be rewritten

in a complex-amplitude pattern as

a = X1 + iX2. (12)

Here, X1 and X2 are Hermitian operators representing the

two quadrature phases of the mode. Their commutation

relation satis�es
[
X1,X2

]
= i∕2. The resulting uncertainty

principle isΔX1ΔX2 ≥ 1∕4.

A single-mode coherent light can be described as a

coherent state |�⟩. The coherent state is the eigenstate of
the annihilation operator a [159], contenting

a |�⟩ = � |�⟩ . (13)

In the coherent state |�⟩, the expectation values and vari-
ances of X1, X2 are ⟨X1 + iX2⟩ = � and ΔX1 = ΔX2 = 1∕2.

As Figure 23A shows, in the complex-amplitude planewith

X1 and X2 axes, a coherent state can be depicted as an

“error circle”. Here, the center of the circle locates at

X1 + iX2 = � representing the expectation value of a coher-

ent state. And the radius ΔX1 = ΔX2 = 1∕2 denoting the

equal uncertainties of operators X1 and X2.

Similarly, the single-mode squeezed light can be

denoted as a squeezed state |�, �⟩.Here, � = rei� is anarbi-

trary complex number, where r = |� | is called the squeeze
factor [160].A squeezed state is able to be acquired through

�rst squeezing the vacuum state followed by being acted

with the displacement operator D (�):

|�, �⟩ = D (�) S (� ) |0⟩ , (14)

where S (� ) = exp[�∗a2∕2 − �
(
a†
)2
∕2 ] is a unitary

squeeze operator. Besides, let us de�ne the rotated com-

plex amplitudes:

Y1 + iY2 = (X1 + iX2) e
−i�∕2 , (15)

in which �∕2 denotes the rotating angle.

In the squeezed state |�, �⟩, expectation values and

variances are ⟨X1 + iX2⟩ = ⟨Y1 + iY2⟩ e−i�∕2 = �, ΔY1 =

e−r∕2,ΔY2 = er∕2. The squeezed state has the same expec-

tation values of complex amplitudes as the ones in the

corresponding coherent state |�⟩. The uncertainty rela-

tion between Y1 and Y2: ΔY1ΔY2 = 1∕4 still promises

the squeezed state is a minimum-uncertainty state. How-

ever, the uncertainties of Y1 and Y2 are unequal. An

“error ellipse” of the squeezed state |�, �⟩ in the complex-

amplitude plane is displayed in Figure 23B. Intuitively,

the error area of the squeezed state |�, �⟩ is attained by

squeezing theone in the coherent state |�⟩ along theY 1 axi.

In Figure 24, the diagrams of electric �eld versus

time plus the corresponding error area in the complex-

amplitude plane with X1 and X2 axes are shown for a
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Figure 23: (A) An error circle of coherent state |�⟩ in the
complex-amplitude plane. (B) An error ellipse of squeezed state
|�, �⟩ in the complex-amplitude plane. The yellow parts of both
figures are the error area.

coherent state, a squeezed state reducing the uncertainty

in X1, and a squeezed state reducing the uncertainty in

X2. Each point in the error area, which is colored in yel-

low, corresponds to a wave with a certain phase and a

certain amplitude. Themuster of all thewaves correspond-

ing to the points in the error area denotes the uncertainties

of an electric �eld, which is colored in purple. Besides,

the central black curve in the electric �eld diagram is

the expectation value of the electric �eld. Compared to

a coherent state, a squeezed state reducing the uncer-

tainty in X1 has less deviation of amplitude while more

deviation of phase in electric �eld. The contrary situa-

tion appears in a squeezed state reducing the uncertainty

in X2.

To generate the squeezed light source, the nonlinear

process is a key step [161]. Experimentally the main

methods are parametric downconversion (PDC) [162] and

four-wave mixing (FWM) [163]. The squeezed light source

has been realized in various systems such as atomic

ensembles [163, 164], nonlinear crystals [162, 165, 166],

optical �bers [167–169], microcavity polaritons [170], and

cavity optomechanical systems [16–18]. Up to now, the

largest degree of quantum noise suppression up to 15 dB

has been achieved byH. Vahlbruch et al. utilizing a doubly

resonant, non-monolithic optical parametric ampli�er

cavity in 2016 [166].

Squeezed light can also be obtained in optomechan-

ical systems (Figure 25) since optomechanical coupling is

one kind of nonlinear process [171, 172]. In 2012, Brooks

generated the squeezed light, whose quantum noise was

1.2% below the shot noise, in an cold-atom optomechani-

cal system [18]. In 2013, Amir et al. realized the light with

4.5% squeezing in a photonic-crystal cavity optomechani-

cal system [16]. In the same year, Purdy et al. employed

the membrane-in-the-middle optomechanical system to

produce the 32%-squeezing light [17]. Optomechanical sys-

tems demonstrate the potential of producing squeezed

light.

The squeezed light is capable of enhancing the mea-

surement sensitivity, andhas foundapplications invarious

�elds, such as gravitationalwave detection [173, 174],mag-

netometer [175] and biological measurement [176], which

will be discussed in the following section.

Figure 24: Diagrams of electric field versus time and the corresponding error area in three states. (A) A coherent state. (B) A squeezed state
reducing the uncertainty in X1. (C) A squeezed state reducing the uncertainty in X2.
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4.2 Squeezed light enhanced
optomechanical sensing

Squeezed light has been used to suppress the shot noise

level, and therefore increase the optomechanical sensitiv-

ity [177]. For instance, squeezed light has been used to

enhance the sensitivity of the laser interferometer gravita-

tional wave detector. Nearly a century after Einstein �rst

predicted the existence of gravitational waves, a global

network of Earth-based gravitational wave observatories

(such as LIGO, VERGO, etc.) was seeking to directly detect

this extremelyweakwave using precision laser interferom-

etry. Photon shot noise, due to the quantumnature of light,

imposes a fundamental limit on the attometer-level sen-

sitivity of the kilometer-scale Michelson Interferometers

deployed for this task. In 2011, the LIGO Scienti�c Collabo-

ration demonstrated the �rst squeezed-light enhancement

of GEO 600 [173], and then they performed a long-term

application of squeezed vacuum states of light [178]. In

particular, squeezed vacuumwas applied to GEO 600 dur-

ingaperiodof threemonths from June toAugust 2011 in the

�rst run, and for another 11 months from November 2011

to October 2012 in the second run. A sensitivity increase

from squeezed vacuum application was observed broad-

band above 400 Hz. The time average of gain in sensitivity

was 26% (2.0 dB), determined in the frequency band from

3.7 to 4.0 kHz. This corresponds to a factor of 2 increase

in the observed volume of the Universe for sources in the

kHz region. Later in 2013, the LIGO Scienti�c Collaboration

injected squeezed states to improve theperformanceof one

of thedetectorsof theLIGObeyond thequantumnoise limit

[174],most notably in the frequency region down to 150Hz,

critically important for several astrophysical sources, with

nodeteriorationofperformanceobservedatany frequency.

The simpli�ed layout of the interferometer with squeezed

vacuum injection is shown in Figure 26A. With the injec-

tion of squeezed state, they realized a 2.15 dB sensitivity

improvement in the shot noise limited frequency band,

as shown in Figure 26B. With this improvement, the LIGO

detector demonstrated the best broadband sensitivity to

gravitational waves ever achieved.

In addition to the kilometer-scale laser interferom-

eters, squeezed light has also been used in microscale

photonic devices and measurements. For instance, it has

been used in nanoscale measurement of biological sys-

tems [176], and magnetic �eld measurement using atomic

magnetometers [175, 179], In cavity optomechanics, it has

been used to enhance displacement measurements [100,

180], improve both feedback [181] and sideband [182] cool-

ing, and study the backaction from the radiation pres-

sure force [183]. For optomechanical sensing applications,

squeezed lighthasbeenused toenhance thesensitivityand

bandwidth of a cavity optomechanicalmagnetometer [48].

A neodymium-doped yttrium aluminum garnet (Nd:YAG)

laser is used to produce squeezed light at a wavelength of

1064 nm. Squeezed light is generated through aparametric

down conversion process in a 10 mm periodically polled

potassium titanyl phosphate (PPKTP) crystal enclosed in a

linear cavity (Figure 26C). Both the 532 nm light (the pump

light) and the 1064 nm light (the seed light) are injected

into thecavity.Togeneratephase-squeezed light, thepump

phase is locked to the seed beam ampli�cation. The light

is coupled into the microtoroid evanescently through an

optical nano�ber with a diameter of about 700 nm. The

optical resonance of the cavity is thermally tuned tomatch

the wavelength of the laser. A coil is used to produce an

AC magnetic �eld to test the magnetic �eld response of

the magnetometer. The mechanical motion of the toroid

is measured by performing homodyne detection. With the

useof squeezed light, shotnoise in theoptomechanical sys-

tem has been suppressedby about 2.5 dB (Figure 26D). As a

result, the magnetic �eld sensitivity is improved by about

20%, and the 3 dB bandwidth is broadened by about 50%.

Figure 25: Three types of optomechanical system to realize the squeezed light. (A) Cold-atom optomechanical system [18]. (B)
Photonic-crystal cavity optomechanical system [16]. (C) Membrane-in-the-middle optomechanical system [17].
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Figure 26: Squeezed light enhanced optomechanical sensing. (A), simplified layout of the interferometer with squeezed vacuum injection.
(B) Noise suppression in the shot noise limited frequency band in LIGO with the injection of squeezed light [174]. (C) Measurement setup for
the squeeze light enhanced cavity optomechanical magnetometry. (D) Noise power spectra of the cavity optomechanical magnetometry,
with coherent probe (red curve) and squeezed probe (blue curve), showing a 2.5 dB noise suppression in the shot noise limited frequency
band [48].

5 Summary and outlook

Cavity optomechanical systems provide an ideal plat-

form for precision sensing. In this paper, we review

the recent research progress in precision optomechanical

sensing, including the sensing principle, sensing plat-

forms, various sensing applications, and squeezed light

enhanced sensing.Wehave provided examples of optome-

chanical sensors for displacement sensing, mass sens-

ing, force sensing, atomic force microscopy and magnetic

resonance force microscopy, acceleration sensing, mag-

netic �eld sensing, and acoustic sensing. In recent years,

these examples havemoved beyondproof-of-principle and

towards real applications. With the development of mod-

ern micro/nano fabrication technology, more and more

chip-scale sensing platforms have been developed and

used for versatile sensing applications. Further improve-

ments are needed for better performance of cavity optome-

chanical sensors, to meet the requirements for speci�c

applications. For instance, for cavity optomechanicalmag-

netometers, their sensitivities at low frequency ranges

(from DC to 100 Hz) still need to be improved, for

applications such as magnetic anomaly detection and

MEG. For cavity optomechanical acoustic sensors, their

sensitivities at high frequency ranges (from MHz to GHz)

are to be further improved for applications such asmedical

imagingandphotoacoustic sensing. Inaddition, inorder to

achieve more robust, portable, and cheaper devices, inte-

gration of the lasers and photodetectors with the on-chip

optomechanical sensors are required in the future. With

their superior sensitivity, broad bandwidth, low power

consumption, on-chip integration capability, and high

technology readiness, moving forward, we believe these

precision optomechanical sensors will �nd applications in

real world in the near future.
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