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Review

Plasmomechanical Systems: Principles and Applications

Alemayehu Nana Koya,* Joao Cunha, Karina Andrea Guerrero-Becerra, Denis Garoli, 
Tao Wang, Saulius Juodkazis, and Remo Proietti Zaccaria*

Extreme confinement of electromagnetic waves and mechanical displace-
ment fields to nanometer dimensions through plasmonic nanostructures 
offers unprecedented opportunities for greatly enhanced interaction strength, 
increased bandwidth, lower power consumption, chip-scale fabrication, and 
efficient actuation of mechanical systems at the nanoscale. Conversely, cou-
pling mechanical oscillators to plasmonic nanostructures introduces mechan-
ical degrees of freedom to otherwise static plasmonic structures thus giving 
rise to the generation of extremely large resonance shifts even for minor posi-
tion changes. This nanoscale marriage of plasmonics and mechanics has led 
to the emergence of a new field of study called plasmomechanics that explores 
the fundamental principles underneath the coupling between light and plasmo-
mechanical nanoresonators. In this review, both the fundamental concepts and 
applications of plasmomechanics as an emerging field of study are discussed. 
After an overview of the basic principles of plasmomechanics, the active tuning 
mechanisms of plasmonic nano-mechanical systems are extensively analyzed. 
Moreover, the recent developments on the practical implications of plasmome-
chanic systems for such applications as biosensing and infrared detection are 
highlighted. Finally, an outlook on the implications of the plasmomechanical 
nanosystems for development of point-of-care diagnostic devices that can help 
early and rapid detection of fatal diseases are forwarded.
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nological perspective. Among the techno-
logical advancements in nanotechnology, 
a particular mention should receive 
both micro-electromechanical systems 
(MEMS) and nano-electromechanical 
systems (NEMS) due to their impact on 
key applications.[2] In particular, MEMS 
offer lower size, weight, and power dissi-
pation as well as improved performance 
with respect to macroscopic solutions 
in relevant fields such as environmental 
monitoring, communication, health care 
among many. NEMS, in addition, disclose 
unexplored areas, for example, within the 
fields of fundamental physics and life sci-
ence. At the same time, to take the advan-
tage of both electrical and optical degrees 
of freedom, a new class of device named 
nano-optoelectromechanical systems 
(NOEMS) has been devised, where the 
driving force is of both optical and elec-
trical nature. The idea of actuating objects 
with radiation pressure exerted by electro-
magnetic fields was theoretically predicted 
by Maxwell and experimentally observed 
a century ago.[3,4] Nevertheless, these 

forces are generally too weak to exert a significant pressure 
at the macroscale level,[5] a situation that drastically changes 
at the nanoscale where the field of nanotechnology provides 
an unprecedented platform for activating optical phenomena 
driven even by very feeble optical forces.[6]

1. Introduction

Since Richard Feynman’s visionary speech about “plenty of 
room at the bottom” in 1959,[1] the field of nanotechnology has 
shown a tremendous progress both from a scientific and tech-
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Thus, nanoscale engineering of optical materials not only has 
led to the control and enhancement of light–matter interactions 
with remarkable spatial localization well beyond the diffraction 
limit but it has also opened a new door to exploit the potentials 
of optical force to manipulate nano-sized objects.[7,8] Particu-
larly, metallic nanostructures have proved to squeeze photons 
into deep subwavelength point-like dimensions, which greatly 
enhance the strength of the local field intensity.[9,10] On the 
other hand, coupling mechanical oscillators to plasmonic nano-
structures introduces mechanical freedom to otherwise static 
plasmonic resonators. As a result of the tight energy confine-
ment due to metallic nanostructures, plasmomechanical hybrid 
nanodevices can generate extremely large resonance frequency 
shifts for small geometrical displacements.[11–13] Moreover, since 
the strength of radiation pressure scales inversely with the sur-
face area to which photons are confined, strong optomechanical 
interactions can be realized by using plasmonic resonators, 
which allow squeezing light down to subwavelength dimen-
sions. Most importantly, resonant excitation of plasmonic nano-
structures gives rise to efficient absorption of the incident light, 
leading to local heating due to the photothermal effect. This 
photo-induced thermal effect can be exploited for actuation of 
mechanical systems at the nanoscale.

Within this scenario, plasmomechanics has recently emerged 
as a subfield of nano-optomechanics, with the intent of exploring 
the fundamental coupling between light and plasmon-based 
mechanical resonators at the nanoscale.[14] In addition, cou-
pling of plasmomechanical devices with actuation schemes has 
opened unprecedented opportunities to control and localize the 
interactions between optical, mechanical, thermal, and acoustic 
degrees of freedom.[15,16] In this respect, recent theoretical and 
experimental works in plasmomechanics have demonstrated 
the remarkable potential of plasmonic nanomechanical systems 
for the development of active and reconfigurable optomechan-
ical detectors, modulators, and transducers.[17–21]

In this review, thus, we discuss the fundamentals and appli-
cations of plasmomechanics. We first provide an overview on 
the fundamental physical principles underneath plasmome-
chanics, which is followed by extensive discussion of the active 
tuning of plasmomechanical systems. Furthermore, we high-
light the practical implications of plasmomechanics for such 
applications as biosensing and infrared radiation detection. 
Finally, we also mention future prospects of the plasmome-
chanics field and its implications in the field of biomedicine.

2. Principles of Plasmomechanics

The miniaturization of MEMS down to sub-micron scale requires 
confining electromagnetic and mechanical displacement fields 
down to nanometer dimensions, which offers opportunities for 
greatly enhanced interaction strength, increased bandwidth, 
lower power consumption, and chip-scale fabrication and inte-
gration.[22] However, diffraction effects are detrimental when 
going deep into the sub-micron regime as the diffraction limit 
constrains the ability to read nanoscale device motion at pre-
cisely specified locations.[13] This problem has been tackled with 
the emergence and advancement of plasmonic nanostructures, 
which are capable of squeezing light into deep sub-wavelength 
volume, far beyond the diffraction limit.[23] Their tunable optical 

properties together with the potential to confine photons in ultr-
asmall volumes have made plasmonic nanostructures the most 
desirable materials for the enhancement of light–matter interac-
tion at the nanoscale.[24] However, realizing the full potential of 
plasmonics requires platforms that allow flexible and reversible 
tuning of plasmonic modes. Thus, integrating plasmonic nano-
structures with other nanomaterials has opened a new door for 
dynamic control of light–matter interaction and greater function-
ality of nano-optoelectromechanical system. In this respect, a new 
class of NOEMS based on plasmonics (pNOEMS), also called  
nano-plasmomechanical system or simply plasmomechanical 
system, has been developed.[11,17] Plasmomechanical systems not 
only introduce mechanical degrees of freedom into otherwise 
static plasmonic nanostructures but also induce mechanical 
effects such as device motion by near-field optical force. Such 
a multi-component and multi-functional kind of device offers 
optical and mechanical degrees of freedom for different kinds of 
applications including active control of nano-mechanical phase 
modulation,[18] nano-mechanical motion transduction,[11,15,25] 
and amplification of weak external stimuli.[21] As a result, plas-
momechanics has emerged as a new research direction[14,26] with 
growing interest both from fundamental and application per-
spectives. To this end, this section overviews fundamentals of 
plasmomechanics, which includes plasmonic near-field optical 
forces, optomechanical coupling and photo-induced thermal 
effects (see Figure 1).

2.1. Optical Forces near Plasmonic Nanostructures

Light as an electromagnetic radiation carries energy and 
momentum so that its interaction with matter can lead to a 
mechanical displacement.[25] At the macroscopic scale, the 
optical force is too small to produce any significant acceleration 
on the targeted object.[27] However, at the micro- and nanoscale, 
optical forces can efficiently trap and manipulate objects.[28] 
These two different scales (i.e., micro and macro) are conceptu-
ally addressed with different approaches. When light interacts 
with macro-sized object with size D larger than the wavelength λ 
of the incident light (i.e., D ≫ λ, the so-called ray optics regime) 
(see Figure 2a), the incident photons are reflected, absorbed, and 
refracted by the object. The radiation pressure exerted by the 
incident light in this regime can be thought as an exchange of 
momentum between the photons and the object. Consequently, 
light with incident power P exerts an optical force of F = P/c on 
the surface of the object if the light is 100% absorbed or a force 
F = 2P/c if it is 100% reflected.[29] However, when the size of the 
object is very small compared to the wavelength λ of the inci-
dent light (D << λ, known as Rayleigh regime) (Figure 2b), the 
distinction between the components of reflection and refraction 
can be ignored. In this regime, the incident field is regarded as 
uniformly distributed around the particle and the net optical 
force acting on the particle has two main components: scattering 
force and gradient force. The gradient force arises from the eva-
nescent interaction between localized optical modes, resulting 
in a direct force enhancement under optical resonant condi-
tions, indeed representing the basis of most optical tweezer 
set-up.[28] The gradient force can be increased by orders of mag-
nitude by employing different kinds of exotic photonic mate-
rials such as metamaterials,[27] photonic crystals,[30] evanescently  
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coupled waveguides,[31] or plasmonic nanostructures[32] as they 
all act directly on the enhancement of the local field. In par-
ticular, the strength of the gradient optical force between two 
interacting metallic nanoparticles can be greatly enhanced by 
resonantly exciting the nanoparticles with sub-100  nm inter-
particle separation.[33] Under suitable illumination conditions 
(Figure 2c), such forces tend to make the nanoparticles cluster, 
giving rise to intensely confined local fields at the vicinity of the 
nanoparticles that in turn leads to enhanced near-field optical 
force between the resonant metallic nanoparticles.

For simple subwavelength photonic nanosystems (such as 
single or coupled plasmonic nanostructures), the net optical 
force can be rigorously calculated using the Maxwell stress 
tensor (MST) formalism.[34] The MST formalism is based on 
the idea that the optical forces acting on the system can be 
evaluated from the electromagnetic field distribution. Thus, the 
time-averaged optical force of an electromagnetic wave exerted 
on an arbitrary shaped nanoparticle is given by

FF TT SS


·d∫=  (1)

where 〈 〉 denotes the time average, dS is the surface enclosing 
the particle and T is the Maxwell’s stress tensor given by[35]

TT EEEE HHHHε ε µ µ ε ε µ µ( )= + − +E H I
1
2

0 0 0
2

0
2  (2)

here E and H respectively denote the electric and magnetic fields, 
I is the identity matrix, and ε and μ are the permittivity and per-
meability of the medium, respectively. As mentioned above, 
the magnitude of the near-field optical forces can be greatly 
enhanced by using optomechanically coupled resonators[36] 
integrated photonic circuits,[37] or plasmonic nanostructures.[38] 
Indeed, the noble metal nanostructures support surface plasmon 
modes with deep subwavelength localization of the electromag-
netic energy (Figure 2b), overcoming the conventional diffraction 
limit and creating strong field gradients. To this end, systematic 
investigations of the optical forces near plasmonic nanostruc-

tures have been a focus of theoretical and experimental studies 
by various groups.[39,40] In particular, Martin et  al., have exten-
sively explored the near-field optical forces at the vicinity of plas-
monic nanostructures with various configurations.[39,41,42] This 
group also demonstrated that the optical force acting on a small 
particle in a non-uniform electric field E can be approximated by 
the gradient force, which is given by[42]

α{ }= ℜ ∇F E
1
4

2  (3)

where α is the dipolar polarizability of the particle under con-
sideration. Figure  2d shows comparison between the optical 
forces calculated using the gradient force method (grad force) 
and the MST method for a plasmonic gap antenna (made of 
gold with arms of dimensions 100 nm × 40 nm × 40 nm and 
a gap of 40  nm) experiencing a nanoparticle of radius 10  nm 
placed at the gap region (see the inset of Figure 2d). It is evi-
dent from these results that the gradient force approach is 
quite good for both the metallic (gold) particle and the dielectric 
(glass) particle, though the quantitative agreement is better for 
the latter. This implies that these very strong near-field forces 
can be exploited for various applications including optical trap-
ping of nanoparticles,[42] optical actuation[43] as well as motion 
transduction[44] of nano-optomechanical systems.

2.2. Optomechanical Coupling

Plasmomechanical systems can concentrate light−motion 
interactions into ultrasmall volumes, while simultaneously 
providing optomechanical coupling rates several orders of 
magnitude larger than dielectric systems.[45] To take full 
advantages from these effects, a variety of plasmomechanical 
architectures has been devised based on the generic optom-
echanical geometry displayed in Figure  3A(a). In particular, 
Thijssen et  al., have designed different forms of patterned, 
metal-coated silicon nitride membrane plasmomechanical 

Figure 1. Plasmomechanical systems. Plasmomechanics combines plasmonics and mechanics at the nanoscale by taking advantage of the ability of 
metallic nanostructures to confine light beyond the diffraction limit and introduces mechanical freedom into otherwise static plasmonic structures. 
Direct and inverse effects among these degrees of freedom offer unprecedented opportunities to manipulate plasmomechanical systems via near-field 
optical force and photothermal effects.
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resonators to demonstrate enhanced optomechanical coupling 
and nano-mechanical motion transduction.[11,12,46] A structure 
example is shown in Figure  3A(b) and is composed by two 
parallel freestanding doubly clamped 50-nm thick Si3N4 bars, 
coated on one side with a 120-nm-thick Au layer using thermal 
evaporation. Optical excitation of this kind of structure gener-
ates metal−insulator−metal (MIM) plasmonic modes that are 
confined within the insulator gap suspended by the Au layers. 
As the width of the gap region is reduced, the plasmonic cou-
pling between the two metal interfaces becomes stronger, 
increasing the wave vector and the effective index of the plas-
monic MIM mode and thus increasing nano-mechanical wave-
length shifts. This is displayed in the transmission spectra 
with several characteristic resonant features (Figure  3A(c)). In 
the range from 700 to 800  nm, a resonant Fabry-Pérot mode 
is observed resulting from the reflection of the MIM plasmon 
at the upper and lower dielectric discontinuities defining the 
MIM cavity. As the gap width is reduced, the plasmon wave 
vector increases, and the resonance redshifts. Such plasmonic 
nano-mechanical architectures are sensitive to a broad range 
of wavelengths throughout the optical spectrum and can be 
engineered for enhanced detection of displacements, forces, or 
masses at given wavelengths. With small mechanical displace-
ment, surface plasmon coupling between gold-coated silicon 

nitride beams can lead to large amplitude modulation (see 
Figure  3A(d)) and strong optomechanical coupling strength, 
as large as 2 THz nm−1. It is also experimentally demonstrated 
that such a plasmonic nano-mechanical oscillator (with funda-
mental cavity mechanical mode ν  = 4.447  MHz and a quality 
factor of Q = 617) can lead to an amplitude of the mechanical 
mode as small as δrms  = 10.4 pm, with a displacement sensi-
tivity of about 3.58 × 10−14 m Hz−1/2.[11]

In the same fashion, as demonstrated by Roxworthy, Aksyuk, 
and co-workers,[13,15,21] monolithically fabricated gold-nitride 
plasmomechanical systems can be employed to study local-
ized optomechanical interactions of nano-optomechanics. 
These plasmonic nano-electromechanical systems (pNEMS) 
architectures with narrow gap are constructed by embedding 
localized gap plasmon (LGP) resonators with precise, large-
area nanoscale gaps into arrays of moving silicon nitride nano-
structures (see Figure 3B(a)). A top rectangular prism (cuboid) 
and an underlying pad form the narrow gap between two 
planar horizontal gold surfaces. The prism is embedded inside 
and moves with a silicon nitride (SiNx) NEMS device, which 
comprises either a cantilever clamped at one end or doubly 
clamped beam (Figure  3B(b)). The reflectivity spectra of the 
pNEMS as a function of gap size shown in Figure 3B(c) reveals 
that the LGP resonance modes have pronounced dips. The 

Figure 2. Optical forces near plasmonic nanostructures. a) Optical forces on a sphere of size D larger than the wavelength of the incident light. 
The gradient optical forces arising in this regime can be understood in the framework of ray optics, assuming that momentum is transferred from 
the incoming ray to the sphere at each reflection or refraction. b) Interaction of light with a plasmonic nanostructure having size D << λ . The plas-
monic nanostructure can produce extremely strong field gradients, which are not limited by the illumination wavelength, but simply determined by 
the geometrical features of the nanostructure. In that case, extremely small particles can be trapped near the gap of a plasmonic dipole antenna.  
c) Illustration of the optical force resulting from plasmonic gap nanoantenna comprised of two interacting sub-wavelength metallic (Au) nanoparticles. 
d) Comparison of restoring forces on a particle made of dielectric (glass) and metal (gold), computed using the Maxwell’s stress tensor method and 
using the gradient force approximation. The gradient force method provides a good approximation for the force for the entire wavelength range. The 
antenna is made of gold with arms of dimensions 100 nm × 40 nm × 40 nm and a gap of 40 nm, and is placed with the antenna axis along the x-axis. 
A spherical particle of 10 nm radius is placed at the center of the gap and displaced by 5 nm along the y-axis. The structure is illuminated by a plane 
wave propagating along the z-axis and polarized along the x-axis. a,b,d) Adapted with permission.[42] Copyright 2014, The Royal Society of Chemistry.
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authors also demonstrated that the LGP resonators are capable 
of strongly coupling light and mechanical motion within a 
3D, sub-diffraction volume, yielding large quality factors and 
highest optomechanical coupling constant. By using the explicit 
gap-dependence of the LGP resonance frequency (ωLGP), effec-
tive refractive index of the gap (neff) and reflection phase ϕ, a 
semi-analytical expression for the optomechanical coupling 
strength (gOM) of the pNEMS can be written as:[15]

ω π ϕ ϕ= ∂
∂

= − − ∂
∂

+ ∂
∂







OM

LGP

p eff eff

effg
z

c

L n

m

n

n

z z
 (4)

where c is the speed of light in vacuum, Lp is the prism 
length while m is the localized gap plasmon mode order. 
From Equation (4), one can realize that the plasmomechanical 
 coupling arises from the gap dependent effective index and 

reflection phase. It is shown that such pNEMS architecture 
can yield record optomechanical coupling strength as high as 
2 THz nm−1 (Figure 3B(d)). Such a large LGP optomechanical 
coupling constant enables highly sensitive measurements of 
very small mass NEMS, indeed as small as 600 fg cantilever.[15] 
At the same time, such a large optomechanical coupling 
strength can be exploited for sub-diffraction spatial mapping 
of vibrational modes of nano-mechanical systems[13] and broad-
band optomechanical transduction.[21]

2.3. Photothermal Effect

When excited resonantly, plasmonic nanostructures can localize 
the freely propagating radiation into deep sub-wavelength 
volumes and produce very high optical near-field intensities[47,48] 

Figure 3. A) Plasmomechanical coupling in a metalized nano-mechanical oscillator. Illustration of a generic plasmonic nano-mechanical resonator 
characterized by the fundamental mechanical frequency Ωm and displacement x (a). Here, ωc is the incident laser excitation frequency. Cartoon of 
antisymmetric in-plane mechanical mode of the double bridge gold-coated silicon nitride membrane optomechanical structure (b). FDTD simulated 
transmission through a 120 nm long metal–insulator–metal (MIM) cavity, as shown in the inset, with gap width ranging from 5 to 40 nm (c). Calculated 
modulation of the optical transmission at λ = 1550 nm (d). The insets in (c) and (d) show the electric field intensity |E|2 of the two Fabry–Perot modes 
(n = 0 mode and n = 1 mode) for a gap width of 20 nm. Adapted with permission.[11] Copyright 2013, American Chemical Society. B) Nano-mechanical 
motion transduction with localized gap plasmons. Illustration of the major components of a plasmomechanical device with a narrow gap z between two 
planar horizontal gold surfaces formed by a top rectangular prism (cuboid) and an underlying pad. The prism, comprising also a cantilever, is embedded 
inside a silicon nitride (SiNx) NEMS device and moves with it (a). SEM image of the cantilever. The inset shows a cross-section image of the cantilever 
highlighting the embedded prism; the cross section is created using a focused ion beam (b). c) Calculated reflectivity of the plasmomechanical device 
as a function of gap size ranging from 12 to 20 nm. d) Calculated and measured optomechanical coupling strength of the plasmomechanical device: 
absolute values of the calculated optomechanical coupling constant gOM/2π (left axis) and |∂λLGP/∂z| (right axis) from FEM modeled reflectivity data 
(gray circles) and from the semi-analytical model in Equation (4) (dashed red line). The black square shows the experimentally measured cantilever 
optomechanical coupling value. The inset shows normalized electric field |E| on the plane through the prism. Adapted under the terms of the Creative 
Commons CC BY license.[15] Copyright 2016, The Authors, Published by Nature Communications.
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while dissipating electromagnetic energy efficiently as heat due 
to high optical absorption in the metals.[49] The resonant optical 
absorption causes increased temperature, for example, in opto-
mechanical systems made of Au nanostructure and SiN mem-
brane (Figure  4a,b), resulting in a large photothermal force 
leading to the deflection of the bilayer membrane toward the 
gold layer due to difference in thermal expansion coefficients 
of the bi-materials. This maximizes the photothermal force, 
which has been utilized for infrared radiation detection.[17,50] 
In addition to the static photothermal force that induces out-of-
plane deflection of the plasmomechanical bilayer membrane, a 
dynamic back-action force can arise in systematically designed 
plasmonic metamaterials that can simultaneously support Fano 
resonance and mechanical resonance, which are coupled via 
thermomechanical forces induced by optical absorption.[51] The 
photothermal manipulation of the plasmonic metamaterial is 

shown in Figure 4c. When the metamaterial is illuminated with 
a pump laser at frequency ωL tuned slightly to the side of the 
Fano resonance frequency ω0, the absorbance will be modulated 
by δA due to changes in the absorber gap originating from the 
natural oscillation of the membrane with amplitude δx at its 
mechanical resonance frequency (1/τm) where, τm is the period 
of the mechanical oscillations. On the contrary, the induced var-
iation of δA between positive and negative values dynamically 
modulates the thermal expansion of the membrane, that is, the 
back-action force acting on the mechanical resonator.

However, this heat mediated interaction is not instanta-
neous and is delayed by the thermal time constant τ,[52] which 
gives rise to a force proportional to v(t) · δA/δx, where v(t) is 
the velocity of the membrane. This component of the force is 
related to the light-induced mechanical damping Γpl ∝ δA/δx, 
which is capable of increasing or decreasing the initial 

Figure 4. a) Schematic of plasmonic metamaterial absorber with a mechanically compliant bilayer (Au (25 nm)/SiN (100 nm)) membrane component 
decorated with a nanoantenna array. The structure simultaneously supports optical Fano and mechanical resonances, which are coupled via thermo-
mechanical forces induced by absorption. The absorber gap can be electrostatically tuned with an applied voltage. b) The calculated steady-state tem-
perature increase along the bilayer membrane (the dashed line in the inset) for an absorbed optical power of 100 µW over 21.5 µm diameter. Increased 
temperature generates a large photothermal force leading to the deflection of the bilayer membrane toward the gold layer due to thermal expansion 
as shown in (c). Inset: differential temperature profile. c) Plasmomechanical coupling: when the metamaterial is illuminated with a pump laser at ωL 
corresponding to 1550 nm wavelength tuned slightly to the red side of the Fano resonance frequency ω0, the natural oscillation of the membrane of 
amplitude δx at its mechanical resonance frequency (1/τm) leads to a dynamic modulation of total absorbance (δA). As δA varies between positive 
and negative values, this leads to a dynamic modulation on the thermal expansion of the membrane. Since this interaction is delayed by τ in time, a 
back-action force is generated. As illustrated here for positive resonance detuning, that is, ωL < ω0, the light-induced mechanical damping Γpl ∝ δA/δx 
is always positive, which dampens the mechanical resonance. For ωL > ω0, mechanical amplification is possible since Γpl ∝ δA/δx < 0. Adapted with 
permission.[51] Copyright 2016, Macmillan Publishers Limited, part of Springer Nature.
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mechanical damping depending on its sign. As illustrated in 
Figure 4c, for positive resonance detuning (i.e., when ωL < ω0), 
Γpl is always positive, which dampens the mechanical reso-
nance. On the other hand, for ωL > ω0, mechanical amplifica-
tion or gain is expected since δA/δx < 0. This implies that the 
light-induced velocity-dependent dynamic photothermal force 
can do mechanical work by adding energy (amplification) to 
or removing energy (damping) from the mechanical mode, 
implying that the photothermal force can be exploited for a 
broadband manipulation of opto-mechanical resonances and 
for actuation of plasmomechanical devices.[51,53]

3. Active Tuning of Plasmomechanical Resonators

Active and tunable plasmonic components are ubiquitous for 
development of integrated photonic circuits, in high-density 
data storage as well as bio- and chemo-sensing lab-on-a-chip 
systems.[54] As a result, there has been a growing research 
interest to develop novel materials and dynamic methods to 
actively control the nanoscale response of resonant structures, 
which is relevant for the potential application in tunable and 
reconfigurable optomechanical devices.[19] Active reconfigura-
tion approaches of plasmomechanical systems promote the 
interplay between external stimuli (like mechanical, thermal, 
optical, electrical, or chemical) and plasmonic systems to 
achieve intended nanoscale effects such as nano-mechanical 
motion transduction and phase modulation.[18] Such an active 
control of the plasmonic components in hybrid nanosystems 
can be carried out via various mechanisms including control-
ling incident light, tuning the dielectric surroundings, active 
control of gap distances between coupled nanostructures, and 
self-tuning methods.[55]

Since the surface plasmon resonances are sensitively 
dependent on the surrounding media,[56] they can be actively 
modulated by tuning the physical properties of the dielectric 
surroundings by adopting optical, thermal, electrical, magnetic, 
or chemical techniques. Particularly, constructing a dielectric 
surrounding medium with tunable dielectric responses under 
light irradiation provides a straightforward way to all-optical 
control, which is important for designing integrated all-optical 
plasmonic-photonic hybrid nanosystems.[57–60] Similarly, the 
incorporation of materials with tunable refractive indexes 
under thermal stimuli provides active nanostructures with ther-
mally induced plasmonic modulation functionality. Moreover, 
when thermo-optical materials are embedded together within 
the same system such as in plasmonic modulators coupled 
to thermo-optical polymer waveguides, the plasmonic com-
ponents not only support surface plasmon polaritons (SPP) 
modes but also act as electrical heating elements through which 
changes in the thermo-optical polymers can be initiated.[61] 
In this respect, liquid crystals are another common type of 
thermo-optical materials[62] characterized by a refractive index 
highly dependent on temperature changes. Furthermore, the 
refractive index of liquid crystals can also be modified through 
the employment of a direct-current or low-frequency electric 
field as they act on the position, orientation, or shape of the 
molecules forming the liquid crystal. Owing to this combined 
electro-optic control, liquid crystals have been employed in 

sandwich configurations together with metallic layers in order 
to control the plasmonic properties of the generated plas-
monic resonances. Particularly, liquid crystal molecules have 
been used to electrically control the dispersion of the SPP on 
a perforated Au film and the related optical transmission prop-
erties.[63] To achieve the electrical modulation of localized sur-
face plasmon resonance, liquid crystals have also been inte-
grated with metal nanoparticles. For example, electrical control 
over plasmon coupling has carried out on plasmonic octamer 
structures and a reversible transition between Fano-like and 
non-Fano-like spectra at a relatively low voltage (≈6  V) has 
been observed.[64] The aforementioned and other active control 
techniques give unprecedented freedom to actively control the 
plasmonic properties of metallic nanostructures in integrated 
plasmonic-photonic hybrid nanosystems.

Similarly, when considering a mechanical stimulus as con-
trol action, the tuning of the spectral position of plasmonic 
resonances in optomechanical oscillators is often achieved by 
exploiting the elastic properties of flexible substrates.[65–67] By 
assembling or printing an array of metallic nanoparticles on 
mechanically deformable surfaces, it is possible to modulate 
the lattice periodicity of the nanoparticles and their plasmonic 
properties (Figure 5A(a,b)).[68] Lio et al., demonstrated that the 
application of an external mechanic strain to a stretchable sub-
strate with uniformly distributed Au nanoparticles is capable 
of inducing plasmonic coupling between neighboring nano-
particles.[16] In a related work, the application of a mechanical 
strain on a biocompatible elastomeric tape supporting homo-
geneously distributed Au nanoparticles, was used to realize a 
macroscopic variation of the photo-generated heat[69] through 
the modification of the particles near field coupling. Vice-
versa, the excitation of plasmonic nanoantennas at their vibra-
tional eigenfrequencies can be used as a tool to determine the 
mechanical response of polymeric thin films connected to the 
antennas.[70]

At the same time, the electrical tuning of plasmonic nano-
structures is also desirable for the electro-optical switching of 
integrated nanosystems.[71] Roxworthy and Aksyuk have devel-
oped an active, electrically tuneable plasmomechanical system 
that uses localized-gap plasmonic resonators to mediate optical, 
thermal, and mechanical interactions within a subwavelength 
footprint.[21] Electrical tuning of plasmomechanical system 
gives unprecedented opportunity to actuate the system with 
electrostatic forces that arise from the application of only a 
few volts. Ou et  al., also demonstrated that plasmonic meta-
materials supported by pairs of parallel strings cut from a 
flexible silicon nitride membrane of nanoscale thickness and 
picogram mass, can be driven synchronously to megahertz 
frequencies to electromechanically reconfigure the metamole-
cules and dramatically change the transmission and reflection 
spectra of the metamaterial.[72] More recently, Song et  al. have 
reported on electromechanical modulation of plasmonic coup-
ling between strongly coupled Au nanodimers.[73] By using 
in situ electron energy loss spectroscopy (EELS), they man-
aged to map the spectral and spatial changes in the plasmonic 
modes as the hybridized nanoparticles evolve from a weak to 
strong coupling regime (see Figure  5B), resulting in a very 
large mechanical tunability (≈250 meV nm−1) for the smallest 
(≈1  nm) inter-particle gap. The plasmonic NEMS is found to 
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operate at 10 MHz with very low power consumption of about 
4 fJ bit−1.[73]

Finally, it is worth pointing out that the interaction between 
mechanical and photothermal effects can induce amplification 
of the mechanical modes in optomechanical systems.[74] Thus, 
integrating plasmonic nanomaterials together with mechan-
ical nanoresonators can lead to efficient conversion of optical 
energy into heat and induce, for example, mechanical deforma-
tion via photothermal effect, which is crucial for the realiza-
tion of on-chip optical readout of free-space radiation at room 
temperature.[75,76] As discussed in Section 2.3, plasmonic photo-
thermal absorbers are also important for broadband manipula-
tion of mechanical resonances.[51] In this regard, Ou et al., have 

designed and experimentally demonstrated mechanically recon-
figurable photonic metamaterials.[45] This thermally controlled 
metamaterial (made of gold and silicon nitride) has shown 
reversible and large-range tunable optical characteristics with 
relative transmission efficiency of about 50% (see Figure 6a,b). 
Similarly, Liu et al., revealed the connection between the nano-
antenna geometry, material composition, and optical properties 
in response to temperature variation (Figure  6c–i), showing 
that geometrical configuration serves as a linker between the 
mechanical and optical properties of the antenna.[77] These 
kinds of devices are crucial for spatiotemporal temperature 
mapping in applications where precise real-time measurement 
of local temperature is needed.

Figure 5. A) Optomechanical control of plasmonic coupling of gold nanoparticles (AuNPs) via stretchable substrate. Extinction cross sections for 
the radial arrangement under a TE polarization excitation, in rest condition (black curve with circles) and stretched case (red curve with triangles). 
Insets: top-right, the field map of the stretched case and bottom-left, the simulated strain in terms of displacement of the olydimethylsiloxane (PDMS) 
substrate (a). Experimental extinction cross section for a real sample of uniformly distributed AuNPs, excited with TE polarization at rest (black curve 
with circles) and under 19% of stretching (red curve with triangles) (b). Reproduced with permission.[16] Copyright 2019, AIP Publishing. B) Electrome-
chanical modulation of plasmonic nano-electromechanical system (pNEMS). Schematic of the pNEMS. An external DC bias applied to Au actuators can 
electrostatically pull two Si3N4 beams together and reduce the spacing between two Au nanoparticles, resulting in active control of plasmon hybridiza-
tion (a). False-colored STEM image of the fabricated Au dimer (white/yellow) and Si3N4 cantilevers (brown). The white, dashed rectangle indicates the 
location of the dimer as shown in the zoomed inset (b). Magnified false-colored STEM image of gold nanodisk dimer (c). Simulated EELS spectra as a 
function of gap size for the electron beam incident at the center of the Au nanodisk dimer. The red and blue symbols indicate the location of bonding 
dimer plasmon (BDP) and anti-bonding dimer plasmon (ADP) modes of the nanodimer, respectively (d). Simulated EELS spatial profile of BDP and 
ADP modes for the gap size of 2 nm. White dashed contour extracted from STEM image shown in (b) (e). Reproduced under the terms of the Creative 
Commons CC BY license.[73] Copyright 2021, The Authors, Published by Nature Communications.
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4. Applications of Plasmomechanical Systems

The demand for on-a-chip point-of-care devices has led to the 
development of a new class of hybrid systems that couple 
optical, electrical, and mechanical degrees of freedom at the 
nanoscale level.[20] For example, the introduction of dynami-
cally tunable plasmonic metasurfaces into MEMS enhances the 
performance of MEMS photothermal devices, absorbers, emit-
ters, and improves their selectivity.[78] Particularly, the integra-
tion of plasmonic nanostructures and mechanical resonators is 
crucial for the development of novel nanoscale sensing devices 
with optical, electronic, and mechanical functional elements 
integrated on the same chip.[79,80] Such hybrid nano-mechanical 
and optoplasmonic devices have been emerging as important 
platforms for ultrasensitive detection of cancer biomarkers and 

HIV in human serum at extremely low concentrations.[81,82] 
Similarly, plasmomechanical resonators are crucial for room-
temperature detection of power fluctuations of nanowatt order 
of magnitude[17] and zero-power consumption[83] in infrared 
radiation. Here, the recent developments in on-chip biosensing 
and infrared detection employing plasmomechanical resona-
tors are overviewed.

4.1. Plasmomechanical Hybrid Sensors for Biomedical Diagnosis

High Q-factor mechanical resonators have been coupled with 
plasmonic nanostructures to realize plasmomechanical hybrid 
biosensors that incorporate advantages of both nano-mechan-
ical and plasmonic biosensors. Alvarez et al. developed a hybrid 

Figure 6. Thermal control of plasmomechanical nanoantennas and metamaterials. a) Schematic of thermally controllable reconfigurable plasmonic 
metamaterials. b) Temperature-dependent relative transmission spectra of the reconfigurable metamaterial normalized to a reference temperature of 
76 K. Adapted with permission.[45] Copyright 2011, American Chemical Society. c) Concept of mechano-optical plasmonic nano-antenna for temperature 
mapping. d) Nano-antenna at ambient temperature (no bending). e) Nano-antenna at elevated temperature (bending). f) Localized surface plasmon 
resonance of the nano-antenna shifts as a result of temperatureinduced mechanical displacement. g) Nano-antenna undergoes mechanical displace-
ment at an elevated temperature due to the difference between the coefficients of thermal expansion (α1 and α2); red color indicates more volume 
displacement, and blue indicates less displacement. h) Schematic of the mechano-optical nano-antenna and its geometric parameters. The thickness 
ratio (d1/d2) is defined between the first and the second material thicknesses. The radius of curvature (RC) of the nano-antenna is defined to be the radius 
of a fitted circle to the curved nano-antenna surface (at the interface between the two layers). i) Calculated absorption spectra as a function of Rc of 
the nano-antenna. Figure insets illustrate the red-shift upon mechanical deformation. Reproduced with permission.[77] Copyright 2016, AIP Publishing.
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sensing platform that combines surface plasmon resonance 
and nano-mechanical sensing techniques.[80] Such a novel 
system allows simultaneous and real-time detection of two 
independent parameters, that is, refractive index change (∆n) 
and surface stress change (∆σ) when a biomolecular interaction 
takes place. Similarly, Kosaka and co-workers developed a sand-
wich assay that combines mechanical and plasmonic transduc-
tion for detection of cancer biomarkers in serum at ultralow 

concentrations.[81] As depicted in the schematic of the sand-
wich assay (Figure  7a), the cantilevers and nanoparticles are 
biofunctionalized with capture antibodies and detection anti-
bodies, respectively. The sandwich assay involves two biorecog-
nition steps to enhance the selectivity and to amplify the sensor 
response. First, the cantilever is functionalized with capture 
antibodies against the sought protein biomarker (Figure 7a, left 
column), to be then immersed in the serum sample to allow 

Figure 7. Working principles, functionalization, and biodetection performance of plasmomechanical hybrid biosensing platforms. a) Schematic of the 
bio-functionalization of a hybrid biosensor: i) A cantilever is functionalized with capture antibodies against the sought protein biomarker. The func-
tionalization method comprises silanization, antibody binding on the top surface of the cantilever and blocking with polyethylene glycol to minimize 
nonspecific interactions on the bottom surface of the cantilever and voids between the antibodies. ii) The cantilever is immersed in a serum sample to 
allow immunoreaction between the protein biomarker and the capture antibodies. iii) The immunoreactions are revealed by exposing the cantilever to 
the detection antibodies against the biomarker that are tethered to 100-nm-diameter gold nanoparticles. The detection antibody recognizes a specific 
free region of the captured biomarker. b) Schematic of the effect of the nanoparticle mass loading on the resonance frequency of the cantilever. The 
resulting downshift of the resonance frequency is proportional to the added mass. c) Schematic that illustrates the different pathways for the generation 
of the dark-field signal in the cantilever via multiple internal reflections. d) Relative scattering signal of the sandwich assay in the preclamping and can-
tilever regions for the Carcinoembryonic antigen (CEA)-detection assay. e) Error rate defined as the mean value of the false-negative and false-positive 
rates as a function of the CEA concentrations for each transduction mechanism and for a hybrid method that uses an optimal linear combination of the 
scattering and mechanical signals of the resonance-frequency shifts. f) Detection probability of the nano-mechanical and optoplasmonic signals being 
above the Limit of Blank as a function of p24 antigen concentration in human serum. The gray dashed line represents the 95% probability that deter-
mines the limit of detection. a,f) Reproduced with permission from ref. [82] under the terms of the Creative Commons Attribution License. Copyright 
2017, The Authors. b,e) Reproduced with permission.[81] Copyright 2014, Macmillan Publishers Limited. All rights reserved.
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binding of the targeted biomarker (Figure 7a, middle column). 
Afterward, the immunoreactions are revealed by exposing the 
cantilever to the detection antibodies against the biomarker that 
are tethered to 100-nm-diameter gold nanoparticles, in which 
the detection antibody recognizes a specific free region of the 
captured biomarker (Figure 7a, right column).

In hybrid nano-mechanical and optoplasmonic nanosen-
sors, the cantilever acts as a mechanical resonator capable of 
detecting the presence of particles landed on it. Here, the mass 
of the gold nanoparticles induces a shift in the resonance fre-
quency of the cantilever (Figure  7b), allowing for the quantifi-
cation (weight) of the attached proteins because of mechanical 
transduction.[84] Furthermore, the gold nanoparticles interact 
with the sensor to enhance the way they scatter light via optical 
transduction. As depicted in Figure  7c, the refracted light 
undergoes multiple internal reflections in the optical cantilever 
cavity, which results in a cascade of scattering interactions at 
the neighboring sites of each nanoparticle. As shown in the 
scattering spectra of the zoomed regions in the preclamping 
and the cantilever regions (Figure  7d), the coupling between 
the dipolar plasmonic modes and the individual modes of the 
cantilever microcavity results in two effects, namely magnitude 
enhancement of the plasmon-assisted scattering spectra by the 
optical cantilever cavity and discretization of the nanoparticle 
plasmon spectra by the optical cavity modes of the cantilever. 
This allows for a two-way transduction of the protein concen-
tration that drastically reduces the impact of biological noise 
(responsible for false-positive and false-negative measure-
ments) even at very low concentrations (Figure 7e). By merging 
the mechanical and optical transduction schemes in the same 
platform, it is then possible to achieve a remarkable superior 
performance and higher reliability than devices based on a 
single transduction scheme. The strength of this approach is 
illustrated by employing two different cancer biomarkers, spe-
cifically the carcinoembryonic antigen (CEA) and the prostate 
specific antigen (PSA), which have both been detected even at 
concentrations as low as 1 × 10−16 g mL−1 in serum. Through 
the same plasmomechanical hybrid sensing platform and 
technique, Kosaka et  al. have recently demonstrated ultrasen-
sitive detection of HIV-1 in human serum with potential for 
detecting HIV-1 at first week after infection.[82] The achieved 
limit of detection of the immunoassay was about 10−17 g mL−1 
(Figure  7f), which is equivalent to one only virus in 10  ml of 
blood plasma and five orders of magnitude better than most 
recent generation of approved immunoassays. Such remark-
able developments on nano-mechanical sandwich immuno-
assay have enabled reproducible immunodetection of proteins 
at concentrations well below the pg mL−1 level with a limit 
of detection on the verge of 10 ag mL−1.[85] These simple and 
affordable hybrid nanosensors have the potential to pave the 
way for the development of point-of-care diagnostic devices for 
early and rapid detection of diseases such as cancer, HIV-1 and 
COVID-19.[86,87]

4.2. Plasmo-Thermomechanical Devices for Infrared Detection

The fundamental mechanism of infrared (IR) detection is 
based on energy transduction, which can be either photonic or 

thermal by its own nature.[88] Compared to photonic detectors, 
thermal IR detectors are cheaper, have better power consump-
tion efficiency, and are compatible with room temperature 
operations.[75,76] For this reason, the effect of photothermal 
heating on mechanical resonators has been widely investigated 
using cantilever based microscale mechanical resonators.[89–92] 
However, as the size of the mechanical structure goes down to 
the nanoscale, both the concentration of the electromagnetic 
radiation in subwavelength dimensions and the efficient gen-
eration of temperature gradients become challenging tasks. 
These challenges have been tackled by employing plasmonic 
nanostructures that inherently can enhance light–matter inter-
actions at the nanoscale. Indeed, the resonant excitation of 
surface plasmons in subwavelength noble metallic nanostruc-
tures gives rise to strong field enhancements in proximity of 
the nanostructures. These generated electromagnetic hot spots 
can be exploited as nanoscale heat sources[93–95] for low-power 
photothermal probing.[83,96]

Generally, thermomechanical detectors rely on the struc-
tural deformation upon exposure to radiation.[75] Similarly, 
plasmo-thermomechanical detectors exploit the thermoplas-
monic effect resulting from light absorption by plasmonic 
nanostructures which act as nanoscale heat sources capable 
of inducing thermomechanical actuation.[97] In particular, Yi 
et  al. designed a plasmo-thermomechanical IR detector (Plas-
MIRD) built by integrating plasmonic nanoantenna absorbers 
with nano-mechanical structures.[17] As displayed in Figure  8, 
the plasmonic absorber consists of an array of nanoslot 
antennas etched into the bilayer mechanical beam and opti-
mized for a maximum absorption of the IR radiation together 
with an efficient enhancement of the near field (Figure  8a,b). 
The absorption efficiency of the bilayer structure is given as 
Pabs = PIR × ηant, where PIR is the total incident IR power and 
ηant  = 1−T−R is the absorption efficiency of the nanoantenna 
absorber and is defined in terms of power transmission (T) and 
reflection (R) coefficients. The near-field distribution shown in 
Figure 8c implies that the nanoslot antenna absorber is capable 
of confining the IR light in the slot region. Moreover, the typ-
ical measured spectrum displayed in Figure  8d shows that a 
peak absorption of 40% occurs at the resonant wavelength of 
6 µm, suggesting the potential of the plasmonic nanoantenna 
to resonantly capture the incident light and effectively dissipate 
it into heat. One of the important parameters of a detector is 
its responsivity, that is, the efficiency of the detector to convert 
optical power to electrical power. For the case of plasmo-ther-
momechanical IR detector, Figure 8d reveals a high responsivity 
η. Another important aspect of PlasMIRDs is the thermome-
chanical actuation of the bilayer beam. Indeed, the plasmonic 
active component absorbs infrared radiation and converts the 
optical power into heat. The generated heat causes an increased 
temperature (∆T) in the bilayer beam (Figure 8e). In response 
to this temperature increment, the bimaterial beam bends as a 
result of the differences in the thermal expansion coefficients 
of the two constituent materials.[77] Finally, by optically reading 
out the thermally induced mechanical deflection through fiber-
optic based interferometer, the absorbed infrared power can be 
estimated through its noise equivalent power. In this respect, 
one of the fundamental sources of noise in a bilayer nano-
beam is the thermomechanical noise, which originates from 
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the thermal energy of the mechanical modes. Other sources 
of noise in PlasMIRD include thermal fluctuation noise ( thp ), 
background fluctuation noise ( RADp ), thermomechanical vibra-
tion noise ( vibp ) and the optical readout noise equivalent power 
( readoutp ) (Figure 8f). Thus, the total noise from a bilayer struc-
ture can be defined as,[17]

η
=

+ +
p

p p p
bilayer

th
2

RAD
2

vib
2

ant

 (5)

Consider if adding the known strategies for reducing these 
noises, plasmo-thermomechanical IR detectors are highly 
desirable for efficient actuation of nano-mechanical structures 
with compact and sensitive on-chip transduction and optical 

readout, suggesting their potential for unprecedented function-
ality in biomolecular and toxic gas sensing as well as on-chip 
mass spectroscopy.

5. Concluding Remarks and Outlook

In this focused review, the fundamental principles, design 
concepts, and applications of plasmonic nano-optomechanical 
systems have been overviewed. In particular, we have criti-
cally reviewed how the coupling of mechanical oscillators to 
plasmonic nanostructures introduces mechanical degrees of 
freedom to otherwise static plasmonic structures while the tight 
energy confinement associated to metallic nanostructures gives 
rise to extremely large plasmonic resonance shifts even for 

Figure 8. Plasmo-thermomechanical infrared radiation detection. a) Sketch of a plasmo-thermomechanical infrared detector (PlasMIRD) made of gold-
silicon nitride bilayer nanobeam integrated with fiber-based interferometric optical readout. A nanoslot antenna array is embedded in the gold layer of 
a bimetallic beam structure. The IR radiation is absorbed and converted into heat by the nanoantenna array and causes temperature increase in the 
bilayer structure. The increased temperature causes the bilayer structure to deflect due to the mismatch between the thermal expansion coefficients 
of the gold and silicon nitride layers. The bilayer beam is one of the two reflectors of a fiber optic Fabry−Perot interferometer (FFPI). The deflection of  
the bilayer beam is read out optically by the FFPI. The lower inset displays an array of the nanoslot antenna absorber. b) Schematic representation 
of the top view (upper) and side view (lower) of a unit cell of the nanoslot antenna etched into the gold layer with dimensions Px and Py whereas the 
nanoslot antenna is defined by width W and length L. The thicknesses of the silicon nitride and metal layers are t1 = 100 nm and t2 = 25 nm, respectively. 
c) Finite element method simulated near field distribution in the slot and d) absorption spectrum and detector responsivity of the nanoslot antennas 
with Px = Py = 3 µm, W = 100 nm, and L = 1.6 µm. e) Steady-state temperature increase ∆T0 and mechanical deflection z0 as functions of the absorbed 
power Pabs. f) The total bilayer noise density p̅bilayer, including thermal fluctuation noise, background fluctuation noise, and thermomechanical vibra-
tion noise (the red solid line), and the optical readout noise equivalent power pr̅eadout (the blue solid line for ηPlasMIRD = 0.29 A W−1 and the black dash 
line for ηPlasMIRD = 2.9 A W−1). Reproduced with permission.[17] Copyright 2013, American Chemical Society.
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small mechanical displacements. Moreover, the implications of 
plasmonic near-field forces and photo-induced thermal effects 
for nanoscale actuation of mechanical devices have been dis-
cussed. The overall nature of the nanoscale marriage between 
optics, mechanics, and plasmonics—and its emergence as a 
new field of study called plasmomechanics—has been broadly 
explored.

Apart from exploring the fundamental principles, we have 
also critically reviewed recent developments on active tuning 
mechanisms of plasmomechanical systems. Since surface 
plasmon resonances of plasmonic nanostructures are sensi-
tively dependent on the surrounding media, the performance 
of plasmonic nano-electromechanical systems can be actively 
modulated by tuning their dielectric surroundings using 
mechanical, optical, electrical, thermal, or other techniques. 
Specifically, when the mechanical stimulus is chosen as the 
control action, the tuning of the spectral position of plasmonic 
resonances in nano-optomechanical oscillators is generally 
achieved by exploiting the elastic properties of flexible sub-
strates and external parameters like incident light polarization 
as well as nanoparticle configuration. In the same fashion, 
electrical tuning of plasmomechanical systems offers unprec-
edented opportunity to actuate the system with electrostatic 
forces that arise from the application of only a few volts to its 
nanoscale building blocks. Similarly, plasmonic photothermal 
effects can also be exploited for the manipulation of mechanical 
resonances of bilayer plasmomechanical systems over a broad-
band range.

From the application point of view, integrating plasmonic 
nanostructures and mechanical resonators is crucial for the 
development of a novel class of nanoscale sensing devices 
with optical, electrical, and mechanical functional elements 
integrated on the same chip. In particular, as a result of plas-
monic near-field effect, the introduction of metallic nano-
structures into nano-optomechanical systems amplifies the 
optomechanical coupling strength and leads to enhanced per-
formance of plasmon-assisted nano-mechanical sensors, detec-
tors, absorbers, and emitters. Such developments of pNEMS 
have enabled reproducible immunodetection of proteins at con-
centrations well below the pg mL−1 level with a limit of detec-
tion on the verge of 10 ag mL−1. These simple and affordable 
hybrid nanosensors have the potential to pave the way for the 
development of point-of-care diagnostic devices that can help 
early and rapid detection of fatal diseases like cancer, HIV, and 
COVID-19.[87] Similarly, plasmo-thermomechanical IR detectors 
are highly desirable for efficient actuation of nano-mechanical 
structures with compact and sensitive on-chip transduction 
and optical readout, implying their potential for unprecedented 
functionality in biomolecular and toxic gas sensing as well as 
on-chip mass spectroscopy.

Apart from this work, few other review articles have been 
published on plasmonic and photonic integrated nano-opto-
mechanical systems[78,98,99] even though, to the best of our 
knowledge, none of them was focusing on plasmomechanical 
resonators. Dong et  al., have reported on the recent progress 
in nanoplasmonics-based integrated optical micro and nano-
systems.[78] Diao et  al., also reported on the recent develop-
ments in integrated on-chip nano-optomechanical systems.[98] 
At the same time, Xavier et  al., have reported about advances 

of optoplasmonic sensors that combine optical nanocavities, 
photonic crystals, and plasmonic nanostructures.[99] Such a new 
class of nanophotonic architectures are capable of detecting 
single molecules with extraordinary sensitivity. Furthermore, 
nano-optomechanical devices can be easily integrated with 
microfluidic systems providing ultrasensitivity of mass at the 
attogram level.[100] In this regard, owing to the recent develop-
ments in integrated photonic and plasmonic nano-optomechan-
ical systems, it is highly anticipated that pNEMS-based portable 
sensors, compact tunable optical manipulation devices, ultra-
high-speed chip-scale modulators with high production volume 
and low-cost can be easily envisaged for healthcare, Internet-of-
Things, and data center applications.[78]

Finally, as a perspective it is worth noticing that 2D materials 
(atomic layered crystals) deliver outstanding plasmonic prop-
erties such as strong field confinement and enhanced light–
matter interaction.[101] On the other side, the research field on 
nano-mechanical resonators based on 2D materials is currently 
emerging. Notwithstanding the early-stage of this research 
field, nano-mechanical resonators based on 2D materials are 
known to optimize figures of merit that are important for 
sensing physical quantities such as mass and force.[102,103] It is 
reasonable to expect that merging the aforementioned advances 
driven by 2D materials could contribute to the development of 
sensing platforms based on plasmonic[104] and nano-mechanical 
systems.
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