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ABSTRACT: Conventional electronic and photonic devices are inherently 2D and
rigid because of the substrates on which they are fabricated. However, the world is
not flat and stiff: There are many applications that would benefit from soft devices
and nonplanar geometries, such as interfacing with the soft, curvilinear, and dynamic
surfaces of living organisms. This mismatch demands flexible and stretchable devices
that can be mechanically deformed (bent, folded, twisted, stretched, or compressed)
without damage to their useful properties. Here we furnish an overview of state-of-
the-art material, design, processing, and device technologies underlying the rapidly
evolving area of flexible and stretchable photonics. We further offer our perspective
on the key enabling technologies that will define new growth opportunities in this
field as emerging applications of flexible and stretchable photonics continue to
unfold.
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The successes of flexible and stretchable electronics over
the past two decades have firmly established many

benefits compared with their planar, rigid counterparts,
including amenability to large area,1 low-cost fabrication via
roll-to-roll (R2R) processing,2−6 as well as conformal and even
imperceptible integration with biological tissues.7−11 Thanks to
novel materials, designs, and processes developed over the past
decades,12−17 numerous flexible and stretchable electrical
components have been demonstrated, including metal
routings, transistors, wireless transmitters, batteries, photo-
diodes, and light-emitting diodes (LEDs).18−27

Flexible photonics has emerged in an effort to provide the
same deployment flexibility to optical systems. Flexible
photonics, defined here as encompassing the flexible counter-
parts of micro- and nanophotonics (in particular, photonic
integrated circuits and optical metamaterials), brings additional
features to the table. Compared with electronics (which we
take to include free-space optoelectronic components such as
LEDs and photodiodes), it presents the advantages of allowing
for an enhanced control of light propagation and light−matter
interaction, which translate to light delivery with minimal loss
and cross-talk. Its large multiplexing capability results in a
smaller footprint for devices. It also differentiates itself from
fiber optics by its enhanced geometry diversity and tight
optical confinement that allows for strong light−matter
interactions. Complex geometries without axial symmetry
can, notably, be readily defined in the high-volume production
of flexible photonics with much greater ease than in fiber
optics.

This Perspective seeks to provide an overview of the
burgeoning field of flexible and stretchable photonics and point
to promising research directions that foresee new application
opportunities. We will first succinctly review the materials,
design, and processing techniques currently available for
flexible photonics fabrication, followed by an overview of the
applications of these devices to date. Further information on
specific applications can be found in recent specific reviews on
sensing,28 metasurfaces,29 healthcare monitoring,30 and in-
tegration with electronics.31 Finally, we examine the challenges
limiting flexible photonics and detail several technologies that
promise to both improve the performance of flexible photonics
in current implementations and enable applications in new
areas.

■ MATERIALS FOR FLEXIBLE PHOTONICS

Polymers. Polymers have long been a common material
choice for flexible photonics.32−36 The benefits of polymer
waveguides include their inherent compliance, low-temper-
ature processing, and refractive index tunability. The large
degrees of freedom in C−C or Si−O bonds and the variability
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of the degree of cross-linking allow polymers to undergo elastic
deformation.32 Polymers can bend, stretch, and conform to 3D
surfaces, making them an excellent choice for R2R processing,
epidermal devices, and in vivo applications. Moreover,
compared with inorganic photonic materials, polymers are
intrinsically inexpensive and compatible with low-cost
processes such as printing, casting, and molding.
Photoactive acrylates or epoxies that can be bought as

proprietary photoresists or adapted from known formulations
are still the most popular polymeric waveguide materials
because they are easily patterned using established lithography
techniques and have relatively high refractive indices.37−42

Silicones such as polydimethylsiloxane (PDMS) are also
popular waveguide or substrate materials because they are
easily molded, thermally stable, chemically inert, and bio-
logically compatible and, as such, are easy to integrate with
other materials.43−49 Alternative polymers such as paralyne C
and polyimides and hybrid organic−inorganic polymers such
as Ormocers have also been used as flexible waveguides.49−54

The drawbacks of the use of polymer waveguides are their
relatively low index contrast and thus the need for large
waveguide dimensions, which constrain their use in photonic
designs such as diffractive optical elements, photonic crystals,
and metamaterials. These limitations can be overcome by
hybridizing inorganic and organic materials in photonic
structures to take the best of both worlds, as we shall discuss
later.
Biomaterials. Light delivery in living tissue has several

important applications including imaging, photodynamic
therapy, and optogenetics.55−58 For such applications, not
only corrosion resistance and biocompatibility but also the
dimensions, elastic modulus, and deformability of the light
delivery system are important.30,59−62 Whereas a number of
nontoxic inorganic and polymeric materials can be used in vivo,
the use of biologically derived materials tends to tick all of the
boxes. Current state-of-the-art biologically derived waveguide

materials include silk fibroin, gelatin, cellulose, and polylactic
acid, among others.63−68

Hydrogels and biopolymers closely match the chemical and
mechanical properties of living tissue and so are less likely to
be recognized as foreign bodies to protective cell types. Their
properties can be tuned by altering their composition to fit the
specific application. Figure 1a shows how flexible 5 kDa
polyethylene glycol (PEG) slabs may guide light over
macroscopic distances (loss of 0.23 dB/cm), whereas 0.5
kDa PEG exhibits an optical loss of ∼25 dB/cm.60 Hydrogels
are particularly suitable as implant materials because they allow
local cells to invade and interact directly with the optical
component.68 This reduces the likelihood of forming thick scar
tissue around the waveguide if implanted, which can
significantly impede the penetration depth of the optical
signal. An example of such cell integration within hydrogel is
shown on Figure 1b, where breast cancer cells are embedded in
an agarose waveguide and detected by confocal microscopy.
Many hydrogels such as agarose and gelatin can also be
degraded by cells, eliminating the need for surgery to remove
the implant after the therapy is completed.69−71 However,
hydrogels are difficult to fabricate in small dimensions with
sufficiently low loss for high-resolution light delivery because
their refractive index is close to that of living tissues.61

Silks are another example of low-loss, easily patterned
biomaterials. Silk, which can be easily reconstituted from the
cocoons of certain silkworms and spiders, has excellent optical
and mechanical properties.72−74 The refractive index of both
silkworm and spider silks (n ≈ 1.55 at 1550 nm) rivals or
exceeds the index of most polymers. Whereas the native fiber
form of silk naturally lends itself to guiding light,75 silk is also
amenable to waveguiding in integrated devices, as shown in
Figure 1c for printed silk waveguides. Silk fibroin solution can
be spun into thin films and patterned via stamping, molding, or
printing.

Figure 1. Waveguiding biomaterials. (a) Mechanically flexible PEG slab guides lit by total internal reflection (TIR). Reprinted with permission
from ref 60. Copyright 2013 Springer Nature. (b) Stamped agarose waveguide encapsulates living breast cancer cells stained with calcein. Reprinted
with permission from ref 76. Copyright 2012 Optical Society of America. (c) He:Ne laser light is edge-coupled and guided in printed silk
waveguides on a glass substrate. Reprinted with permission from ref 77. Copyright 2009 Wiley-VCH.
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Inorganic Materials. Inorganic materials such as semi-
conductors,78−80 metals,81−84 and glasses85−89 open up
additional material design space for flexible photonics, offering
properties highly complementary to those of organic materials:
high refractive indices for strong optical confinement, large free
electron density enabling plasmonic enhancement, electro-
optic or magneto-optic activity, and superior thermal and
chemical stability. These materials, however, are often rigid in
their bulk form, with elastic moduli ranging from tens to
hundreds of gigapascalsorders of magnitude larger than
those of organic materials. Moreover, most inorganic semi-
conductors and glasses are intrinsically brittle and tend to
fracture at tensile strains of no more than a few percent. The
potential vast mechanical property mismatch mandates judi-
cious configurational engineering when integrating inorganic
materials onto flexible substrates.
Even the stiffest materials can be made highly compliant to

bending when thinned down to less than a few hundred
nanometers, for instance, semiconductor nanomembranes
(NMs).90−92 This can be well understood through the
Euler−Bernoulli beam theory (EBT) which proves that the
bending rigidity scales with beam thickness cubed and the
allowable bending radius is proportional to beam thickness. An
extreme example is 2D materials such as graphene: Their
single-atom-layer configuration and the ensuing large mechan-
ical flexibility facilitate integration on flexible photonic
platforms.93,94

Flexible electronic devices are customarily created by
sandwiching an NM near the neutral plane of a bending

sheet where all strains vanish.12 This strategy, however, is not
always applicable to flexible photonics. For many optical
applications such as evanescent sensing and coupling, it is
desirable to locate the photonic devices close to the substrate
surface. Moreover, the encapsulation of active photonic
components in flexible polymers, which are normally poor
heat conductors, can be problematic.
A multineutral axis (MNA) design has been proposed to

resolve the challenge, where a soft laminate is sandwiched
between two much stiffer polymer layers to form a composite
substrate that no longer follows the EBT.95−97 In this case, a
neutral axis emerges in each stiff layer due to the decoupling
effect (i.e., significant shear strain) in the soft midlayer.
Through varying the elastic properties and thicknesses of the
layers, the locations of neutral axes can be tuned to allow for
flexible placement of the photonic devices in the stack. Figure
2a shows the difference between the predictions of the EBT
(classical) and those of the new MNA theory, which match
well with finite element modeling (FEM) results. The multiple
neutral axes are also visible. Using this approach, photonic
components that can sustain repeated small-radius bending
have been demonstrated.97−99 Device performances such as
optical loss for waveguides, quality factor for ring resonators,
and responsivity for photodetectors, were shown to be
reproducible under repeated bending at submillimeter bending
radii (Figure 2b,c).
Transforming inorganic materials into stretchable photonic

devices involves a different design paradigm. The rigid
materials must be patterned into serpentine ribbons100,101 or

Figure 2. Multineutral axis (MNA) design enables foldable photonics. (a) MNAs emerge when a soft midlayer is sandwiched by two much stiffer
layers. Adapted with permission from ref 85. Copyright 2016 The American Ceramic Society and Wiley Periodicals, Inc. (b) Normalized
responsivity of a flexible photodetector after multiple bending cycles at R = 0.8 mm. Reprinted with permission from ref 99. Copyright 2018 Optical
Society of America. (c) MNA flexible waveguide under testing at different bending radii. Reprinted under the terms of the CC-BY 4.0 Creative
Commons Attribution License from ref 98. Copyright 2015 Springer Nature.
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discrete islands102−104 to accommodate device elongation. The
first approach relies on mechanical design and material
engineering to warrant reproducible optical properties upon
stretching. The strain in the waveguiding material is relieved by
both Euler bends and an encapsulating epoxy (Figure 3a). The

second approach ensures minimal damage to the optical
material upon stretching by concentrating the strain in the
elastomer in-between islands. To achieve high-quality
fabrication of the small discrete islands and encapsulation in
the elastomer, a transfer technique is often adopted, as pictured
in Figure 3b and discussed in more detail in the Fabrication
Techniques section. Upon deformation, the large change in
island spacing significantly modifies the device’s properties. For
the metalens shown in Figure 3b, whose final, static shape is
known, this change is taken into account at the design stage
such that the deformed lens yields the desired focusing.
Inversely, dynamic changes are used to reversibly tune the
resonance position of the photonic crystal shown on Figure 3c.
The holistic mechanical and optical approach required in such

cases of large stretchability is discussed in more details in the
Missing Pieces: Enabling Technologies section.
Many emerging photonic designs also necessitate the

combination of multiple materials to bestow unique optical
properties that are otherwise hard to access. Examples include
epsilon-near-zero (ENZ) and hyperbolic media, both of which
entail multilayer formation on flexible substrates.105 However,
the integration of these materials with flexible substrates still
remains a major challenge. One of the most commonly used
fabrication approaches is layered epitaxial growth, which
demands a few critical criteria for the substrate such as lattice
matching, processing temperature, and precursor conditioning,
which are difficult to meet with flexible substrates.106−108

Another issue is the postdeposition processing, especially
thermal annealing, which remains challenging for polymer
substrates such as epoxy and PDMS, as they cannot survive
high-temperature processes. For example, transparent con-
ducting oxides (TCOs) such as indium tin oxide (ITO) and
aluminum zinc oxide have been demonstrated as cost-effective
and well-functional ENZ metamaterials.109−112 Yet even
though the TCO deposition process stays feasible for flexible
substrate integration, the postdeposition annealing (thermal)
would cause deformation, strain, and interface delamination on
flexible substrates.

■ FABRICATION TECHNIQUES
A diverse set of processing techniques exists for the fabrication
of flexible and stretchable photonic devices (Figure 4). The
choice of a particular processing route results from the
combination of the materials requirements, desired perform-
ance, and specifics of the intended functionality. Process flows
may generally be divided between fabrication on a free-
standing flexible substrate and fabrication on a rigid carrier
before transferring to a soft substrate.
Perhaps the closest to traditional fabrication on planar rigid

substrates, transfer printing (also called “stamp printing”)
involves processing the optical material of interest on a
handling substrate before transferring the structure onto
another soft or 3D substrate.113−121 This process is preferred
for crystalline materials, which require epitaxial growth and
thus have to be heterogeneously integrated onto polymeric
substrates. A representative process flow is illustrated by Figure
4a. It typically starts with a rigid wafer comprising the layer of
interest on top of a sacrificial layer, for example, a buried oxide
(BOX) layer. The top layer is patterned into the desired final
geometry using conventional techniques. The sacrificial layer is
then undercut by selective etching, thus releasing the top
membrane, which remains in place if only partially undercut or
thin enough to be held by van der Waals forces if fully
undercut. The transfer to the flexible substrate can then
happen by two methods: In a direct flip transfer, the released
membrane is directly put into contact with the final substrate;
in a stamp-assisted transfer, the membrane is first peeled off by
a stamp, then pressed against the final substrate while the
stamp is slowly released from the membrane. Limitations of
this technique include its limited throughput and yield due to
the restricted surface area, the use of a sacrificial layer, and the
multiple steps involved in the transfer. It is also sensitive to the
quality of the target surfaces.
In contrast, amorphous materials allow for monolithic

integration,38,45,97,98,122 that is, fabrication directly on the
flexible substrate, as illustrated by Figure 4b. A rigid handler is
used throughout the fabrication process. The target flexible

Figure 3. Designs for stretchable photonics. (a) Serpentine
waveguides in Euler spiral geometry relieve strain while mitigating
radiative optical loss in stretchable chalcogenide glass ring resonators
encapsulated in epoxy and PDMS. Reprinted under the terms of the
CC-BY 4.0 Creative Commons Attribution License from ref 101.
Copyright 2017 Springer Nature. (b) Etched silicon posts are
embedded in PDMS and conformed to cylindrical surfaces. Reprinted
under the terms of the CC-BY 4.0 Creative Commons Attribution
License from ref 102. Copyright 2016 Springer Nature. (c) Silicon
nanowires embedded in PDMS demonstrate reversible frequency
tuning at telecom bandwidths when stretched transversely. Reprinted
with permission from ref 104. Copyright 2012 American Chemical
Society.
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substrate is first deposited or attached to the handler. The
optical material is then deposited and patterned using
conventional techniques, as discussed later. Finally, if desired,
another layer of polymer is deposited to encapsulate the device
before the entire structure is peeled off from the handler.
Most, if not all, of the conventional deposition and

patterning techniques may be used in the flexible photonics
fabrication process, taking into account the specific require-
ments of the materials and the subsequent steps. For example,
deposition and patterning on polymeric substrates are limited
to temperatures below the polymer’s glass-transition temper-
ature, which usually ranges from 100 to 300 °C. This may
result in degraded electrical and optical properties as well as
mismatch-strain-induced structural damage due to large
differences in the coefficient of thermal expansion.101

Methods that circumvent these constraints are particularly
suited to flexible photonics. Nanostencil lithography (NSL) is
a shadow-mask patterning technique (Figure 4c) that allows
for wafer-scale, resist-free patterning of sub-100 nm structures
on any substrate.123−125 Because NSL encompasses both
deposition and patterning and does not require any resist, it
reduces the number and complexity of fabrication steps.
Direct-write techniques such as laser writing (Figure 4d) or

printing present the same advantage of being resist-free and
can be adapted to a wide range of substrates. However, they
are somewhat limited to larger pattern dimensions and specific
materials, especially in the structuring of biological materi-
als.117,126−130 Stamping and molding are high-throughput
methods adaptable to R2R manufacturing, allowing device
production to be scaled up to industrial levels.131−134 Figure 4e
shows a unit used to fabricate over 200 m of a 15 cm wide roll
of single-mode chemical sensors with a nickel stamp. The
stamp is used to create a groove in the flexible substrate, which
is then filled with the higher index waveguiding polymer to
create an inverted ridge waveguide.

■ APPLICATIONS
Conformal Integration onto Curvilinear Surfaces. The

integration of flexible and stretchable optical elements on a 3D
curvilinear platform can transform conventional optical and
photonic systems into advanced 3D architectures with new
functionalities. The applications of optical devices conformally
integrated on substrates with unconventional geometries
include imaging (Figure 5a),29,136 optical cloaking (Figure
5b),137−141 optical illusions,136 as well as biomedical and
chemical sensing (Figure 5c).142−145 Conformal metasurfaces

Figure 4. Fabrication techniques for flexible photonics. (a) Transfer printing process flow, with a crystalline waveguiding material. Reprinted with
permission from ref 78. Copyright 2012 Springer Nature. (b) Monolithic integration process flow, with an amorphous waveguiding material.
Reprinted with permission from ref 96. Copyright 2013 Optical Society of America. (c) Nanostencil lithography allows for high-throughput
deposition of metals, dielectrics, and organics on polymeric substrates without thermal constraint. Reprinted with permission from ref 81.
Copyright 2011 Wiley-VCH. (d) Direct writing of waveguide by laser in a flexible glass substrate. Reprinted with permission from ref 128.
Copyright 2015 Optical Society of America. (e) R2R fabrication unit of epoxy waveguides in acrylate flexible cladding by stamping. Reprinted with
permission from ref 135. Copyright 2016 Optical Society of America.
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are also used as coating layers on dielectric waveguides to
provide enhanced control of various properties of electro-
magnetic waves (Figure 5d).146

The challenge of integrating flexible photonic devices with
curvilinear surfaces can be overcome by borrowing ideas from
stretchable electronics. For example, large-area stretchable
devices can be transferred to complex 3D surfaces by transfer
printing techniques such as water- or balloon-assisted trans-
fer.147−149 Kirigami-inspired device design enables nonstretch-
able but flexible devices to conform to curvilinear surfaces with
minor stretching (e.g., <0.5%) and minimal loading to the
biotissues.150−152 Theoretical results for conformability crite-
rion or prediction on rigid or soft corrugated substrates are also
available.15,153,154

Flexible metasurfaces present an excellent case to demon-
strate the benefits of conformal integration. Traditional
conformal free-space optical systems, such as those designed
for medical devices and aerodynamic objects,155 face the
challenge of simultaneously meeting the requirements for
optical performance and packaging on curved surfaces in a
compact manner. Usually additional optical elements and
system complexity are needed to compensate for the geometry
compliance. Metasurfaces, which consist of optically thin,
subwavelength arrays of nanoantennas, can provide on-demand
control of the phase, amplitude, and polarization of an incident
beam (Figure 5a).156,157 When conformally integrated onto a
nonplanar substrate, their capability to arbitrarily manipulate
wavefronts allows for the compensation of any local phase
deviation induced by the substrate, therefore effectively

decoupling their optical functionality and substrate geometry.
For example, a dielectric metasurface consisting of a-Si
nanoposts embedded in a PDMS substrate is designed and
conformally integrated on cylindrical substrates to demonstrate
a lensing functionality regardless of the substrate shape.102 The
conformal integration of metasurfaces or metamaterials further
enables the modification of the optical responses of an object.
For instance, an ultrathin optical skin cloak is demonstrated,
which can be wrapped over an arbitrarily shaped object to
achieve invisibility. This metasurface-based cloak is designed to
provide phase compensation to restore the reflected light from
a 3D object (Figure 5b).137

The capability to design, fabricate, and integrate conformal
optics onto substrates with arbitrary geometries is essential to
decoupling optical functionality from the features of the
substrate as well as enhancing light−matter interactions. An
analytical method for designing conformal metasurface optics
has been introduced,136 which provides a versatile framework
for wavefront manipulation on arbitrary substrate geometries.
However, it should be noted that most of the existing design
approaches for stretchable and flexible conformal metasurfaces
and metamaterials do not fully account for stress-induced
strain−optical coupling during the fabrication and integration
processes of nonplanar metasurface devices. As discussed in
the Missing Pieces: Enabling Technologies section, a holistic
design approach that properly accounts for such an optical
property change due to deformation is necessary for optimal
device design.

Figure 5. Conformally integrated optical devices. (a) Conformal metasurface for imaging. Reprinted under the terms of the CC-BY 4.0 Creative
Commons Attribution License from ref 102. Copyright 2016 Springer Nature. (b) Optical cloaking. Reprinted with permission from ref 137.
Copyright 2015 AAAS. (c) Flexible plasmonic metasurface for molecular sensing. Reprinted with permission from ref 83. Copyright 2016 Wiley-
VCH. (d) Waveguide made of a Teflon rod coated by a metasurface layer. Reprinted under the terms of the CC-BY 4.0 Creative Commons
Attribution License from ref 146. Copyright 2017 Springer Nature.
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Optical Interconnects and Photonic Packaging. Large-
scale data centers and high-performance computers (HPCs)
are becoming increasingly limited by the capacity of
interconnects due to the rapidly increasing power consumption
and bandwidth demands driven by the rigorous down-scaling
of complementary metal−oxide−semiconductor (CMOS)
critical dimensions in accordance with the Moore’s law. As a
result of the continuing bandwidth scaling, optical inter-
connects (OIs) have been implemented at ever decreasing
communication distances.158,159 Despite the widespread
recognition of fiber-based OIs as the interconnect solution at
the rack and board levels, no mature technical pathways are
currently available to meet the key performance metrics for
interchip OIs.160−162

Optical links based on flexible waveguides offer several
unique advantages: (1) Flexible waveguides can provide
scalable, high bandwidth density sufficient for chip-level OIs
in future technology nodes,160 (2) multiple thin sheets of
waveguides can be stacked together to further improve the link
density,163,164 (3) mechanical flexibility accommodates mis-
alignment between chips surface mounted with moderate
positioning accuracy (e.g., 5 μm) on carriers or printed circuit
boards,161,162 and (4) low-profile flexible links are compatible
with flip-chip assembly and ease subassembly designs with
more degrees of freedoms than rigid links (Figure 6b).162

Whereas no standard testing methods have been formulated
for flexible optical components yet, the IPC (Association
Connecting Electronics Industries) standard IPC-TM-650
(Flexural Fatigue, Flexible Printed Wirings) can be referenced
as a guideline.165 The standard recommends that flexible
ribbon cables should sustain bending deformation at 6 mm
radius for 1000 cycles or more without fracturing. The
waveguides must also withstand temperature fluctuations from
15 to 85 °C given their proximity to CMOS chips.
There has been significant development in flexible OIs in

recent years. Polymer waveguides were initially developed for
multimode operation coupled to 850 nm vertical-cavity
surface-emitting lasers (VCSELs) and have demonstrated
efficient out-of-plane coupling capabilities essential for
compact optical interfacing.37,163,166,167 Stretchable PDMS
waveguides fabricated by replication have also been demon-
strated.100 The need for higher bandwidth density and
integration has led to the development of flexible single-
mode waveguides with operation wavelengths extended to
1310 and 1550 nm (Figure 6a).33,163,168 For example, IBM
Research has developed low-loss single-mode polymer wave-
guides and adiabatic optical couplers for integration with Si
photonics devices.163 Large-scale manufacture has also been
demonstrated by depositing polymer layers using doctor-
blading followed by a UV laser direct-writing or proximity-
mask-lithography process to define waveguides. Panel-sized
flexible single-mode waveguide arrays are realized with
dimensions up to 450 mm × 300 mm.33 As discussed in the
Inorganic Materials section, high-index-contrast glass wave-
guides fabricated on a flexible platform have also been
demonstrated. Such a flexible waveguide fabric is further
integrated with III−V active photonic devices via hybrid
integration, thus paving the path toward a fully integrated
flexible OI platform.96,99,162

Photonic packaging faces the same coupling challenges as
OIs and can thus benefit from flexible links in the same ways
enumerated above. The three main solutions for optical
coupling are diffractive, adiabatic, and butt coupling.

Diffractive and adiabatic coupling benefit from larger align-
ment tolerances but require high index contrast and effective
index crossing,169,170 leaving butt coupling as the only method
able to combine different materials in a single system. A major
hurdle is, however, the additional requirement of tight
alignment tolerances to ensure low-loss transmission from
one optical device to the next. Because the accuracy of
standard pick-and-place tools, ∼10 μm, is much larger than the
1 to 2 μm (or below) precision needed to efficiently align to

Figure 6. Flexible optical interconnect technologies. (a) IBM/
Corning siloxane-based flexible waveguides. Single-mode waveguides
adiabatically couple to a silicon photonics chip (top left). Image
(right) and schematic (bottom) of eight-layer interconnected siloxane
waveguides fabricated with the latest siloxane waveguide technology.
Reprinted with permission from refs 33 and 163. Copyright 2018 and
2013, respectively, IEEE. (b) Glass embedded in polyimide/silicone/
polyimide trilayers forming flexible interconnects. The flexible
interconnects bonded to a semiconductor die (top). Flexible
waveguide devices wrapped around a mandrel (bottom left). Cross-
section of the bondable die (bottom right). Reprinted with permission
from ref 162. Copyright 2013 IEEE.
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single-mode waveguides, specific strategies are needed to avoid
using higher precision tools that would significantly increase
the packaging cost. Mechanical flexibility allows flexible links to
move and change shape to maximize the coupling efficiency,
thereby relaxing the alignment tolerances. An example of a low-
cost, high-volume approach based on flexible links consists of
using lithographically defined alignment features that guide
flexible waveguide ribbons into place.171

Photonic Tuning and Strain Sensing. Controlled
mechanical deformation furnishes a uniquely advantageous
approach for tuning photonic structures, as the large strain
attainable in flexible photonic structures (in some cases
exceeding 100%) enables extreme broadband tuning or
reconfiguration between two drastically different optical states.
Optical metasurfaces formed on flexible or stretchable
platforms may notably leverage their pixelated planar device
architecture to realize reconfigurable flat optics.172 Distinct
from waveguide structures, the discrete meta-atom distribution
presents additional variables. Some notable examples include
wavelength tuning of resonant optical structures,78,104,173−177

strain-switchable metasurface holograms,178 adjustable metal-
enses,82,103,179 and tunable coloration.180−182

The strain−optical coupling effect can also be leveraged in
the other direction for strain or deformation sensing.183−185

Compared with electrical strain gauges and fiber Bragg grating
(FBG) sensors, flexible photonic sensors claim unique
advantages such as high sensitivity,97 a fast and highly
reversible response, immunity to electromagnetic interference,

minimal temperature sensitivity with proper thermal compen-
sation,186 multidirectional strain sensing capability,187 and a
large capacity for multiplexing.

Chemical and Biological Sensing. The interaction of the
evanescent tail of a confined waveguide mode or the electric or
magnetic field of a metasurface with its environment is useful
in chemical detection applications. The analyte may be flowed
over the optical device and detected as is,188,189 or binding sites
may be used to trap the analyte on the sensor surface.135,190

Chemical sensor flexibility is key not only for wearable or
implantable sensors but also to reduce the cost of photonic
sensors by fabricating them with traditional R2R processing.
Several sensor types have shown good sensitivity in chemical
detection on flexible platforms, most notably interferometers
and resonators for refractometry sensing and metamaterial
surfaces for electromagnetic resonance-based chemical sensing.
The most common interferometers used in chemical sensing

are Mach−Zender and Young’s interferometers (MZI and YI,
respectively). In a YI, separate output signals from the
reference and detection waveguides interact with each other
to produce fringes that vary with the change in the refractive
index of the detection waveguide. Flexible YIs have been used
in the detection of glucose with sensitivity on the order of 10−6

RIU.135 In an MZI, the reference and detection signals are
coupled back into the same waveguide, and the degree of
constructive or destructive interference between the two
signals is analyzed. Silicon-on-plastic and all-polymer flexible

Figure 7. (a) Design principles of stretchable metasurface for active function tuning. Reprinted from ref 179. Copyright 2018 The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC-BY-NC 4.0 Creative Commons Attribution License. (b) Optical and (c) SEM
images of a stretchable metalens comprising a-Si nanoposts embedded in PDMS. Reprinted with permission from ref 103. Copyright 2016 Wiley-
VCH. (d) Focusing efficiency of a metalens under various strain values. A numerical model examining both the mechanical and optical impacts on a
stretchable metasurface due to strains: (e) phase distribution under 0% strain, (f) difference between simulated meta-atom positions and those of
ideal uniform distribution under different strains (x-axis indicates the position of meta-atoms under 0% strain), (g) simulated focusing efficiency,
and (h) Strehl ratio under the nonuniform distribution of meta-atoms.
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MZI sensors have been fabricated with excellent sensitivity to
changes in their mechanical and chemical environments.78,188

Ring resonators and photonic crystal cavities rely on shifts in
their resonant wavelength for chemical detection. Several
resonators patterned via R2R or R2R-compatible methods
have been produced with high sensitivity, as indicated by
quality factors on the order of 104 to 105.3,64,126,133 It should be
noted, however, that for refractometry-based flexible sensors, it
is important to decouple index changes resulting from analyte
binding and mechanical deformation. Understanding and
suppressing the strain−optical coupling of the sensor device
(e.g., via local substrate stiffening) is therefore critical, as will
be discussed in more detail in the Missing Pieces: Enabling
Technologies section.
Similarly, resonance shifts of metasurfaces can also be used

for sensing. Two chief mechanisms in flexible metasurfaces
lead to resonance peaks in their transmission spectra: Mie
resonance and plasmon resonance.143−145 The geometry of
such metasurfaces can be tuned to achieve both magnetic and
electronic resonances and to control their position. Gold,
titanium/gold, and silver split-ring resonators have been
fabricated on flexible platforms of PDMS, paralyne-C, and
poly(ethylene napthalate) with operation from visible to IR
wavelengths.142−145 The magnetic resonance of such meta-
materials shows a highly sensitive response to surrounding
chemical and strain variations, offering a promising approach
for chemical and biological sensing.

■ MISSING PIECES: ENABLING TECHNOLOGIES
Holistic Mechanical and Optical Design. In flexible and

stretchable integrated photonic devices, the strain/stress field
variation induced by physical deformation usually leads to
changes in the optical property of the device, often via three
effects:79,191 the waveguide effective index change, the
waveguide length change, and the refractive index change of
the waveguide core and cladding materials. The first two are
due to dimensional variations caused by strain, whereas the
refractive index change is due to the photoelastic effect. The
strain−optical coupling of waveguide devices has been
analyzed by several groups.38,79,191,192 Recently, a more
generalized, rigorous analytical model was established and
experimentally verified, enabling the quantitative prediction of
stress−optical coupling behavior in waveguide devices without
using a single fitting parameter.101 The approach is generically
applicable to arbitrary spatially varying stress profiles and
waveguide geometries and enables advanced micromechanical/
optical codesign strategies that further improve the robustness
of the flexible/stretchable device under extreme deformation.
Mechano−photonic coupling can also be employed for

deterministic photonic tuning through mechanical strain, as
previously discussed. For active tuning, meta-atoms are usually
embedded inside a soft matrix, and the output wavefront is
reconstructed via lattice deformation. The stretchable meta-
surfaces are further integrated on curvilinear surfaces of
traditional refractive or reflective optics193 or coupled to
other flexible photonic components to achieve additional
functionalities.
In these approaches, soft substrates are typically employed

to allow continuous variation of the meta-atom spacing,
whereas rigid meta-atoms made from semiconductors or
dielectric materials possessing much larger elastic moduli are
used to minimize the geometric deformation of the unit cells.
The tunable optical functionalities are subsequently predicted

based on the designed lattice deformation pattern across the
entire metasurface, as shown in Figure 7. While being an
elegant method to realize tunable functionalities, completely
decoupling the mechanical and optical effects sometimes leads
to nonoptimal optical performance during the deformation
process. For example, the stretchable lens in ref 103 shows
strain-dependent optical efficiencies, which deviate from
numerical models (Figure 7d). Here we note that in addition
to potential fabrication imperfections, two primary factors
could contribute to the optical performance degradation: (1)
the nonuniformity of the strain distribution across a stretchable
metasurface, which results in lattice deformation and phase
errors, and (2) the change in inter-meta-atom coupling
condition that affects the unit-cell transmission and the
phase shift. Here, as shown in Figure 7e−h, we utilize
mechanical and optical simulations to illustrate such impacts
and compare them with the case based on the conventional
assumption of a uniform strain distribution.
In this model, Si nanopost structures are embedded in a

PDMS layer, similar to the configuration used in ref 102.
Designed for 915 nm wavelength, eight nanoposts are chosen
with a height of ∼700 nm and widths ranging from 100 to 250
nm, covering a 0 to 2π phase shift. The lattice constant at 0%
strain is 380 nm. An aberration-free metalens with a diameter
of 200 μm is designed assuming a hyperbolic phase profile and
a focal length of 610 μm at 0% strain (Figure 7e). The
metalens is then stretched up to 50% strain, while the local
strain field and resultant displacement of individual meta-
atoms are simulated via FEM using the commercial software
ABAQUS v6.14. The optical performance of the metalens is
evaluated using a hierarchical combination of FEM (COMSOL
Multiphysics) and the Kirchhoff diffraction integral. On the
subwavelength scale, full-wave FEM simulations are imple-
mented to model the unit cell responses at different lattice
distances under strain. At the macroscopic system level, the
diffraction integral method incorporates the simulated unit-cell
optical responses and lattice distance distribution, which
enables the computationally efficient validation of the focusing
characteristics of the entire metalens. For simplicity, both
optical and mechanical simulations are performed in 1D.
Figure 7f shows the difference between the simulated

individual meta-atom positions and those assuming a uniform
strain distribution under different strain values. The simulation
results clearly indicate a nonuniform distribution of the meta-
atoms, in particular at larger strain values. This effect is
primarily due to the periodic distribution of meta-atoms with
different sizes that results in a large effective modulus contrast
at local sites. It can be observed that in some circumstances,
the deviation is comparable to or larger than the lattice
constant in that strained state, introducing phase errors and
effectively deforming the entire phase profile. As a result, when
compared with the uniform distribution cases, optical
simulations of the entire metalens incorporating the displace-
ment effect reveal optical efficiency variations due to the strain
(over ±6% efficiency change), as shown in Figure 7g. We
further analyze the focal spot profiles and quantify their
focusing performance via Strehl ratios. As shown in Figure 7h,
as the strain increases, the Strehl ratios reduce due to deformed
phase profiles, leading to increased aberrations and thus
degraded imaging performance.
Consequently, our analyses indicate that both optical and

mechanical property changes due to strains contribute to the
optical performance deterioration of a stretchable or flexible

ACS Photonics pubs.acs.org/journal/apchd5 Perspective

https://dx.doi.org/10.1021/acsphotonics.0c00983
ACS Photonics XXXX, XXX, XXX−XXX

I

pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c00983?ref=pdf


metasurface and thus must be accounted for during the design
phase. In addition, the size difference across all meta-atoms
should be minimized to reduce the contrast of effective moduli
and thus improve the uniformity of strain distribution. This
issue could be potentially mitigated using non-effective-
medium-based meta-atoms, which assume relatively constant
empty spaces between unit cells,194 as well as a minimized
inter-meta-atom coupling effect under strain.
Low-Loss, Large-Scale Flexible Waveguide Arrays.

The large-scale integration of low-loss flexible waveguides is
important for OIs as well as optogenetic and photodynamic
therapy applications, which, respectively, require a large
bandwidth density and high-resolution light delivery. Whereas
single-mode flexible waveguides are essential for short-reach
OIs and photonic sensing,54 there are still a few issues waiting
to be addressed to realize their full potential. In particular, the
existing single-mode solutions lack compact, out-of-plane
coupling capabilities that would otherwise allow dense optical
interconnection and probing in the 3D space. In addition, the
shrunken waveguide geometry and thus the reduced optical
mode size require higher packaging precision as compared with
their multimode counterparts.168 Such functionality gaps,
however, could potentially be filled by emerging additive
nanofabrication techniques. For instance, two-photon polymer-
ization (TPP) with deep subwavelength resolution could be
utilized for free-form, fine-line 3D sculpting of out-of-plane
waveguide coupling structures.195−197 Such couplers could be

employed to freely manipulate the optical beam in 3D space,
for example, for interlayer photonic links, beam expansion for
enhanced misalignment tolerance, or areal optical probing. The
TPP process could be further used for nanoimprint stamp
fabrication to facilitate high-volume manufacturing.198

The demand for mechanically flexible, low-loss, and high-
resolution light delivery in biological tissues can also be
addressed by developing high-density, low-loss flexible wave-
guide arrays. For best practice in vivo applications, the
waveguides should be flexible enough to prevent undesired
tissue damage and reactions.199,200 Along this direction, optical
waveguide materials approved by the U.S. Food and Drug
Administration (FDA) include silicon, PDMS, paralyne C, SU-
8, SiN, PEG hydrogels, and sapphire, all of which have already
been packaged into flexible forms and successfully applied in
rat models in vivo for proof-of-concept optoprobe applica-
tions.46,60,200−203

Low optical loss is another critical requirement for these
light delivery solutions. In traditional photodynamic therapy,
light delivery to tumors that are not near the skin is made
difficult by the absorbance of visible wavelengths in tissue.
Long (millimeters or more) implantable light delivery systems
constructed from flexible waveguides provide a solution to this
difficulty. In optogenetics, the large volume (compared with rat
models) and enormous complexity of human brains mandate
light delivery solutions with low propagation losses to access
different parts of brain and large optical channel counts to

Figure 8. Fabrication techniques of 3D structures. (a) Free-form structures for free-space coupling (left) and chip-to-chip coupling (right) made by
two-photon polymerization. Reprinted with permission from refs 195 and 214. Copyright 2018 Nature Springer and Copyright 2012 Optical
Society of America, respectively. (b) 3D electronic platform (right) made from a 2D precursor (left). Reprinted with permission from ref 215.
Copyright 2018 Wiley-VCH. (c) Cube assembled by self-folding of planar thin films. Reprinted with permission from ref 216. Copyright 2009
American Chemical Society. (d) 3D photonic sensor array fabrication process (left) and device demonstrating geometry control (right). Reprinted
with permission from ref 185. Copyright 2020 Chinese Laser Press.

ACS Photonics pubs.acs.org/journal/apchd5 Perspective

https://dx.doi.org/10.1021/acsphotonics.0c00983
ACS Photonics XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/10.1021/acsphotonics.0c00983?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00983?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00983?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c00983?fig=fig8&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c00983?ref=pdf


interface with a large number of neurons. Flexible integrated
photonics thus has the potential to fulfill these needs.185

Integration of Emerging Functional Materials onto
Flexible Platforms. Functional photonic materials such as
hyperbolic metamaterials (HMMs)204−206 and epsilon near-
zero (ENZ) materials207−209 have enabled the exploration of
manipulating light in localized fields as well as qualitatively
different wave dynamics. Since the realization of nanoscale
engineered metamaterial structures, the precision control of
light has been rapidly developing for various optical
applications. In recent years, with the successful demonstration
of flexible electronics, research efforts have been further
expanding toward developing and transferring functional
photonic structures/materials onto flexible substrates.
Several successful demonstrations of this have involved

HMMs. Riley et al. have solved the problem of film cracking
and delamination during flexing or heating, which is typically
induced when bulky and planar HMM films are transferred to
flexible substrate.210 Another application of flexible HMMs is
their integration with transient technology, that is, transient
HMMs composed of multilayers of water-soluble and
biocompatible polymer and metal.105 Lin et al. have fabricated
transient HMMs with high-k modes and large photonic density
of states (DOS) by stacking pairing layers of Au/PVA. Upon
integration on a flexible substrate, the transient HMMs exhibit
mechanical stability for over 3000 bending cycles.
There are several realizations of structures with near-zero

parameters. However, there are two most realistic ways of
obtaining a near-zero feature on a flexible substrate: doped
semiconductors such as TCOs211,212 and alternating (pairing)
layered structures of metal/dielectric and all-dielectric
metamaterials. For example, aluminum-doped zinc oxide and
ITO exhibit a near-zero permittivity at near-infrared
frequencies around the telecom wavelengths (λ = 1550 nm)
and have the advantage of being CMOS-compatible and
tunable platforms whose ENZ frequency can be controlled.
Many demonstrations of ENZ based on TCO and layered
structures in both the visible and near-IR regions have been
reported in recent years. Yet a first attempt to explore ENZ
material integration with flexible substrates is lacking, even
though the ENZ material is designed to decouple temporal and
spatial field variations in structure under geometry invariance.
Both 2D ENZ cavities and 3D ENZ cavities for surface-
avoiding modes have been investigated theoretically.213 It has
been demonstrated that ENZ metamaterials bear multiple
solutions to wave equations, enabling the design of resonant
cavities whose eigenfrequencies are invariant with respect to
geometrical transformations of their external boundary. Hence
they inspire new design philosophies in which the geometry of
a device is not determined by, and locked to, its frequency of
operation.213 We expect the upcoming development of ENZ
material for applications in flexible photonic systems, especially
the CMOS-compatible ENZ platform.
3D Sensing and Light Manipulation/Delivery. Con-

formal 3D devices such as described in the Conformal
Integration section remain limited to curvilinear geometries
that are inherently 2D in topology. Nonconformal 3D
photonics promises to expand the reach of photonics by
enabling both the extension of traditional applications to
noncurvilinear geometries and the addition of novel function-
alities that cannot be attained with curvilinear surface
devices.217 However, existing fabrication methods for such
3D devices impose limitations on the achievable geometries

with the currently available materials. Stacking 2D layers of
optical components yields so-called 3D multilayer devices that
remain inherently planar and can only interact with their
environment at the surface of the device stack.218,219 3D direct-
write techniques allow for an almost arbitrary 3D shape
definition, as seen on Figure 8a, but are limited by their
resolution and the lack of printable high-optical index materials
required for small-footprint, high-quality waveguide devi-
ces.117,195,214 Versatile and scalable manufacturing routes for
truly 3D photonics thus remain an unmet need.
The 3D assembly of flexible, deformable structures offers a

promising route to fabricate 3D integrated photonic devices.
Such a concept has already been widely demonstrated in 3D
electronics using rolling, folding, curving, and buckling as
mechanisms220−223 and is emerging for photonics, as shown on
Figure 8. Figure 8b displays the mechanically guided formation
of a 3D structure by buckling using a 2D precursor bonded at
designated locations on a prestretched substrate. After
releasing the prestretching of the substrate, the unbonded
region pops up and forms a deterministic 3D topography due
to the constrained buckling of the 2D precursor. These 3D
architectures, which can be predicted by mechanical analysis,
are precisely controlled by the geometries of 2D precursor and
bonded sites.13,215,224 Further improvements of this method
include the inverse design of the precursor225,226 and the
reconfiguration of the 3D structure through the incorporation
of shape-memory or transient materials.227−229 To generate the
stress needed for the assembly without transferring the device
onto another substrate, it is possible to resort to differential
stresses caused, for example, by heating, as illustrated by the
folding process of Figure 8c. The Sn hinges reflow during
etching, creating the torque that orients the Al2O3
panels.216,230−232 The versatility and tunability of these 3D
fabrication methods highlight the potential of their application
to 3D integrated photonics.
Similar principles were recently applied to fabricate the first

3D integrated photonic device.185 The fabrication process,
illustrated in Figure 8d, also involves a 2D structure deformed
into the desired 3D geometry. This fabrication approach for
3D integrated photonics offers a number of key advantages.
First, it leverages standard planar processing technologies used
in the fabrication of traditional integrated photonics, thus
allowing for high-quality optical components. Second, it is
readily scalable to a large number of sensing channels.
Additional probing points can be created simply by increasing
the number of lithographically defined strips and by multi-
plexing several optical sensors along each waveguide. Finally,
because this platform is based on standard optical components,
it allows for compatibility with common optical coupling and
packaging schemes, such that devices can be readily used
outside of optical laboratories.
An interesting prospect is the ability to perform material-

agnostic 3D optical strain sensing. Current 3D microscale
optical sensing methods such as digital image correlation,
digital volume correlation, or 3D scanning confocal micros-
copy, as applied in traction force microscopy, rely on
discerning features within a matrix to resolve spatial displace-
ment and deduce mechanical strain.233−237 They are therefore
limited to transparent and optically homogeneous materials
because optical scattering inevitably leads to image quality
degradation and cross-talk with out-of-focus light. Flexible
integrated photonics avoids this issue by waveguiding the light
to the points of interest. This is of particular interest for thick,
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opaque, and heterogeneous 3D in vitro cell culture environ-
ments.238−240 Flexible devices are particularly suited to
detecting strain in such systems as the reduced elastic stiffness
mismatch between the flexible polymer platform and these soft
hydrogels (elastic moduli in the range of kilopascals to
megapascals) allows for efficient strain transfer and seamless
integration of the flexible device with the medium. In addition,
given the wide range of physical and chemical sensing
applications of optical resonators as well as the possibility of
multiplexing resonators spectrally and spatially, flexible
photonic devices are also amenable to monitoring a variety
of parameters in a large number of locations in a distributed
sensor array. A platform similar to this shown in Figure 8d thus
potentially enables 3D multifunctional sensing, mapping, and
light delivery, opening the door to further research in this
space.

■ CONCLUSIONS
The examples outlined in this Perspective show the progress in
flexible and stretchable integrated photonics. A wide and
growing range of available materials and fabrication techniques
enables geometric degrees of freedom in photonic devices,
relying on both traditional and novel approaches, from CMOS-
compatible to biological materials and from electron-beam
lithography to R2R processing. These principles have already
been applied to a variety of optical components and systems
including metasurfaces, sensors, and photonic interconnec-
tions, which empower many applications covering integrated
imaging systems, chemical sensing, biomedical engineering,
and optical communications.
Driven by the growing demands, this dynamic field will

actively embrace further challenges that will broaden its
implementation and applications. New holistic design method-
ologies are required to ensure that mechanical and optical
functionalities are exploited to the fullest. Integrating new
functional materials with novel 3D fabrication methods will
further enhance device and system capabilities and perform-
ances. We foresee that these new technological advances will
ultimately extend photonics, traditionally confined to rigid and
planar form factors, into the 3D, soft world and fuel a unique
stretch of future opportunities.
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