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ABSTRACT: Beam steering devices represent an essential
part of an advanced optics toolbox and are needed in a
spectrum of technologies ranging from astronomy and
agriculture to biosensing and networked vehicles. Diffrac-
tion gratings with strain-tunable periodicity simplify beam
steering and can serve as a foundation for light/laser radar
(LIDAR/LADAR) components of robotic systems. How-
ever, the mechanical properties of traditional materials
severely limit the beam steering angle and cycle life. The
large strain applied to gratings can severely impair the
device performance both in respect of longevity and
diffraction pattern fidelity. Here, we show that this problem
can be resolved using micromanufactured kirigami patterns from thin film nanocomposites based on high-performance stiff
plastics, metals, and carbon nanotubes, etc. The kirigami pattern of microscale slits reduces the stochastic concentration of
strain in stiff nanocomposites including those made by layer-by-layer assembly (LBL). The slit patterning affords reduction
of strain by 2 orders of magnitude for stretching deformation and consequently enables reconfigurable optical gratings with
over a 100% range of period tunability. Elasticity of the stiff nanocomposites and plastics makes possible cyclic
reconfigurability of the grating with variable time constant that can also be referred to as 4D kirigami. High-contrast,
sophisticated diffraction patterns with as high as fifth diffraction order can be obtained. The angular range of beam steering
can be as large as 6.5° for a 635 nm laser beam compared to ∼1° in surface-grooved elastomer gratings and ∼0.02° in
MEMS gratings. The versatility of the kirigami patterns, the diversity of the available nanocomposite materials, and their
advantageous mechanical properties of the foundational materials open the path for engineering of reconfigurable optical
elements in LIDARs essential for autonomous vehicles and other optical devices with spectral range determined by the
kirigami periodicity.
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Dynamic steering of optical beams is central for
information technologies, optical data storage, bio-
medical diagnostics, precision agriculture, weather

predictions, autonomous vehicles, and other future and current
technologies. For instance, beam steering optical elements are
central to light/laser radars (LIDARs or LADARs) and typically
are being implemented with a set of actuated mirrors. More
recent beam steering devices based on spatial light modulation,
such as optical phased arrays,1 electro-optic and acousto-optic
modulators utilizing advanced optical materials, such as liquid
crystals, ceramics, and photonic crystals, provide powerful and

versatile methods of optical modulation including beam
steering. However, they are also associated with pixel size
limits, limited dynamic range, cross-talk of optical elements, and
high cost, restricting their implementations.2−7 Size and weight
requirements can also be essential for LIDARs and other
devices for airborne and other vehicles as well as as personal
perception systems (PEPERS).
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Diffraction gratings with tunable periodicity represent
promising alternatives for dynamic modulation of beam
directionality due to light weight, low cost, and operational
simplicity. However, realization of time-modulated diffraction
gratings remains a challenge due to the limited strain tolerance
of conventional materials. For example, performance of
stretchable gratings based on silicone elastomers with surface
microgrooves and coatings is impaired at high strains.8−12

Cracking of metal coatings and/or stochastic, inhomogeneous
strain distribution under large deformation are the major
concerns for strain-tunable gratings based on elastomers.8,11

Consequently, these gratings can rarely function at elongations
beyond 30%, which is far below the deformation limit of
constituent elastomers. Narrow temperature range for such
gratings associated with the glass temperature transition of
polymers represents another concern. Moreover, high Poisson’s
ratio of typical elastomers results in undesirable correlated
expansion-contraction along presumably independent axes
which scrambles the diffraction patterns at high strains.
Gratings utilizing micro-electro-mechanical systems

(MEMS) represent another platform for beam steering and
optical modulation. However, the characteristic scale of typical
MEMS gratings is much longer than optical wavelengths.13

Small dynamic range of angles, complex manufacturing process,
rapid fatigue of ceramic components, and high cost can be a
concern for many technologies exemplified by autonomous
vehicles, agriculture, and PEPERS.13,14

The core issue of tunable diffraction gratings is, in fact, a
materials engineering challenge. The principal material of the
grating must meet difficult benchmarks with respect to optics,
mechanics, and chemistry. While optical requirements for
tunable gratings have been investigated by multiple

groups,8−11,14 the last two sets of properties and opportunities
for the large library of nanomaterials are still to be addressed.
Chemistry of nanomaterials affords fabrication techniques that
can improve both the contrast and the dynamic range while
simplifying the patterning process. Furthermore, materials for
durable tunable gratings must possess high toughness, stiffness,
and strength in order to retain microscale periodicity under
large, cyclic deformations. Combining some of these properties,
such as high stiffness and high strain, is a long-standing
materials problem. The manifestation of this fundamental
dilemma of material mechanics can be seen in the fact that
reconfigurable diffraction gratings from high strength plastics
have not been possible so far because they do not possess the
ability to sustain high strains. Multiscale engineering of
nanocomposites could enable significant improvements in
materials mechanics and therefore functionality and practicality
of reconfigurable diffraction gratings.
Recently, strain engineering through introduction of

patterned cuts in thin film materialsan approach inspired
by kirigami artsattracted extensive academic attention.15−25

Notches in kirigami sheets and folds in origami structures can
dramatically enhance elasticity even for very stiff nano-
composite materials made by layer-by-layer (LBL) assem-
bly.17,26−29 This approach made preparation of deformable
plasma electrodes from high-strength conductive nanocompo-
sites possiblesomething that was previously considered to be
technologically challenging.17 The versatile chemistry and
uniformity of LBL and some other nanocomposites afford
effective patterning and etching modes that open the door to
the deterministic design of patterns to obtain complex, specific
optical effects upon mechanical deformation.

Figure 1. Nanocomposite kirigami as strain-tunable optical gratings. (a−d) Schematic illustration of the key steps in device processing. (e)
Optical image of NKGs fabricated on a wafer. (f,g) SEM images of a NKG based on Cr/Parylene C nanocomposites under 0% (f) and 100%
(g) strain. Scale bars: 50 μm.
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Therefore, we decided to look into the possibilities of
utilizing kirigami composites with microscale and nanoscale
features for tunable optical gratings to address their materials
challenges. Here, we show that kirigami sheets from stiff/strong
nanocomposites can serve as tunable diffraction gratings. They
perform similarly or better than surface-grooved elastomers and
produce intense sophisticated diffraction patterns even in the
case of a simple parallel notch pattern. Unlike MEMS
diffraction devices, nanocomposite kirigami gratings (NKGs)
allow for device engineering in the visible spectral range. The
large deformations that kirigami materials can enable wide-
angle beam steering and open the path for a family of
reconfigurable optical elements.

RESULTS AND DISCUSSION
We explore two examples of typical nanocomposite materials.
The first material platform is based on a 1.5 μm poly(p-
xylylene) (Parylene C) substrate coated with a nanoscale layer
of chromium with a thickness of ∼40 nm (Figure S1) deposited
on a layer of PMMA with a thickness of 100 nm. This latter
component of this trilayer stack is sacrificial and is subsequently
dissolved to release the patterned film from the substrate. The
chromium film reduces optical transmission in the areas where
no notches are made, which is desirable for diffraction, while its
nanoscale thickness affords greater elasticity than, for instance,
solid chromium foil. In the framework of this study, it is
significant that Parylene C is a relatively stiff material with a
Young’s modulus of ∼4.5 GPa and a yield strength of ∼60
MPa.30 Despite its advantageous mechanical properties,
environmental robustness, and simplicity of fabrication and
etching, it was not used as a tunable surface-grooved diffraction
grating because Parylene C has a low elastic limit of ∼0.015.30
In another materials platform, the nanoscale chromium thin

film is substituted with a layer of a carbon nanotube/poly(vinyl
alcohol) (CNT/PVA) composite (∼100 nm in thickness)
prepared by 30 cycles of LBL assembly (Figures S1 and
S2).31,32 The CNT/PVA composites offer similar optical
opaqueness but with a significantly higher limit of stretching
deformation with failure strains as high as 0.2,31,32 compared
with typical failure strains of metallic thin films in the range of
0.002 to 0.05.33−35 A large variety of LBL nanocomposites can
be made from nanoscale “building blocks” with a diverse range

of optical properties.36−38 Given the nanoscale uniformity and
controllability of LBL nanocomposites,38−40 this technique has
capabilities to greatly diversify the diffraction optics.
To manufacture NKGs, the layered stacks of both types of

nanocomposites were lithographically patterned with 1.5 μm ×
60 μm slits (Figure 1a−d and Figure S3). Here, we chose
kirigami patterns based on the combination of the following
factors: (1) macroscopic stretchability of the kirigami device
and (2) effectiveness as diffraction grating. Kirigami based on
parallel slits represents a simple case with these two
requirements being satisfied. The thin film is then released
from the substrate (Figure 1c) by selective dissolution or
etching of certain material components (PMMA or SiO2). The
free-standing NKGs can be reversibly stretched to afford
dynamic manipulation of light propagation (Figure 1d). Note
that the nanocomposite coating in the NKG devices serves as
the active optical element, while Parylene C serves as the
structural support for the devices. This stiff plastic material is
simple to integrate with a variety of actuators and a wide range
of nanocomposite coatings. One can anticipate that reconfig-
urable NKG elements made solely from the LBL nano-
composite can be made. Such a configuration will be
advantageous by the better mechanics of the material,
environmental resilience, and lower mass compared with
NKGs on a plastic support. However, it will also require
engineering approaches for actuation, which are the subject of
the ongoing study.
Their ability to diffract light can be demonstrated by an

optical image of NKGs supported on a glass wafer (Figure 1e).
Scanning electron microscopy (SEM) (Quanta 200, FEI)
reveals the microscale morphology of NKGs. Figure 1f,g shows
the microstructures of NKGs under 0 and 100% strains in the
lateral direction (i.e., the direction perpendicular to the
microscale slits), respectively; the values of NKG strains are
defined by the fractional increase of total length of the
patterned structures, compared to the original relaxed state.
The variability of periodicity and 3D orientation of NKG
surface features under different deformation states indicate their
potential capabilities as tunable diffraction gratings.
Lasers with various wavelengths (i.e., λ = 635, 532, and 450

nm) were used to generate transmissive diffraction patterns
from NKGs under various levels of strain (Figure 2). The clear

Figure 2. Laser diffraction patterns in transmission mode generated by NKGs based on Cr/Parylene C nanocomposites. (a−g) Diffraction
patterns generated using 635 nm (a−c), 532 nm (d−f), and 450 nm (g−i) laser beams under 0% (a,d,g), 50% (b,e,h), and 100% (c,f,i) NKG
strains. Scale bars: 25 mm.
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patterns generated by lasers beams (refer to the Materials and
Methods section) indicate that the NKGs can maintain periodic
slit sequence over macroscopic length scale even under 100%
NKG strain. The lateral spacing in diffraction patterns shows
distinct correlation with the NKG strain, which is consistent
with the reciprocal relationship between the dimensions in the
diffraction pattern and the spacing of the corresponding grating
known from classical optics (Figure 3). As expected, the
longitudinal spacing in the diffraction patterns exhibits a
dependency on the NKG strain weaker than that of the lateral
one, due to the relatively small changes in longitudinal
periodicity with lateral direction of the deformation. The
diffraction patterns also show significant dependence on the
wavelength of the incident laser beam.
NKGs are elastic and spontaneously recover to the relaxed

geometry when the stress is removed. They enable cyclic
mechanical actuation that can also be loosely referred to as 4D
kirigami (Video S1) that includes three dimensions of the
kirigami composite patterns plus one time dimension character-
istic for oscillatory reconfiguration. The diffracted beams form
patterns determined by the uniaxial strain of the NKG that
represents dynamic, wavelength-dependent beam steering.

Quantitative analyses of obtained diffraction patterns are
instructive when evaluating the performance of NKGs. The
optical characteristics of the first-order beam diffracted in the
lateral direction (Figures S3 and S4) were considered in this
study as the key indicator of diffraction grating performance.
The experimental data for the first-order diffraction angles as a
function of the NKG strain (Figure 3a−c) are compared to
theoretical predictions obtained from a variant of the classical
grating equation:

ε θ λ+ =d m(1 )sin m (1)

where d is the spacing of the slits without stretch (3 μm in this
work), ε is the applied NKG strain, θm is the mth-order
diffraction angle, and λ is the wavelength of the incident laser.
The experimental results of the first-order diffraction angle
show excellent agreement with theoretical predictions (Figure
3a−c). The angular dynamic range for the diffracted beams
with m = 1, as defined by the ratio between the maximum value
obtained from the original relaxed state and the minimum value
obtained with 100% NKG strain, is nearly 2:1 for all of the
tested wavelengths. The angular range for steering of the first-
order beam reaches as large as 6.5° for a 635 nm laser beam. In

Figure 3. Experimental and theoretical light diffraction patterns for NKGs. (a−c) Experimental data and theoretical calculations of the first-
order diffraction angle obtained for (CNT/PVA)/ Parylene C nanocomposite gratings as a function of the NKG strain for 635 nm (a), 532 nm
(b), and 450 nm (c) laser beams. (d−f) Normalized intensity of the first-order diffracted beam as a function of the NKG strain for 635 nm (d),
532 nm (e), and 450 nm (f) laser beams. (g−i) Normalized intensity of the zeroth-order beam as a function of the NKG strain for 635 nm (g),
532 nm (h), and 450 nm (i) laser beams. Error bars denote standard deviation.
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addition to the diffraction angle, the intensities of the first-order
and zeroth-order beams also show significant correlation with
the strain (Figure 3d−i), which is likely to be related to the
change in slit geometry when laterally deformed (Figure 1f,g).
The experimental data for NKGs based on (CNT/PVA)/
Parylene C (Figure 3) and Cr/Parylene C (Figures S5−S7)
agree with each other, which indicates the predictability of
diffraction behavior. The measurements also quantitatively
confirm the stability of the NKGs under cyclic actuation, where
100 deformation cycles do not degrade the device performance
(Figures S8−S11). Extended exposure to ambient indoor light
for ∼3 months and laser illumination for ∼6 h did not affect
their appearance or performance.
Side-by-side quantitative comparison of NKG performance

as diffraction gratings with respect to previously reported
tunable gratings is given in Table 1. As one can see, NKGs
generate some of the highest order diffraction patterns while
extending the dynamic range of the grating period for beam
steering. Moreover, NKGs also allow for both transmissive and
reflective operation modes, which is essential for on-chip
integration for semiconductor optoelectronics.5,41,42

Microscale mechanics can give insight into the reason for the
high performance of NKGs as diffraction optical elements and
their mechanical robustness. Finite element methods (FEM)
were used to investigate the strain distribution of NKGs under
lateral deformation (Figure 4a−c). SEM images of the
corresponding units are also presented for comparison (Figure
4d−f). As we observed in Figure 2 by optical means, stretching

of NKGs results in the lateral expansion of the kirigami sheets,
with a minimal effect on the longitudinal spacing in stark
contrast to, for instance PDMS and other elastomer-based
diffraction gratings. Due to the presence of a pattern of the
microscale slits, the macroscopic strain is distributed uniformly
among individual microscale periodic units, with the large
deformation accommodated by bending of the kirigami “flaps”
formed between the nearest slits. Importantly, the strain of
NKG as a whole is uniformly distributed in the nanocomposite
sheet between the numerous local deformation points, avoiding
stochastic concentration on a few selected defects.17 Thus, even
under 100% NKG strain, the local strain level remains far below
the failure strain of the structural material and is mostly within
the elastic deformation regime (<0.015).30 Hence, it becomes
possible to make diffraction gratings and realize their reversible
reconfiguration even from very stiff materials.

CONCLUSIONS
Kirigami patterns were previously utilized as a source of
concepts for deformable structural units of electronic
components,15 solar cells,43 and flexible/stretchable elec-
tronics16,44 as well as for addressing the materials challenges
of plasma electrodes.17 Here, we demonstrated that microscale
kirigami materials can also be used in diffraction optics to
produce variable-period gratings from nanocomposites. While
further tests using different reconfigurability modes are still
needed, the prepared prototypes of beam steering optical
elements raise the hope that the materials challenge of strain-
tunable gratings can be addressed using kirigami nano-
composites. The expansive library of high-performance nano-
materials previously unavailable for diffraction gratings is
expected to improve device robustness and widen the gratings’
angular range. The three-dimensional character of kirigami
surfaces offers high efficiency and additional opportunities for
modulation of light polarization. The simplicity of their time-
dependent reconfiguration, i.e. the fourth dimension, offers
beam steering capabilities. Kirigami composites made with
different geometrical designs and from a large library of
composite materials can provide a versatile route for engineer-
ing of diffraction optics components, including subwavelength
devices. Their utility as optical modulators and optoelectronic
systems in the visible, short-wave IR, near-IR, far-IR, and
terahertz wavelength ranges should also be further explored.

MATERIALS AND METHODS
NKG Fabrication. Cr/Parylene C Nanocomposites: Solution-

based poly(methyl methacrylate) (PMMA 950, MicroChem) is spin-
coated (3000 rpm) on a 4 in. glass wafer and baked subsequently on a
180 °C hot plate to remove the solvent. Parylene C (SCS Inc.) is
deposited on the PMMA-coated glass wafer by a commercially
available vacuum deposition system (PDS 2035CR, SCS Inc.), forming
a thin film with ∼1.5 μm thickness. A thin film of chromium (∼40

Table 1. Quantitative Comparison of NKG with Other Reported Tunable Grating Techniques

techniques ref
tunability of grating period (% of

minimum period)
minimum grating
period (μm)

angular range for beam steering of visible
light (degree) operation modes

NKG present
work

100 3 6.5 (635 nm laser) transmissive/
reflective

surface-grooved
elastomer

8−10 22−32 0.8−1 reflective
12 100 0.8
11 18 4.5 1 (633 nm laser) transmissive

MEMS 13 125 720 reflective
14 0.2 4 0.02 (633 nm laser)

Figure 4. Strain distribution in NKGs. (a−c) FEM simulation of an
element of NKG sheet under 0% (a), 50% (b), and 100% (c) NKG
strain. (d−f) SEM images of the corresponding NKGs based on Cr/
Parylene C nanocomposites under 0% (d), 50% (e), and 100% (f)
NKG strain. Scale bars: 10 μm.
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nm) is then deposited on top of the Parylene C by sputtering (Lab 18,
Kurt J. Lesker). Photolithography processes (GCA AS200 Autostep)
generate a patterned photoresist (S1813, Shipley) on top of the thin
film composites. The corresponding patterns in the thin film
composites are then formed by wet etching of Cr followed by reactive
ion etching (Plasmatherm 790) of Parylene C. After these steps, the
wafer is soaked in acetone for 8 h to dissolve the PMMA layer and to
release the patterned thin film composites from the glass substrate,
leading to free-standing NKGs.
(CNT/PVA)/Parylene C Composites: The CNT/PVA nanocompo-

site layer is deposited on a 4 in. glass wafer. The detailed processing for
CNT/PVA nanocomposites appears elsewhere.31 Briefly, alternating
dipping processes for the glass substrate into an aqueous dispersion of
poly(styrenesulfonate)-stabilized carbon nanotubes (0.5 mg/mL) and
0.2 wt % poly(vinyl alcohol) (MW ∼ 13 000−23 000, Sigma-Aldrich)
aqueous solution, with rinsing and drying processes between the
dipping steps, generate a uniform nanocomposite thin film. Thirty
repeated cycles of CNT and PVA dipping steps form a thin film with a
thickness of ∼100 nm. A Parylene C layer (∼1.5 μm in thickness) is
then deposited on the CNT/PVA composites, followed by depositing
a Cr thin film (∼40 nm) on Parylene C. The patterning processes for
the composites here are identical to the steps for PMMA/Parylene C/
Cr; however, the Cr layer here only serves as the mask for the reactive
ion etching. After the patterning, the Cr layer is removed by wet
etching, and the wafer is soaked in hydrofluoric acid (0.1 wt %) for 8 h
to release the NKGs from the glass substrate.
NKG Characterization. Free-standing NKGs are transferred onto

another transparent glass wafer, with a small amount of water applied
between for lubricating during actuation. The measurements are
performed with a custom setup (Figure S4). Lasers with 635 nm
wavelength and ∼1.5 mm beam diameter (Beam of Light
Technologies), 532 nm wavelength with ∼1 mm beam diameter
(Logitech), and 450 nm wavelength with ∼3 mm beam diameter
(Beam of Light Technologies) are illuminated individually from the
direction normal to the plane of NKGs. Two pieces of silicone
elastomer are brought into uniform contact with the ends of the NKGs
for applying a stretch during the experiments. The lasers are diffracted
from three different locations on the NKGs in each stretching state for
the statistics. Diffraction angles are determined by measuring the
corresponding distance in the diffraction pattern as well as the distance
between the grating and the screen. Light intensity of the diffracted
beam is characterized using a commercial photometer (54-018,
Edmund Optics).
FEM Simulations. Commercial software (ANSYS 14.0) is

employed to simulate the deformation and strain distribution of
NKGs. A model consisting of five unit cells of the NKG structure is
constructed in the software, with the thickness of the thin film t = 1.5
μm, the Young’s modulus of the material E = 4.5 GPa, and the
Poisson’s ratio of the material ν = 0.4. Static structural analysis
accompanied by SOLID 185 element is applied, with an approximate
global mesh size of 0.15 μm. Boundary conditions are enforced on
both left and right ends of the model. The left boundary is fixed with
no displacement allowed in any direction. A uniaxial tensile load is
applied on the right boundary of the model with the displacement
constrained in the tensile direction. There is no geometrical constraint
applied on the rest of the model. H-Method processed with the
SPARSE solver is applied for simulating the finite element model.
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