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Introduction
Nanophotonics has enabled unprecedented control over 
light–matter interactions by tailoring subwavelength 
structures to manipulate optical amplitude, phase, polar-
ization, and spectral response [1–3]. Among them, meta-
surfaces, photonic crystals, plasmonic nanoantennas, 
and integrated photonic circuits have led to transforma-
tive advances in sensing [4, 5], imaging [6–8], commu-
nications [9], and on-chip information processing [10]. 
However, most nanophotonic devices remain inherently 
static, with their functionality fixed once fabricated, 
which fundamentally limits adaptability to dynamic 
environments, multifunctional operation, and system-
level optimization. To overcome these limitations, 
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reconfigurable nanophotonics has emerged as a critical 
research direction, aiming to dynamically tune optical 
responses in real time [11].

Various tuning mechanisms have been explored, 
including thermo-optic effects [12], phase-change mate-
rials [13–15], carrier injection or depletion in semicon-
ductor platforms [16, 17], and two-dimensional materials 
[18, 19]. These approaches primarily rely on modulating 
the intrinsic material properties of photonic structures, 
typically through refractive index changes induced by 
thermal, electrical, or phase transitions. While such strat-
egies have enabled partial tunability, they often involve 
intrinsic trade-offs, including high power consumption, 
limited tuning range, slow response speed, optical loss, or 
material fatigue. Conceptually, these material-property-
based approaches represent one class of tuning paradigm 
in reconfigurable nanophotonics. In contrast, microelec-
tromechanical systems (MEMS) introduce a fundamen-
tally different strategy by enabling direct modulation of 
device geometry and coupling topology. A comparison of 
representative tuning mechanisms used in reconfigurable 
nanophotonics, including their tuning range, response 
speed, power consumption, optical loss, scalability, and 
typical applications, is summarized in Table  1. Instead 
of slightly perturbing refractive indices, MEMS actua-
tion mechanically reconfigures key structural parameters 
that govern light-matter interactions at the nanoscale, 
including gap spacing, relative alignment, resonant cav-
ity length, and coupling distance. Because nanophotonic 
responses are highly sensitive to subwavelength geom-
etry, even small mechanical displacements can induce 
large and reversible changes in optical resonance, field 
confinement, and radiation properties. This geometry-
driven tuning mechanism forms a unifying principle 
of MEMS-enabled reconfigurable nanophotonics and 
enables a level of optical reconfigurability that is difficult 
to achieve through material tuning alone.

MEMS-enabled reconfigurable nanophotonics threr-
fore leverages mechanical motion to modulate key 

photonic parameters such as gap spacing, coupling 
strength, resonant conditions, and radiation patterns 
[20–26]. By introducing an additional mechanical degree 
of freedom, MEMS allows nanophotonic structures to 
transition from static optical elements to dynamically 
tunable and even programmable systems. This paradigm 
has led to a wide range of reconfigurable devices, includ-
ing tunable metasurfaces for beam steering and spectral 
control, adaptive nanophotonic sensors with enhanced 
sensitivity and selectivity, MEMS-integrated thermal and 
terahertz radiation sources, reconfigurable silicon pho-
tonic platforms, and mechanically tunable metalenses for 
adaptive imaging.

In recent years, the convergence of MEMS technol-
ogy with metasurfaces, silicon photonics, and terahertz 
nanophotonics has significantly expanded both the func-
tionality and the application space of reconfigurable pho-
tonic systems (Fig. 1). Importantly, advances in large-area 
MEMS actuation, CMOS-compatible fabrication, and 
heterogeneous integration have enabled scalable and 
system-level implementations, moving MEMS-enabled 
nanophotonics beyond proof-of-concept demonstra-
tions toward practical deployment. At the same time, the 
growing complexity of reconfigurable nanophotonic sys-
tems has motivated the adoption of artificial intelligence 
(AI) and machine learning techniques for device design, 
optimization, and control [27, 28]. AI-assisted inverse 
design, physics-informed neural networks, and closed-
loop optimization strategies have shown great promise in 
navigating the high-dimensional design space of MEMS–
nanophotonic systems and in enabling adaptive, self-
optimized operation. These developments are driving 
a transition from reconfigurable to programmable and 
intelligent nanophotonics, where photonic functionality 
can be dynamically adapted in response to environmental 
feedback and application demands.

Although several excellent reviews have addressed 
either reconfigurable metasurfaces, optical MEMS, 
or tunable nanophotonic devices, a comprehensive 

Table 1  Comparison of major tuning mechanisms in reconfigurable photonic devices
Mechanism Working 

wavelength
Speed/
Voltage

Tuning 
Range

Power 
consumption

Optical 
loss

Scalability Applications

Thermo-optic Vis–MIR µs–ms / 
~1–10 V

Moderate High Low–mod-
erate

Limited by thermal 
crosstalk

modulators, filters, phase 
shifters, beam steering

Phase-change 
materials

Vis–MIR ns–µs / ~1–5 V Large Moderate–high Moder-
ate–high

Limited cycling 
endurance

switches, filters, memory, 
programmable photonic 
circuits

2D materials Vis–MIR ps–ns / 1–20 V Small–
moderate

Low Moderate Integration still 
developing

modulators, 
photodetectors

Carrier injection / 
depletion

NIR ps–ns / ~1–5 V Small Moderate moderate Excellent CMOS 
compatibility

modulators, phase shift-
ers, switches

MEMS Vis–THz Tens ns–ms / 
~1–100 V

Large Very low low CMOS compatible 
but complex process

Switches, filters, beam 
steering, tunable lenses, 
sensors
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perspective that systematically integrates MEMS-enabled 
reconfigurable metasurface and nanophotonics across 
applications, platforms, and emerging intelligent design 
paradigms remains lacking. In this Review, we provide 
a structured overview of recent advances in MEMS-
enabled reconfigurable metasurface and nanophoton-
ics, with a particular focus on sensing, radiation sources, 
silicon photonic platforms, metalenses, and terahertz 
metasurfaces. Furthermore, we highlight the role of AI-
assisted design and intelligent control in shaping the next 
generation of programmable nanophotonic systems and 
discuss key challenges and future opportunities for this 
rapidly evolving field.

MEMS actuation mechanisms for reconfigurable 
nanophotonics
Microelectromechanical systems (MEMS) provide an 
effective platform for dynamically tuning nanopho-
tonic structures by converting electrical stimuli into 
controlled mechanical motion [38,]39]. Unlike mate-
rial-property-based tuning approaches that rely on 
refractive index modulation, MEMS actuation directly 
modifies the geometry and relative positioning of 

photonic components. Because the optical response of 
metasurfaces and nanophotonic structures is highly sen-
sitive to subwavelength structural variations, even small 
mechanical displacements can induce significant changes 
in resonance frequency, phase, amplitude, and radiation 
characteristics [34].

Depending on the direction of mechanical displace-
ment, MEMS actuation schemes can generally be cat-
egorized into out-of-plane (vertical) [40] and in-plane 
(lateral) motion [41]. Out-of-plane actuation typically 
modifies the air gap between metasurface elements and 
the substrate or between stacked photonic structures, 
thereby enabling dynamic tuning of resonant condi-
tions and field confinement. In contrast, in-plane actua-
tion adjusts the lateral position, alignment, or coupling 
distance between nanophotonic elements, which can be 
used to control near-field coupling, phase gradients, or 
radiation patterns. These two actuation modes provide 
complementary strategies for reconfiguring nanopho-
tonic devices.

Various actuation mechanisms have been developed 
to generate such mechanical motion in MEMS-enabled 
photonic systems [42–45]. Among them, electrothermal, 

Fig. 1  Roadmap of MEMS-enabled reconfigurable nanophotonics. Reproduced with permission [23]. Copyright 1995, IOP Publishing. Reproduced with 
permission [29]. Copyright 2007, IOP Publishing. Reproduced with permission [30]. Copyright 2013, AIP Publishing. Reproduced with permission [24]. 
Copyright 2014, AIP Publishing. Reproduced with permission [31]. Copyright 2014, Wiley. Reproduced with permission [32]. Reproduced with permis-
sion [33]. Copyright 2016, Optica Publishing Group. Copyright 2018, Springer Nature. Reproduced with permission [34]. Copyright 2018, Springer Nature. 
Reproduced with permission [35]. Copyright 2020, Wiley. Reproduced with permission [36]. Copyright 2021, Elsevier. Reproduced with permission [37]. 
Copyright 2025, Springer Nature. Reproduced with permission [17]. Copyright 2025, AAAS
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electrostatic, and piezoelectric actuation are the most 
widely used due to their compatibility with microfabrica-
tion technologies and their ability to provide controllable 
displacement at the microscale. Each mechanism offers 
distinct trade-offs in driving voltage, response speed, 
displacement range, and power consumption (Table  2). 
Their fundamental operating principles are briefly dis-
cussed in the following sections.

Electrothermal actuation
Electrothermal actuation is one of the most widely 
adopted MEMS tuning mechanisms for metasurfaces 
[46], as it enables relatively large mechanical displace-
ment under modest driving voltages and can be readily 

Table 2  Comparison of common MEMS actuation mechanisms 
for nanophotonics
Actuation 
Mechanism

Displacement Re-
sponse 
Speed

Driv-
ing 
Volt-
age

Power 
Con-
sump-
tion

CMOS 
Com-
pat-
ibility

Electrothermal Large (> 1 μm) Slow 
(ms)

Low 
(< 10 V)

High 
(Steady-
state)

Excel-
lent

Electrostatic Moderate 
(< 1 μm)

Fast 
(µs)

High 
(1–
100 V)

Very 
Low

Excel-
lent

Piezoelectric Small/Moderate Very 
Fast 
(ns-µs)

Moder-
ate

Low Mate-
rial De-
pen-
dent

Fig. 2  MEMS-Enabled Nanophotonics for Sensing. a Tuning characteristics of mirrorlike T-shape terahertz metamaterial using out-of-plane actuated 
cantilevers. Reproduced with permission [81]. Copyright 2014, AIP Publishing. b Tunable Fabry-Pérot photonic-crystal-slab filter towards wearable mid-
infrared computational spectrometer. Reproduced with permission [36]. Copyright 2021, Elsevier. c Tunable MEMS-based meta-absorbers for nondisper-
sive infrared gas sensing applications. Reproduced with permission [37]. Copyright 2025, Springer Nature
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implemented using CMOS-compatible material stacks. 
In a typical electrothermal metasurface, an injected 
current generates Joule heating in an integrated resis-
tive path, producing a temperature rise in a suspended 
bimorph cantilever. Due to the mismatch in the coef-
ficients of thermal expansion (CTE) between the two 
layers, the resulting thermal strain is converted into a 
bending moment that causes controllable mechanical 
deformation of the structure [47].

The resulting vertical displacement can be estimated 
using a simplified bilayer beam model. For a canonical 
bilayer cantilever, the tip-to-substrate vertical displace-
ment δ can be approximated as [47, 49]

	
δ = 3W1W2E1E2t1t2(t1 + t2)(α2 − α1)∆T · L2

(E1W1t2
1)2 + (E2W2t2

2)2 + 2W1W2E1E2t1t2(2t2
1 + 3t1t2 + 2t2

2) � (1)

where W, t, and L denote the cantilever width, thick-
ness, and length, respectively; E and α represent the 
Young’s modulus and CTE of each layer; and ΔT is the 
temperature increase induced by resistive heating. This 
relationship highlights several key design dependencies: 
the displacement scales approximately with L2 and with 
the CTE mismatch (α2-α1), while also being influenced by 
the composite bending stiffness of the layered structure. 
Consequently, material pairs with large CTE mismatch 
and appropriately designed cantilever geometries are 
often employed to enhance the achievable displacement.

Electrothermal actuators typically operate at driving 
voltages of a few volts and can generate relatively large 
mechanical displacement, making them particularly suit-
able for metasurface tuning applications. In nanopho-
tonic systems, this mechanism has been widely used to 
achieve full 2π phase modulation or wide-range reso-
nance frequency shifting by dynamically modifying struc-
tural parameters such as air gaps, resonator alignment, or 
coupling distances. However, the modulation bandwidth 
is generally limited by the thermal time constant of the 
structure, with response times typically ranging from 
microseconds to milliseconds. In addition, continuous 
electrical power is required to maintain the temperature 
gradient, which may lead to increased power consump-
tion and potential thermal crosstalk in densely integrated 
metasurface arrays.

In addition to out-of-plane bending configurations, 
electrothermal actuation can also be implemented for 
in-plane mechanical motion [50]. In such designs, ther-
mal expansion of microbeams or specially engineered 
actuator geometries (e.g., V-shaped or chevron actuators) 
generates lateral displacement that translates suspended 
metasurface elements or photonic components. This in-
plane actuation mechanism is widely used to dynamically 
tune the relative position, coupling distance, or over-
lap between nanophotonic structures. Compared with 

out-of-plane bimorph bending, in-plane electrothermal 
actuators often provide larger lateral forces and are well 
suited for applications requiring precise alignment or 
controllable near-field coupling in reconfigurable nano-
photonic systems.

Electrostatic actuation
Electrostatic actuation is widely used in MEMS-enabled 
reconfigurable metasurfaces due to its low static power 
consumption, fast response, and straightforward electri-
cal addressing [48]. In this mechanism, a voltage applied 
between a suspended cantilever (or membrane) and 
an underlying electrode generates an electrostatic field 
across the air gap, producing a voltage-dependent attrac-
tive force that competes with the mechanical restoring 
force of the structure.

For a simplified parallel-plate actuator, the electrostatic 
force can be expressed as [48].

	
Fes = 1

2
ε0AV 2

(g − x)2 � (2)

where ε0 is the vacuum permittivity, A is the electrode 
overlap area, V is the applied voltage, g is the initial gap, 
and x is the displacement of the movable structure. The 
restoring force of the compliant structure can be approxi-
mated as Fm=kx, where k is the effective spring constant. 
When the electrostatic force exceeds the restoring force, 
the movable structure becomes unstable and collapses 
onto the substrate, a phenomenon known as pull-in [51]. 
For a parallel-plate actuator, pull-in typically occurs when 
the displacement reaches approximately one-third of the 
initial gap. Operation below the pull-in voltage allows 
continuous analog tuning of optical responses, whereas 
pull-in can be exploited for high-contrast switching 
between discrete mechanical states.

Electrostatic actuators typically operate at driving volt-
ages ranging from a few volts to several tens of volts, 
depending on the actuator geometry and electrode gap, 
and can exhibit fast response times from microseconds 
to sub-microseconds, making them well suited for high-
speed optical modulation. This actuation mechanism 
can be implemented in both out-of-plane configurations 
(cantilever or membrane bending, modulating vertical 
gaps) and in-plane configurations (comb-drive or lateral 
actuators, tuning relative positions or coupling distances), 
providing flexible strategies for dynamically reconfigur-
ing nanophotonic structures. Overall, electrostatic actua-
tion provides high-speed operation and low static power 
consumption, but requires careful design to avoid pull-in 
instability, and the maximum achievable displacement is 
generally smaller than that of electrothermal actuators. 
Its compact form factor and CMOS compatibility make it 
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widely adopted in tunable metasurfaces, optical switches, 
and reconfigurable photonic circuits.

Piezoelectric actuation
Piezoelectric actuation provides an efficient electrome-
chanical transduction mechanism for MEMS-enabled 
reconfigurable nanophotonic systems by converting 
an applied electric field directly into mechanical strain 
through the converse piezoelectric effect [48, 52, 53]. 
Compared with electrothermal and electrostatic actua-
tion, piezoelectric actuators can offer fast response and 
low static power consumption, making them attractive 
for high-speed tunable photonic devices.

In a typical piezoelectrically driven metasurface, a 
piezoelectric thin film (such as PZT or AlN) is inte-
grated with a passive elastic layer to form a unimorph 
or bimorph actuator [54]. When a voltage is applied 
across the piezoelectric layer, an in-plane strain is gen-
erated due to the converse piezoelectric effect. The mis-
match in strain between the active piezoelectric layer 
and the passive elastic layer produces a bending moment 
that deflects a suspended cantilever or membrane. This 
mechanical deformation modifies key structural param-
eters of the nanophotonic unit cell, such as the air gap, 
overlap area, or effective current path, which can be 
interpreted as a change in the equivalent capacitance or 
inductance of the metasurface element. As a result, the 
resonance frequency, phase response, and amplitude 
characteristics can be dynamically tuned.

For a piezoelectric bilayer cantilever with one end 
clamped, the application of an external voltage V across 
the piezoelectric layer induces an in-plane actuation 
strain that bends the composite beam and produces an 
out-of-plane displacement at the free end. According to 
a simplified bilayer beam model, the tip displacement can 
be approximated as [49, 55].

	
δtip = L2d31V/tp(tp + te)ApEpAeEe

4(EpIp + EeIe)(ApEp + AeEe) + (ApEpAeEe)(tp + te)2 � (3)

where L is the cantilever length, d31 is the transverse 
piezoelectric coefficient, tp and te are the thicknesses 
of the piezoelectric and elastic layers, Ap and Ae are the 
corresponding cross-sectional areas, Ep and Ee denote 
the Young’s moduli, and Ip and Ie represent the second 
moments of area of the two layers.

Piezoelectric actuators typically operate at driving 
voltages of a few volts to tens of volts and exhibit fast 
response times ranging from nanoseconds to microsec-
onds, depending on the device geometry and mechanical 
resonance frequency. Similar to other MEMS actuators, 
piezoelectric actuation can be implemented in both out-
of-plane bending configurations and in-plane displace-
ment structures, enabling either vertical gap modulation 

or lateral tuning of coupling between nanophotonic 
elements.

Overall, piezoelectric actuation provides fast response, 
relatively low power consumption, and precise displace-
ment control. However, the achievable displacement is 
typically smaller than that of electrothermal actuators, 
and integration of high-performance piezoelectric mate-
rials may introduce additional fabrication complexity. 
Despite these challenges, piezoelectric MEMS actua-
tors have been widely explored for tunable metasurfaces, 
optical switches, adaptive lenses, and reconfigurable pho-
tonic circuits.

Applications of MEMS-enabled reconfigurable metasurface 
and nanophotonics
MEMS-enabled nanophotonics for sensing
Static nanophotonic structures, including plasmonic 
nanoantennas, photonic crystals, and metasurfaces, have 
enabled remarkable advances in optical sensing by pro-
viding strong field confinement and enhanced light–mat-
ter interactions at subwavelength scales [10],[56–61]. In 
particular, static metasurface-based sensors have demon-
strated high sensitivity and molecular selectivity across 
the terahertz (THz) and mid-infrared (MIR) spectral 
regions, exploiting engineered resonances to amplify the 
interaction with vibrational and rotational molecular fin-
gerprints [7, 62–73]. Such approaches have been widely 
explored for chemical and biological sensing. Carefully 
designed resonant modes, such as localized surface plas-
mon resonances [74–76], guided-mode resonances [77], 
and bound states in the continuum [5, 78–80], enable the 
detection of minute refractive index changes or absorp-
tion signatures.

Despite these successes, static nanophotonic and meta-
surface sensors are inherently limited by their fixed spec-
tral responses, which are determined at the fabrication 
stage. Any deviation arising from fabrication tolerances, 
environmental fluctuations, or variations in target ana-
lytes can lead to spectral mismatch, degraded sensitivity, 
or the need for multiple devices to cover different sensing 
targets. Moreover, broadband or multi-species sensing 
using static metasurfaces typically requires either large 
device arrays or external spectroscopic components, 
which increases system complexity and power consump-
tion. These fundamental limitations have motivated the 
development of dynamic and adaptive sensing strategies, 
where the optical response of nanophotonic structures 
can be actively tuned to match the spectral character-
istics of target analytes in real time. In this context, 
MEMS-enabled reconfigurable nanophotonics offers a 
compelling solution. By mechanically modulating opti-
cal resonances, coupling conditions, or effective cavity 
lengths, MEMS-based nanophotonic sensors can dynam-
ically align spectral responses with molecular absorption 
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features, enhance light–matter interaction, and improve 
robustness against environmental fluctuations. This capa-
bility is particularly critical in the THz and MIR spectral 
regions, where molecular fingerprinting relies on precise 
spectral matching.

Early demonstrations of MEMS-enabled reconfigurable 
sensing can be found in the THz regime, where mechani-
cally tunable metastructures provide effective control 
over resonant characteristics. For example, Lin et al. 
proposed integrating a mirror-symmetric T-shaped tera-
hertz metamaterial with an out-of-plane actuated MEMS 
cantilever to achieve dynamic tuning of its electromag-
netic response (Fig. 2a) [81]. The resonant frequency of 
the device can be actively modulated via electrostatic 
actuation or liquid-induced forces, yielding a tuning 
range of up to 0.50 THz. Notably, a liquid-based modu-
lation scheme was demonstrated, in which covering the 
device with deionized water induced resonance shifts of 
0.17 THz and 0.21 THz for the inductive-capacitive and 
dipolar modes, respectively. This work clearly illustrates 
how out-of-plane MEMS actuation enables large tuning 
ranges without introducing additional optical loss, mak-
ing it particularly attractive for THz sensing applications 
where conventional material-based tuning mechanisms 
are limited. The mechanically induced resonance shift 
provides a direct pathway for adaptive THz spectros-
copy and sensing of materials with frequency-dependent 
absorption features.

Building upon mechanically tunable resonant struc-
tures, MEMS-enabled nanophotonics has further evolved 
toward system-level spectroscopic sensing platforms 
in the mid-infrared. Chang et al. developed a triboelec-
trically tunable Fabry–Pérot filter based on a photonic 
crystal slab, serving as the core component of a wearable 
MIR computational spectrometer (Fig. 2b) [36]. In this 
approach, MEMS actuation dynamically modulates the 
cavity spacing of the Fabry–Pérot filter, enabling wave-
length-selective transmission across the MIR fingerprint 
region. Notably, the integration of a triboelectric energy-
harvesting mechanism allows self-powered operation, 
highlighting the synergy between MEMS actuation, 
nanophotonic filtering, and wearable sensing systems. 
Furthermore, by identifying molecular fingerprints, the 
authors reconstructed the transmission spectra of CO2 
and acetone. This work demonstrates how combining 
reconfigurable nanophotonic filters with computational 
reconstruction can substantially reduce system complex-
ity, paving the way for compact, low-power wearable 
MIR sensing platforms without reliance on bulky static 
broadband spectrometers.

More application-oriented implementations of MEMS-
enabled nanophotonics have been realized in gas sens-
ing, where selective absorption in the infrared provides a 
robust detection mechanism. Li et al. developed a tunable 

MEMS-based superabsorber for non-dispersive infrared 
(NDIR) gas sensing (Fig. 2c) [37]. The proposed super-
absorber exhibits angle-dependent resonant behavior, 
enabling spectral matching to the absorption features of 
different gases by varying the incidence angle of the illu-
mination. Compared with conventional fixed-wavelength 
NDIR systems, this sensor demonstrates enhanced tun-
ability and selectivity. The MEMS-enabled tunability 
allows a single device to adaptively address different gas 
species or compensate for fabrication-induced resonance 
offsets, which is a long-standing challenge in practical gas 
sensor deployment. Furthermore, the authors conducted 
a preliminary investigation of the sensing performance 
for CO2 detection. This work exemplifies how MEMS-
reconfigurable metasurfaces can bridge the gap between 
laboratory-scale nanophotonic devices and real-world 
sensing applications, offering a scalable and robust solu-
tion for environmental and industrial monitoring.

In summary, these studies demonstrate the versatility 
of MEMS-enabled nanophotonics for sensing across the 
THz and infrared spectral ranges. From fundamental res-
onance tuning using out-of-plane actuation, to wearable 
computational spectroscopy, and finally to application-
ready gas sensing platforms, MEMS provides a unifying 
mechanical tuning framework that enhances adaptability, 
spectral precision, and system robustness. These advan-
tages position MEMS-enabled reconfigurable nanopho-
tonics as a key technology for next-generation intelligent 
and adaptive sensing systems.

MEMS-enabled reconfigurable silicon photonic platforms
Silicon photonics has emerged as an important platform 
for integrated optics, largely because it supports compact 
devices and can be fabricated with processes compatible 
with CMOS technology. Yet in many applications, guid-
ing light on chip is only part of the challenge. The circuit 
must also be tunable. In practice, the response of sili-
con photonic devices often shifts because of fabrication 
imperfections, temperature changes, or operating-wave-
length variations. As circuits become more complex, this 
sensitivity makes post-fabrication adjustment increas-
ingly important. Tunability allows designers to correct 
phase errors, rebalance coupling, align resonances, and 
reconfigure signal paths when needed. Without it, the 
function of a photonic circuit would be largely fixed at 
the time of fabrication, leaving little room for adaptation 
or large-scale programmability.

Integrating MEMS actuators with nanophotonic wave-
guides has therefore become one of the most compel-
ling routes to practical reconfigurability in integrated 
optics, mainly because it addresses two key bottlenecks 
in large-scale waveguide systems: (i) the limited tuning 
range of individual elements and (ii) the power and the 
thermal overhead that scales unfavorably with circuit 
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size. Conventional silicon photonics have relied heavily 
on thermo-optic tuning and free-carrier effects [82–84]. 
These approaches are attractive for their process sim-
plicity, but the induced refractive-index perturbation is 
relatively small and often accompanied by penalties such 
as static power dissipation, thermal crosstalk, added 
optical loss, or wavelength sensitivity. These drawbacks 
become especially problematic when hundreds to thou-
sands of tuning elements are required [85–87]. In con-
trast, instead of slightly changing the material index, 
MEMS enables direct geometric reconfiguration of the 
waveguide configuration, including the gap, overlap, or 
symmetry, thereby producing large optical changes with 
near-zero standby power.

A landmark example that established this scaling argu-
ment is the large-port-count silicon photonic crossbar 
switch enabled by MEMS-actuated vertical couplers, rep-
resentative of Fig. 3a [33]. In this architecture, switching 
is implemented in a digital manner that each coupler is 
driven between strongly coupled and effectively decou-
pled states, so that the signal experiences a well-defined 
routing element rather than accumulating analog phase 
errors across many biased interferometers. This approach 
enabled a 64 × 64 crossbar switch with broadband behav-
ior, illustrating how mechanically switching coupling 
topology can circumvent the bandwidth and footprint 
trade-offs inherent to ring-resonator switches or the 
loss accumulation typical of long cascaded MZI meshes. 
It indicates that MEMS allows routing fabrics to scale 
toward very large port counts because the optical penalty 
is tied to the number of traversed switching cells rather 
than the total number of elements present on chip.

More recently, the field has shifted from demonstrat-
ing isolated MEMS switches to building programmable 
waveguide systems where many tunable couplers and 
phase shifters operate together, as shown conceptually by 
Fig. 3b [88]. In this work, tunable directional couplers are 
realized by mechanically adjusting waveguide separation 
to directly control evanescent coupling, and phase shift-
ers are implemented via gap-dependent perturbation of 
the effective index. It provides very low standby power 
(< 10 fW), low programming voltages (< 11 V), sub-deci-
bel optical loss, and > 30 dB extinction in continuously 
tunable couplers, which collectively point to a credible 
path for scaling programmable photonic integrated cir-
cuits without thermal management becoming the domi-
nant system constraint.

MEMS-tunable waveguide concepts are also prov-
ing particularly natural in spectral regions where con-
ventional silicon photonics have fewer mature tuning 
options [89–91]. Qiao and co-workers demonstrated a 
multifunctional photonic switch operating in the mid-
infrared range (3.8–4.0  μm) using a MEMS-based tun-
able coupler in a suspended subwavelength-grating 

(SWG) waveguide platform, with flip-chip bonding used 
to enable a double-layer configuration and a larger air 
gap for electrostatic actuation (Fig. 3c) [89]. For mid-IR 
waveguides that have larger-mode and are more sensi-
tive to material absorption, mechanical tuning is appeal-
ing because it can strongly modulate coupling without 
introducing the free-carrier absorption penalties that are 
severe at longer wavelengths, and without requiring high 
continuous heating power. More broadly, suspended and 
undercut waveguides that commonly used in mid-IR to 
reduce substrate leakage are structurally compatible with 
MEMS release steps [92, 93], suggesting a practical syn-
ergy between mid-IR nanophotonics and MEMS manu-
facturing workflows.

Another direction where MEMS tuning is not merely 
convenient but arguably enabling is mode control in 
multimode waveguides, represented by Fig.  3d [94]. 
Mode-division multiplexing and higher-order mode 
processing demand devices that can selectively cou-
ple between modes while keeping crosstalk low. In the 
MEMS-enabled programmable mode switch, verti-
cal comb-drive actuation is used to change the cou-
pling condition between tailored waveguide sections, 
enabling controllable redistribution among TE0/TE1/
TE2 channels. A particularly relevant system-level point 
is the very low static power needed to hold a coupled 
state (~ tens of pW, dominated by leakage), demonstrat-
ing again the set-and-hold advantage of electrostatic 
MEMS. Mechanically, these devices still operate in the 
microsecond regime (tens of µs), which is slower than 
electro-optic modulation but entirely adequate for recon-
figurable routing, adaptive mode management, or system 
reprogramming.

More recently, mechanical reconfiguration has enabled 
optical functions that are difficult to obtain with con-
ventional waveguide tuning, exemplified by pixelated 
nano-opto-electro-mechanical (NOEM) gratings for 
programmable spectral shaping (Fig.  3e) [17]. In this 
work, Liu et al. discretized a Bragg grating into indepen-
dently biased pixels and exploited electromechanically 
induced symmetry breaking to locally control the cou-
pling strength, enabling programmable longitudinal cou-
pling profiles and thus reconfigurable spectral responses 
in an ultracompact footprint (~ 0.007  mm²). The results 
further indicate that NEMS-scale actuation can support 
nanosecond-class wavelength-selective switching with 
very high contrast, providing a promising route toward 
compact, rapidly reconfigurable on-chip spectral proces-
sors without the large footprint.

Taken together, recent developments highlight MEMS 
as a geometry-driven tuning approach with large optical 
leverage and near-zero standby power, directly addressing 
the scaling constraints of thermal tuning in dense wave-
guide systems. At the same time, widespread deployment 
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Fig. 3  MEMS-tunable nanophotonic waveguide devices enabling reconfigurable optical functions. a Large-port-count broadband silicon photonic 
switch using MEMS-actuated vertical couplers. Reproduced with permission [33]. Copyright 2016, Optica Publishing Group. b Programmable photonic 
circuit elements (tunable couplers and phase shifters) based on electrostatic MEMS waveguide actuation. Reproduced with permission [88]. Copyright 
2023, Springer Nature. c Mid-infrared multifunctional switch using a MEMS-tunable suspended-waveguide coupler. Reproduced with permission [89]. 
Copyright 2020, Optica Publishing Group. d MEMS-enabled mode switching via tunable mode converters for multimode waveguides. Reproduced with 
permission [94]. Copyright 2024, Wiley. e Pixelated nano-opto-electro-mechanical grating for ultracompact, programmable spectral shaping. Reproduced 
with permission [17]. Copyright 2025, AAAS
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will depend on manufacturability and reliability, includ-
ing stiction control in released structures, mitigation of 
dielectric charging and drift, and practical driver/packag-
ing co-design (e.g., wafer-level encapsulation and hetero-
geneous electronic integration) [85, 95, 96]. As integrated 
photonics continues to evolve toward dense, reconfigu-
rable waveguide systems, MEMS provides a technically 
grounded pathway to maintain programmability while 
controlling system-level power, crosstalk, and loss.

MEMS vertical actuation platform for tunable metamaterials
As a typical MEMS-driven platform, the vertically actu-
ated structure provides a simple and effective way to 
mechanically reconfigure micro-devices. It relies on a 
suspended element that can be moved toward a fixed 
electrode under an applied voltage, allowing controlled 
and repeatable out-of-plane motion. The vertical actua-
tion is compact, energy-efficient, and CMOS compatible, 
making it widely used for tunable metamaterials to flex-
ibly manipulate light field.

In its early development, the vertical actuation plat-
form mainly relied on pull-in induced state switching. 
This mechanism is well compatible to the classical metal-
dielectric-metal (MIM) configuration [97, 98]. When the 
applied voltage reached a critical level, the suspended 
metasurface collapsed onto the ground plane, produc-
ing a transition between two optical states. Using this 
mechanism, in 2013, Liu et al. demonstrated a MEMS 
metamaterial absorber that toggles between reflective 
and highly absorbing states through snap-down actua-
tion, establishing a simple but effective method for dis-
tinct optical mode switching (Fig. 4a) [31]. Subsequently, 
they applied the same mechanism to a MEMS thermal 
emitter, demonstrating the switchable thermal emis-
sion without the need to change temperature (Fig.  4b) 
[99]. However, there are still some shortcomings such 
as uneven displacement of different positions and only 
two controllable states. Then, the vertical actuation plat-
form evolves from binary switching to continuous tun-
ing. Instead of relying on pull-in collapse, the air gap can 
be gradually adjusted to continuously shift resonance 
wavelengths. In Fig.  4c, Wang et al. designed a tunable 
high-Q infrared absorber by tuning the distance between 
free-standing all-metallic metasurface layer and sus-
pended metallic mirror layer that is attracted by bottom 
electrodes [100]. The moveable metallic mirror and free-
standing layer form a tunable Fabry–Pérot cavity, which 
enables wide-range narrowband absorption tuning from 
8.5 to 14 μm. Then, Wang et al. proposed an optimized 
design shown in Fig. 4d, the suspended metallic metasur-
face layer is configurated with Si frames that are attracted 
by electrostatic force, which avoids the inhomogeneous 
displacements and deformation at different positions of 
the freestanding layer [101]. With a buried resistance 

heater, the wavelength of radiated infrared emission can 
be varied from 9.62 to 7.94  μm. In addition, dielectric 
metamaterial can also integrate with this platform. In 
Fig.  4e, Chang et al. proposed a dual-layer Si metasur-
face with tunable transmission peak that can be tuned by 
using electrostatic force to change the distance between 
two layers [36]. Then, this device is applied as a compu-
tational spectrometer for gas sensing applications. Fur-
thermore, the vertical actuation platform can also make 
the device layer tilted. In 2019, Hosteen et al. developed 
a Si metasurface for dynamic beam shaping and color 
mixing, by controlling the tilting angle of meta-grating in 
visible spectra band [102]. Recently, Tang et al. proposed 
a MEMS mirror based vertical and rotational actuation 
platform that supports vertical displacement range of 
0–4  μm and rotation range of ± 10° [103]. By integrat-
ing metasurfaces on this platform, the topological singu-
larities can be effectively tuned, promising for quantum 
optics applications. Subsequently, it is applied as an adap-
tive moiré sensor for hyperspectral and hyperpolarimet-
ric imaging [104].

Except electrostatic force, piezoelectric actuator can 
also support vertical displacement. Piezoelectric actua-
tors provide high precision, low power consumption, and 
rapid response without pull-in instability, making them 
suitable for fine tuning of cavity length. In 2021, Meng et 
al. proposed piezoelectric platform for tunable metasur-
face [52]. Then, Ding et al. applied this platform to tune 
non-Hermitian metasurface, realizing the transitions 
between diabolic points and exceptional points as shown 
in Fig. 4f [105]. Recently, Wang et al. developed a mode 
switchable vortex laser based on the same piezoelectric 
platform [106]. By switching to “on” state, the reflected 
circular polarized Gaussian laser beam can be converted 
to vortex laser beam, while it remains as Gaussian beam 
under “off” state.

In summary, MEMS vertical actuation platform is 
a powerful tuning platform that provides spatial tun-
ability. As research continues to explore novel physi-
cal mechanisms such as bound states in the continuum 
[107, 108], topological photonics [105], and quantum 
optics [109], the integration of vertical MEMS actua-
tion with advanced photonic architectures is expected to 
enable richer tunability and give rise to more exciting and 
unconventional optical functionalities.

MEMS-enabled reconfigurable metalenses
Metalenses based on planar metasurfaces have emerged 
as a disruptive optical platform by enabling ultrathin, 
lightweight, and highly compact alternatives to conven-
tional refractive optics [110–114]. By spatially engineer-
ing subwavelength meta-atoms, metalenses can precisely 
tailor the phase, amplitude, and polarization of inci-
dent light, achieving diffraction-limited focusing and 
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aberration control within a flat form factor [115]. These 
unique advantages have stimulated extensive research in 
imaging [116,117], augmented and virtual reality [118, 
119], and compact optical systems [120]. However, simi-
lar to other static metasurface devices, conventional met-
alenses exhibit fixed focal properties once fabricated, 
which fundamentally limits their adaptability to varying 
imaging conditions, object distances, and system-level 
requirements.

To address this limitation, MEMS-enabled recon-
figurable metalenses have been proposed to introduce 
dynamic control over optical focusing through mechani-
cal actuation [121]. Arbabi et al. demonstrated a MEMS-
enabled tunable dielectric metasurface doublet lens, 

in which dynamic focal-length tuning is achieved by 
mechanically modulating the relative position between 
the metasurface and the substrate (Fig.  5a) [34]. A dis-
placement of only 1  μm in one metasurface results in a 
change in optical power exceeding 60 diopters (approxi-
mately 4%), with a potential scanning frequency reach-
ing several kilohertz. Moreover, the doublet lens can 
be integrated with a third metasurface to form a com-
pact microscope with a total thickness of approximately 
1 mm, offering a large corrected field of view (~ 500 μm 
or 40°) and rapid axial scanning capability suitable for 
three-dimensional imaging. This approach enables con-
tinuous focal-length tuning while preserving the high 
transmission efficiency and low loss inherent to dielectric 

Fig. 4  Micro-nano photonics applications based on MEMS collective vertical actuation of device layer. a Tunable mid-infrared absorber and (b) tunable 
metamaterial thermal emitter under room temperature, switched by pull-in effect between metamaterial array and ground reflection mirror. Reproduced 
with permission [31]. Copyright 2013, Wiley. Reproduced with permission [99]. Copyright 2017, Optica Publishing Group. Continuously tunable MEMS 
Fabry–Perot cavity actuated by electrostatic force for tunable metamaterials tuned by controlling movement of (c) free-standing metallic mirror, d free-
standing metallic metamaterial layer, and (e) freestanding dielectric metamaterial layer. Reproduced with permission [100]. Copyright 2024, American 
Chemical Society. Reproduced with permission [101]. Copyright 2025, Optica Publishing Group. Reproduced with permission [36]. Copyright 2021, Elsevi-
er. f Electrically tunable topological phase transition actuated by piezoelectric reflection mirror. Reproduced with permission [105]. Copyright 2024, AAAS
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metasurfaces, without relying on refractive-index modu-
lation or thermal effects. This example highlights the 
effectiveness of out-of-plane MEMS displacement as 
a low-power, broadband tuning mechanism for planar 
optical components.

Beyond simple focal-length tuning, MEMS actuation 
enables multi-degree-of-freedom control in metasurface-
based optical systems. She et al. demonstrated an adap-
tive metalens capable of simultaneous electrical control 
over focal length, astigmatism, and lateral focal shift 
(Fig. 5b) [122]. With a total thickness of only 30 μm, the 
metalens achieves more than 100% focal-length tuning 
while providing real-time correction of astigmatism and 
image shift—functionalities that were previously acces-
sible primarily in electron-optical systems. Such multi-
functional control is particularly important for adaptive 
imaging and optical alignment, where conventional solu-
tions typically rely on bulky and mechanically complex 
components. This work underscores how MEMS inte-
gration transforms metalenses from passive focusing 

elements into actively controlled optical systems with 
greatly enhanced versatility.

Another efficient strategy for achieving tunable focus-
ing relies on the Alvarez metalens [123], in which 
focal-length modulation is realized through lateral dis-
placement of two complementary phase profiles. Han et 
al. demonstrated a MEMS-actuated metasurface Alvarez 
lens that enables continuous and rapid focal-length tun-
ing while minimizing optical aberrations (Fig. 5c) [124]. 
Specifically, under driving voltages below 20 V, a lateral 
displacement of 6.3 μm yields a focal-length tuning range 
of 68 μm, corresponding to a tuning amplification factor 
exceeding ten between the mechanical input and optical 
output. Compared with out-of-plane actuation schemes, 
the lateral MEMS displacement employed in Alvarez 
metalenses offers advantages in mechanical stability, 
structural compactness, and reduced sensitivity to fabri-
cation imperfections. This approach illustrates how com-
putationally inspired optical design can be synergistically 
combined with MEMS actuation to achieve large-range 
tunability using simplified mechanical architectures.

Fig. 5  MEMS-Enabled Reconfigurable Metalenses. a Schematic illustration of the tunable doublet and design graphs. Reproduced with permission 
[34]. Copyright 2018, Springer Nature. b Schematic of a metalens integrated with a dielectric elastomer actuator, where five independently addressable 
electrodes enable programmable control of the metasurface strain field. Reproduced with permission [122]. Copyright 2018, AAAS. c MEMS-actuated 
metasurface Alvarez lens. Reproduced with permission [124]. Copyright 2020, Springer Nature
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Early demonstrations in this area primarily focused on 
proof-of-concept devices, whereas more recent studies 
have shifted toward scalability and large-range tunability 
with the goal of practical deployment. Han et al. reported 
MEMS-integrated meta-optical devices fabricated using 
high-throughput, wafer-compatible processes [125]. The 
demonstrated devices employ a novel nanofabrication 
approach that supports larger-aperture meta-optical ele-
ments, while flip-chip bonding is used to improve align-
ment accuracy between the metasurfaces. Notably, the 
devices adopt an Alvarez lens architecture and achieve 
a focal-length tuning range of 3.1 mm (corresponding to 
200 diopters) under driving voltages below 40 V. By com-
bining metasurface optics with robust MEMS actuators, 
this work demonstrates large mechanical displacements 
and correspondingly wide focal-length tuning ranges, 
while maintaining optical efficiency and device unifor-
mity over large areas. The adoption of scalable manu-
facturing techniques represents a critical step toward 
commercialization, addressing long-standing challenges 
in yield, repeatability, and system-level integration for 
reconfigurable planar optical devices.

In summary, these works illustrate the rapid evolution 
of MEMS-enabled reconfigurable metalenses from basic 
tunable focusing elements to multifunctional, scalable, 
and application-ready flat optical systems. By leveraging 
precise mechanical control, MEMS-actuated metalenses 
overcome the intrinsic rigidity of static metasurfaces 
and enable adaptive focusing, aberration correction, and 
system-level reconfigurability. As MEMS fabrication and 
heterogeneous integration continue to mature, recon-
figurable metalenses are poised to play a critical role in 
next-generation compact imaging systems, wearable 
optics, and intelligent photonic platforms.

MEMS-enabled reconfigurable terahertz metasurfaces
The integration of MEMS actuation with metamaterial 
and metasurface resonators has enabled a powerful class 
of structurally reconfigurable platforms for dynamic con-
trol of electromagnetic waves [24, 32, 35, 81, 126–143]. 
By embedding compliant micro-/nano-mechanical ele-
ments directly into subwavelength unit cells, these sys-
tems can modulate resonance frequency, linewidth, 
polarization response, and near-field coupling with high 
reversibility and device-level scalability. Compared with 
material-property tuning such as phase-change or carrier 
injection, MEMS-based reconfiguration offers a geom-
etry-first route that is broadly compatible with litho-
graphic fabrication and can be designed for large range, 
multi-state programmability. Figure  6 highlights repre-
sentative MEMS-enabled reconfigurable metamaterial 
and metasurface platforms that collectively illustrate the 
evolution from basic spectral tuning to programmable, 

sensing-oriented, and high-performance nanophotonic 
functionality.

Early terahertz demonstrations, including electrother-
mally actuated omega-ring metamaterials (Fig.  6a) [24] 
and interpixelated SRR/eSRR architectures, established 
continuous resonance tuning and independently address-
able electric and magnetic responses (Fig.  6b) [130]. 
In parallel, symmetry-preserving multiband cantilever 
designs showed that reconfiguration could be achieved 
while maintaining polarization robustness (Fig. 6c) [131]. 
These early platforms are important not only as histori-
cal starting points, but also because they introduced 
concepts that remain central in modern nanophotonic 
systems, including geometry-native tunability, multi-
state operation, and unit-cell-level programmability.

As the field matured, MEMS metasurfaces moved 
beyond simple frequency shifting toward richer func-
tional behavior. Bidirectional thermomechanical defor-
mation enabled adaptive spectral control over wide 
environmental conditions, pointing to the relevance of 
MEMS platforms for filtering and sensing applications 
in realistic settings (Fig.  6d) [139]. At the same time, 
mechanically induced structural asymmetry was used to 
activate sharp Fano resonances and distinct electromag-
netic states, allowing MEMS metasurfaces to support 
multiple-input–output logic operations (Fig.  6e) [32]. 
These advances are especially relevant from a modern 
nanophotonic perspective because they connect struc-
tural actuation with high-contrast resonant features, 
near-field localization, and information-processing 
capability. In other words, MEMS control is not limited 
to moving a resonance peak; it also enables deliberate 
engineering of modal coupling, field enhancement, and 
functional state switching, which are increasingly impor-
tant in reconfigurable photonic and metasurface-based 
systems.

More recent developments further bridge THz recon-
figurable metasurfaces with broader nanophotonic sys-
tem functionality. Hybrid platforms combining MEMS 
tuning with ultrafast optical excitation demonstrated that 
large spectral agility can coexist with high-speed modu-
lation, illustrating a pathway toward spatiotemporally 
programmable devices (Fig.  6f ) [35]. This trend extends 
naturally into infrared nanophotonics, where high-Q 
resonances are highly sensitive to nanoscale mechanical 
perturbations. A representative example is the electrically 
driven mirror-coupled quasi-BIC platform in the mid-
infrared, in which MEMS control of resonator spacing 
enabled microsecond response, a tuning span of approxi-
mately 400  nm, and a 2.9× enhancement in gas-sensing 
performance through improved alignment between pho-
tonic resonance and molecular absorption (Fig. 6g) [143].

Overall, these milestones illustrate a clear evolution 
of MEMS -enabled metamaterials from single-mode 
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spectral tuning toward multi-resonant, polarization-
robust, and multi-state reconfigurable metasurfaces, 
and ultimately to high-Q nanophotonic platforms where 
small mechanical motions enable substantial functional 
gains. Across the timeline, mechanical actuation provides 
a uniquely “geometry-native” control knob that is revers-
ible and scalable, allowing designers to engineer not only 
resonance frequency and amplitude but also higher-level 
behaviors such as logic-state switching, spatiotempo-
ral modulation, and adaptive sensing. This progression 
establishes MEMS reconfiguration as a key pathway for 
realizing programmable electromagnetic devices that 
bridge unit-cell physics and system-level functions.

AI-assisted design of reconfigurable metasurfaces
Despite the rapid expansion of achievable functions, 
one bottleneck is the increasing challenge for designing: 
MEMS metasurfaces combine subwavelength units with 
mechanically deformable geometries, creating a high-
dimensional, strongly coupled parameter space that is 
difficult to navigate through full-wave simulation and 
manual intuition. In particular, multi-objective targets 

require repeated evaluation across many geometries and 
mechanical states, quickly making conventional optimi-
zation prohibitively expensive. These challenges natu-
rally motivate the adoption of deep-learning-assisted 
design paradigms, where neural networks serve as fast 
surrogates, inverse designers, and generative engines to 
accelerate exploration and enable co-design of MEMS 
structures and electromagnetic responses.

Deep learning (DL) has rapidly become a central tool 
in computational physics [144–156] as it offers a practi-
cal way to learn fast surrogates of expensive numerical 
solvers, invert the mapping from response to structure, 
and discover new designs beyond human intuition. In 
metamaterial/metasurface research, this trend is espe-
cially pronounced: subwavelength unit cells yield highly 
nonlinear spectral responses, and design spaces quickly 
become high-dimensional once one moves from static 
patterns to reconfigurable MEMS geometries. As a result, 
DL is increasingly used not only to speed up full-wave 
electromagnetic workflows, but also to couple device 
design with system-level goals.

Fig. 6  Timeline and representative functionalities of MEMS/NEMS-enabled tunable metamaterials and metasurfaces. a SEM images of an electrother-
mally actuated omega-ring THz metamaterial array enabling continuous spectral modulation. Reproduced with permission [24]. Copyright 2014, AIP 
Publishing. b Interpixelated MEMS metamaterial integrating SRR/eSRR elements for independently addressable multi-resonance tuning. Reproduced 
with permission [130]. Copyright 2015, Optica Publishing Group. c Rotationally symmetric, multiband MEMS metamaterial with out-of-plane microcanti-
levers for polarization-insensitive tuning. Reproduced with permission [131]. Copyright 2015, Springer Nature. d Bimaterial microcantilever metasurface 
showing bidirectional thermal actuation and temperature-dependent optical response across cryogenic to elevated temperatures. Reproduced with 
permission [139]. Copyright 2017, AIP Publishing. e Reconfigurable Fano metasurface for digital logic manipulation, where mechanically induced asym-
metry enables multi-state control and logic operations. Reproduced with permission [32]. Copyright 2018, Springer Nature. f Multi-stimulus spatiotem-
poral modulation combining MEMS-driven frequency agility (electrical current) with ultrafast optical pumping for amplitude switching. Reproduced with 
permission [35]. Copyright 2020, Wiley. g MEMS-tunable mirror-coupled quasi-BIC nanophotonic platform in the mid-infrared for resonance alignment 
and enhanced gas sensing. Reproduced with permission [143]. Copyright 2025, IEEE
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A common starting point is forward modeling: given 
geometric/material parameters, predict spectral ampli-
tude/phase (or polarization-dependent scattering param-
eters). In this setting, parameter-regression multilayer 
perceptrons (MLP) [157] provide a lightweight baseline, 
while more expressive alternatives such as Kolmogorov–
Arnold Networks (KAN) [158] aim to improve accuracy 
and generalization by adopting different functional rep-
resentations. Beyond these “vector-in, spectrum-out” 
regressors, convolutional neural networks (CNN) [159] 
are widely used when the geometry is represented as an 
image grid, since they can extract localized spatial pat-
tern that correlate with resonant features. For capturing 
long-range couplings and global dependencies, attention-
based architectures such as Transformers [160] have 
emerged as a flexible option. For problems better posed 
as learning an operator, Fourier Neural Operators (FNO) 
[161] provide spectral-domain modeling with strong 
efficiency in representing global smooth components. 
Finally, for inverse design and exploration, generative 
models—including VAE [162], GAN [163], and diffu-
sion models [164]—learn a distribution over viable struc-
tures and can generate candidate geometries that satisfy 
desired electromagnetic constraints. These representa-
tive architecture families are now widely recognized as a 
“toolbox” for MEMS metamaterial design.

As displayed in Fig. 7a, Dai et al. proposed a physics-
constrained active learning mechanism for MEMS meta-
material design [164]. Their work starts from a small set 

of known structures and iteratively enriches the dataset 
by selectively labeling only promising generated candi-
dates. Concretely, a small labeled set of low-asymmetry 
structures is used to initialize training, after which the 
diffusion model generates an unlabeled candidate set. A 
physics-guided screening step then reduces the annota-
tion burden by selecting only structures likely to exhibit 
terahertz resonance. Samples that exceed a threshold are 
merged back into training for the next active-learning 
iteration. In this way, the training distribution gradually 
shifts toward higher asymmetry and stronger resonance 
performance, enabling the model to learn beyond the 
limited initial prior set. The proposed diffusion models 
provide superior generative stability and can synthesize 
structural images with higher diversity and quality, which 
is particularly beneficial for exploring high-degree-of-
freedom (high-DoF) MEMS metamaterial patterns.

In Fig.  7b, Wang et al. focuses on the complemen-
tary need for fast, accurate forward prediction and effi-
cient geometry optimization for deformable MEMS 
metasurfaces [165]. They present a CMOS-compatible 
MEMS-based THz RIS designed through a machine-
learning-assisted workflow, and specifically employ KAN 
to map the deformable L-shaped MEMS meta-atom 
geometry to its THz transmission amplitude and phase 
responses. This surrogate then supports rapid design-
space exploration and geometry optimization without 
relying on manual heuristics, allowing the metasurface to 
be engineered for multi-functional wavefront control and 

Fig. 7  Deep-learning-assisted MEMS metamaterial/metasurface design frameworks. a Diffusion-model-based inverse design pipeline combined with a 
physics-constrained active-learning loop, where the diffusion generator samples candidate high-asymmetry patterns and a physics-informed labeling/
annotation step selects high-performance designs to iteratively update the training set. Reproduced with permission [164]. Copyright 2024, Wiley. b 
KAN-enabled surrogate modeling and AI-assisted design of a THz MEMS reconfigurable intelligent surface (RIS), illustrating geometry-to-response learn-
ing, pattern optimization, and subsequent space-/time-domain coding for programmable beam control and information transmission. Reproduced with 
permission [165]. Copyright 2026, Springer Nature

 



Page 16 of 20Li et al. Micro & Nano Manufacturing             (2026) 2:7 

coding. The fabricated RIS exhibits π-phase switching 
at 0.6 THz and, when the operating frequency is tuned 
over 0.3–0.8 THz, achieves beam steering from ± 60° to 
± 13.5°. Beyond beam steering, the author demonstrates 
multi-level amplitude modulation and programmable 
spatial–temporal coding for directional THz transmis-
sion of text, grayscale images, and four-color images, 
realizing a PSNR exceeding 34 dB. Importantly, this work 
exemplifies how AI can move beyond unit-cell regression 
to close the loop between MEMS geometry optimization 
and system demonstrations, enabling rapid, fabrication-
aware design iterations for complicated MEMS metama-
terial design.

For vertically actuated MEMS–nanophotonic plat-
forms discussed in Sect.   3.3, AI is especially valuable 
because the design problem is inherently multi-physics 
and high-dimensional: the optical response is governed 
not only by the in-plane metasurface geometry, but also 
by mechanically tunable cavity spacing, local stiffness dis-
tribution, and often non-uniform displacement profiles 
across the suspended platform. A useful methodologi-
cal precedent is provided by Guo et al., who developed a 
deep-learning framework for non-parameterized MEMS 
structural design in which candidate geometries are rep-
resented as topologically unconstrained pixelated binary 
images and labeled using finite-element simulations 
[166]. Their trained network could rapidly predict device-
relevant physical quantities, screen and rank thousands 
of design candidates, and achieve orders-of-magnitude 
acceleration over conventional numerical solvers. In this 
sense, AI is not merely a post hoc accelerator, but an 
enabling framework for jointly designing the photonic 
and mechanical degrees of freedom that underlie verti-
cally reconfigurable nanophotonic devices.

For metalenses mentioned in Sect.   3.4, AI becomes 
particularly valuable when the design objective extends 
beyond a single static phase mask to multi-state wave-
front engineering. In such cases, the target optical per-
formance depends not only on the meta-atom geometry 
itself, but also on additional state variables introduced 
by reconfiguration, such as incident angle, lateral dis-
placement, vertical separation, or strain-induced defor-
mation. A recent example was reported by Wang et 
al., who developed a hybrid deep-learning framework 
integrating KAN, MLP, CNN, and Transformer mod-
ules to predict the phase and transmission responses of 
diverse meta-atoms under multiple incident angles with 
accuracies exceeding 95% [167]. Based on this model, 
they rapidly generated fabrication-compatible meta-
atom libraries and experimentally realized a multi-angle 
focusing metalens for MEMS LiDAR, which maintained 
effective focusing from 0° to 30° incidence and reduced 
the maximum focal shift to only 20  μm, approximately 
one-tenth that of a conventional metalens with the same 

size. This work clearly demonstrates how AI can jointly 
optimize meta-atom geometry and phase-profile design 
across multiple operating states. In their design pro-
cess, AI can be used to co-optimize structural geometry 
together with actuation-dependent phase redistribution, 
thereby enabling larger focal tuning ranges while sup-
pressing focal drift and aberrations across reconfigured 
states.

In summary, deep learning is reshaping MEMS meta-
material/metasurface design by addressing two comple-
mentary needs: data-efficient discovery and fast, accurate 
design closure. Together with other emerging architec-
tures, these approaches provide a practical toolbox to 
manage the coupled electromagnetic–mechanical design 
space, enabling faster exploration, improved performance 
targeting, and closer integration between device-level 
metasurface engineering and system-level functionalities.

Conclusion and outlook
MEMS-enabled reconfigurable metasurface and nano-
photonics has rapidly evolved into a versatile and power-
ful paradigm for dynamic light manipulation, overcoming 
the intrinsic rigidity of conventional static nanophotonic 
devices. By introducing mechanical degrees of freedom, 
MEMS provides low-power, large-range, and broadband 
tunability, enabling adaptive control over optical reso-
nances, phase profiles, coupling conditions, and radiation 
characteristics. As reviewed in this article, such capabili-
ties have led to significant advances across a wide range 
of application domains, including adaptive sensing, tun-
able metasurface-based radiation sources, reconfigurable 
silicon photonic platforms, dynamic metalenses, and 
terahertz metasurfaces.

Despite this progress, several challenges must be 
addressed to fully realize the potential of MEMS-enabled 
nanophotonics in practical systems. From an engineering 
perspective, long-term reliability and packaging remain 
critical issues for practical deployment. Released MEMS 
structures are often susceptible to stiction, particu-
larly in devices with small gaps or large movable areas, 
which can degrade device yield and operational stability. 
In addition, dielectric charging in electrostatic actuators 
may lead to drift in actuation voltage and long-term per-
formance degradation. For large-area metasurface plat-
forms, wafer-level encapsulation and hermetic packaging 
strategies are required to protect fragile nanostructures 
while maintaining optical access. Mechanical fatigue in 
repeatedly actuated displacement platforms also becomes 
increasingly important for applications requiring high 
cycling stability. Addressing these issues will be essen-
tial for translating MEMS-enabled nanophotonics from 
laboratory demonstrations to robust system-level tech-
nologies. Furthermore, from a device design perspective, 
trade-offs among tuning range, response speed, optical 
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efficiency, and device footprint require careful co-design 
of MEMS structures and nanophotonic elements. From 
a fabrication standpoint, achieving high yield, wafer-
scale uniformity, and CMOS compatibility is essential for 
large-scale deployment and commercialization.

Looking forward, the field is poised to transition from 
reconfigurable toward programmable and intelligent 
nanophotonic systems. The integration of artificial intel-
ligence and machine learning offers new opportunities 
for inverse design, multi-objective optimization, and 
closed-loop control, enabling devices that can autono-
mously adapt to changing environments and application 
requirements. Moreover, tighter integration of MEMS-
enabled nanophotonics with detectors, electronics, and 
on-chip signal processing is expected to facilitate com-
pact, system-level solutions for sensing, imaging, and 
communication.

With continued advances in MEMS fabrication, het-
erogeneous integration, and intelligent control, MEMS-
enabled reconfigurable metasurface and nanophotonics 
are expected to play a pivotal role in next-generation 
adaptive optical systems, bridging the gap between labo-
ratory-scale demonstrations and real-world applications. 
The convergence of mechanics, photonics, and intelli-
gence will ultimately redefine how optical functionality 
is designed, controlled, and deployed across diverse tech-
nological domains.
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