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Upon heating, the interatomic bonds of 
most solid materials elongate, manifesting 
as an expansion in volume. Materials that 
change in shape as a result of heating sup-
port a rich range of uses in electronics 
and optical systems,[1–4] deployable or 
morphing structures,[5–10] and active meta-
materials.[11] These applications motivate 
interest in systems that offer unconven-
tional thermal expansion behaviors. At 
the atomic level, thermally activated 
geometric rotation of molecular units 
can result in unusual volume changes in 
bulk solids.[12–14] Examples are in diyn-diol 
molecules with tilted space-filling dumb-
bell shapes and methanol monohydrate 
with apically linked rhombic lattice geom-
etries, to yield large anisotropic and nega-
tive thermal expansion behaviors.[15,16] By 
analogy, mechanical or structural interac-
tions between architected constituents 

Most natural materials expand uniformly in all directions upon heating. 
Artificial, engineered systems offer opportunities to tune thermal expansion 
properties in interesting ways. Previous reports exploit diverse design 
principles and fabrication techniques to achieve a negative or ultralow 
coefficient of thermal expansion, but very few demonstrate tunability over 
different behaviors. This work presents a collection of 2D material structures 
that exploit bimaterial serpentine lattices with micrometer feature sizes 
as the basis of a mechanical metamaterials system capable of supporting 
positive/negative, isotropic/anisotropic, and homogeneous/heterogeneous 
thermal expansion properties, with additional features in unusual shearing, 
bending, and gradient modes of thermal expansion. Control over the thermal 
expansion tensor achieved in this way provides a continuum-mechanics 
platform for advanced strain-field engineering, including examples of 2D 
metamaterials that transform into 3D surfaces upon heating. Integrated 
electrical and optical sources of thermal actuation provide capabilities for 
reversible shape reconfiguration with response times of less than 1 s, as the 
basis of dynamically responsive metamaterials.
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with different thermal responses can induce local bending or 
rotational motions within the available internal free space to 
yield tunable thermal expansion or contraction responses.[17–20] 
The use of engineered 2D and 3D bimaterial lattices or micro-
structures based on reentrant geometries can produce large 
isotropic negative coefficients of thermal expansion (CTE), with 
few, if any, equivalents in naturally occurring materials.[21–23] 
These constructs are especially useful in applications that ben-
efit from the ability to balance environmentally induced thermal 
stresses. Other applications require ultralow CTE for thermal 
stability, motivating the design of stretch-dominated bimaterial 
lattices as an effective compensation of volume change.[24–27]

In 2D, a CTE tensor, αij, characterizes arbitrary thermal 
expansion properties as, εij = αij ΔT, where εij is the thermal 
strain tensor. Previous studies focus only on tuning of the 
principal-axis coefficients, αii. In most cases, distinctive geo-
metric rules guide individual designs for positive, negative, 
and zero values of αii. None of these platforms grant access to 
the off-diagonal terms in the CTE tensor, that is, shear modes 
of thermal expansion. Furthermore, designs for independent 
tuning on each coefficient for precise control of the degrees of 
anisotropy are rare. The few existing examples accommodate 
only limited tunability over expansion behaviors.[28–33] Simple 
prototyping techniques rely on welding,[26] pin-joint,[24,29–31] 
or gluing[33] of bimaterial parts, without scalable means for 
realistic manufacturing or for rendering microscale features. 
Alternative schemes that bypass some of these limitations 
exploit reductive sintering,[21] thin-film deposition,[27] stereo-
lithography,[22,23] and 3D printing,[29] but each has limitations 
in materials choices. A notable feature is that published archi-
tectures usually involve rigid joints between unit cells, thereby 
passivating the effects of local deformation on neighboring 
cells and thus preventing explorations of hierarchical designs 
for additional design options.

Here, we present a first step toward a generalized design 
and fabrication strategy to metamaterial systems that can sup-
port complex, arbitrary thermal deformations. Specifically, this 
paper introduces a set of 2D architectures for this purpose 
through modeling, simulations, and experiments. Here, struc-
tural designs that combine planar triangle unit cells composed 
of bilayer serpentine beams serve as platforms for achieving 
a broad range of isotropic positive/negative thermal expan-
sion behaviors with additional capabilities in precise control 
of the degrees of anisotropy, featuring a realization of large 
isotropic negative, anisotropic positive, and unusual shear CTE. 
A hierarchical design that exploits a spatially heterogeneous 
arrangement of unit cells allows access to additional bending 
and gradient modes of thermal expansion.

The fabrication strategy uses precision laser cutting with 
micrometer-scale resolution to achieve multimaterial thin 
films with interfaces that lie in the plane of the 2D structures, 
as a key to leveraging bending mode actuation from bi-morph 
beams. Slight adaptations of this 2D manufacturing process 
yield options in spatial control for thermally induced geomet-
rical transformations from 2D to 3D layouts. This approach 
offers a robust manufacturing sequence for such bimaterial 
microstructures, with few intrinsic limitations on the constit-
uent materials. The thin, filamentary geometries and micro-
scale features lead to fast local thermal response times, as well 

as facile integration of electrical or optical means for actuation 
in a spatiotemporally controlled manner. The flexible intercon-
nects promote a continuum-based mechanics of the cellular 
microstructures for future development in perturbative and 
reconfigurable metamaterials.

In the designs presented here, curved bilayer beams serve 
as building blocks. The bilayer structure amplifies the thermal 
response by translating the differential linear thermal expan-
sion into a bending deflection. Consider an elastic bilayer thin 
beam (Figure 1a, left) with an initial angle θ0, radius of cur-
vature R0, and composed of different materials on the convex 
(1; thickness t1; Young’s modulus E1; and CTE α1) and con-
cave (2; thickness t2; Young’s modulus E2; and CTE α2) sides, 
where the material with larger CTE covers a ratio r (0 ≤ r ≤ 1)  
of the frame layer. The analytical solution for the effective 
linear strain εT due to a temperature change ΔT is (see Note S1, 
Supporting Information, for details)
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The ratio of Young’s modulus, E1/E2, and the differential 
CTE, Δα = α2 − α1, are the only factors related to material prop-
erties. The effective CTE of the metamaterial αmeta is highly 
sensitive to geometrical parameters t1/R0, t2/R0, θ0, r, and the 
layout of the materials (Δα > 0 or vice versa).

Figure 1a presents a cross-sectional illustration of the fabri-
cation steps for a representative 2D filamentary microstructure 
of this type. The bilayer beam consists of a frame layer (poly-
imide, PI; in yellow) and an actuation layer (poly(methyl meth-
acrylate) (PMMA); in red) bonded to one another along the 
length of the filament. The process starts with precision laser 
cutting (ProtoLaser U4) of a film of PI (75 µm thick; AP8535R, 
DuPont Pyralux; EPI ≈ 2.5 GPa, αPI ≈ 3.0 × 10−5 K−1), into inter-
connected serpentine filaments. A film of copper (18 µm thick) 
stiffened by water-soluble tape (OKI-AKW WT-1, Aquasol) 
serves as a sacrificial support during the cutting. Spin casting 
and curing at 135 °C for 10 min yields a uniform coating 
of PMMA (495 PMMA A5, Microchem; EPMMA ≈ 2.5 GPa,  
αPI ≈ 7.0 × 10−5 K−1) that fills the open regions between the 
PI features and coats a thin PMMA layer on its top surface. 
A second laser cutting process aligned to the first creates 
matching serpentine features in the PMMA, to complete the 
fabrication. Removing the tape by rinsing with water and 
eliminating the copper by wet etching releases the bimaterial 
network into a freestanding form. Figure 1b shows scanning 
electron microscope (SEM) images of as-fabricated bilayer 
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Figure 1. Design, fabrication, and performance of 2D mechanical metamaterials with tunable thermal expansion. a) Cross-sectional schematic illustra-
tion of the fabrication process of the interconnected bilayer beams consisting of frame layer (polyimide; in yellow) and actuation layer (polymethylmeth-
acrylate; in red) sandwiched in-plane. b) Scanning electron microscopy (SEM) images of as-fabricated bilayer beams. c) Top view of the computational 
(left) and experimental (right) results of the 2D serpentine microstructure designed with positive coefficient of thermal expansion (CTE) undergoing 
heating in an oil bath. d) The computational prediction for the effective CTE versus two tunable geometrical parameters of the serpentine microstruc-
tures. e) Experimental measurements of the effective CTE of the metamaterials with independently varied radius to thickness ratio (left) and relative 
thickness ratio (right), in comparison with the computational prediction. Scale bars, 100 µm (b) and 2 mm (c).



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1905405 (4 of 10)

www.advmat.dewww.advancedsciencenews.com

beams. Measurements of the beam thickness from multiple 
locations across the structure indicate a laser alignment toler-
ance ≈6 µm. The finished top surface has a maximum height 
variation of ≈10 µm, where mechanical polishing can help 
improve the surface quality.

This simple sequence can yield 2D metamaterials with wide 
ranging types of geometries, limited mainly by the resolution 
and registration of the laser cutting process. Figure 1c shows 
a top view of a representative material system in a periodic 
triangular lattice with all beams designed with the actuation 
materials (PMMA) on the concave side α1 < α2, θ0 = π, r = 1, 
R0 = 800 µm, and t1 = t2 = 25 µm. The particular thickness 
corresponds to the smallest feature size accessible with our 
laser cutting system as applied to PI films with thicknesses of 
75 µm. The sample consists of 6 × 6 unit cells with an overall 
size of 18 mm × 14 mm. The magnified images on the left 
show simulations of the behavior of a unit cell due to ther-
mally actuated bending of the curved bilayer beam. Optical 
images show the resulting expansion due to heating from 25 to 
95 °C in oil. The effective strain, defined by the edge-to-edge 
change in dimensions, is ≈6.9%. which corresponds to a CTE, 
αmeta = 1.1 × 10−3 K−1 ≈ 14.0αactuation, where αactuation = αPMMA.

With this frame geometry and constituent materials 
(Eactuation/Eframe ≈ 1, αactuation − αframe ≈ 0.57αactuation), the effec-
tive CTE of the metamaterial (Equations (1)–(3)) follows from 
five nondimensional geometrical parameters: the ratio of the 
radius to the frame thickness γ = R0/tframe, the ratio of the 
thickness of the actuation to the frame layers ξ = tactuation/tframe, 
the initial angle θ0, the covering ratio r, and the convexity 
ζ = Δα/|Δα|, as (see Note S1, Supporting Information, for 
details)
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Figure 1d shows the results of finite element analysis (FEA; 
see the Experimental Section for details) for the scaled CTE 
λ = αmeta/αactuation versus R0/tframe and tactuation/tframe, with a 
fixed initial angle, θ0 = π. The measurements in Figure 1e 
are consistent with the FEA results for the dependence on 
R0/tframe (left) and tactuation/tframe (right), where R0/tframe = 32, 
tactuation/tframe = 1, θ0 = π, ζr = 1, and tframe = 25 µm. With this 
default geometry (used throughout the manuscript unless 
otherwise stated), the computed CTE is λ = 13.8. The obser-
vation that the effective CTE increases monotonically with 
R0/tframe but has a global maximum at tactuation/tframe = 0.5  
agrees with the analytical prediction (Note S1 and 
Figure S2a,b, Supporting Information). The normalized mod-
ulus Emeta/Eframe = (5.1 ± 1.8) × 10−5 is within an order of mag-
nitude of the theoretical predictions (Note S2 and Figure S4, 
Supporting Information). FEA indicates that system size does 
not affect the CTE of the metamaterials (Figure S5, Supporting 
Information).

In addition to simple positive, isotropic thermal expansion 
behaviors, unusual possibilities follow from other choices of 
the geometrical parameters of the triangular unit cells. Figure 2 
presents three representative designs for metamaterials that 
exhibit negative, anisotropic, and shear modes of thermal 
expansion. The top row shows optical images of the unit cell, 

the middle row shows images of the response to a default 
heating condition (oil bath, ΔT = 80 °C), and the bottom row 
presents comparisons of FEA to experimental results. The 
designs focus on the initial covering angle of the three beams, 
θi = ζrθ0 (i = 1, 2, 3) (Note S1 and Figure S2c, Supporting 
Information). Switching the actuation materials to the convex 
side (ζ = −1) yields negative CTE of the unit beam. Figure 2a 
shows a unit cell in which all beams have negative convexity, 
θ1 = θ2 = θ3 = −π. The regions highlighted in red and yellow 
correspond to actuation and frame materials, separately. After 
heating, the metamaterial shrinks by ≈6.8%. The corresponding 
CTE, αmeta = −8.5 × 10−4 K−1 ≈ −12.2αactuation, agrees with the 
FEA results. The FEA also predicts that the negative CTE scales 
proportionally with R0/tframe, consistent with the behavior of its 
positive counterpart.

Tuning the geometrical parameters of each beam of the unit 
cell can yield anisotropic thermal deformations. When the arc 
angle of the frame layer θ0 is fixed at π, the magnitude of the 
thermal deformation of a beam can be tuned through control 
of the covering ratio r (Note S1 and Figure S2c, Supporting 
Information). Figure 2b shows a design with the beam along 
x-axis of angle θ1 = −π/2 and the other beams of angle θ2 = 
θ3 = +π. The resulting structure exhibits a thermal expansion 
of ≈7.8% along the y-axis but ≈0% along the x-axis for a ΔT 
of 80 °C. The CTE along the y-direction, λy ≈ 13.4 is compa-
rable to that of the isotropic case. The FEA results show that 
as θ1 approaches −π/2 from the positive side, the x-axis CTE λx 
decreases to zero while λy remains at ≈15.0. Figure 2c shows 
that the combination of θ1 = −π/2, θ2 = +π, and θ3 = −π gener-
ates an unusual shear mode of thermal expansion. With a ΔT 
of 80 °C, the sample shears by ≈4.7°. The magnitude of the 
CTE associated with this shear mode, defined in terms of the 
shear strain, depends on the radius to thickness ratio. FEA 
results predict that the shear CTE of this type of metamaterial 
increases linearly with R/tframe, similar to the case of its iso-
tropic counterparts.

The fabrication methodology also allows for geometries 
that vary spatially across unit cells in a given system. Figure 3a 
shows an example design comprising cells with both positive 
(indicated in red) and negative (blue) CTE in four adjacent 
areas. The anisotropic expansion and contraction behaviors 
produce an overall shear and rotation. Figure 3b presents 
another design consisting of two strips of cells with positive 
and negative CTE. The tension and compression associated 
with the positive and negative regions, respectively, induce a 
bending moment of the overall construct. A design of cells 
with monotonically increasing CTE along one spatial axis 
leads to a gradient mode of thermal expansion along that axis. 
For example, as shown in Figure 3c, a system that includes 
unit cells in which ξ = tactuation/tframe gradually decreases from 
3:1 to 1:1 yields a corresponding spatial gradient in CTE. For 
the case where the CTE changes for every other column, a 
network with an overall rectangular shape expands upon 
heating into one with a trapezoid shape with a taper angle 
of θtaper ≈ 1°. Figure 3d shows corresponding FEA results, 
where the insets indicate the deformation mode. Experiments 
indicate that the shear angle θshear ≈ 7° and bending angle 
θbending ≈ 20° for a ΔT of 80 °C, in agreement with FEA. FEA 
also yields predictions for the dependence of the shear angle 
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on R/tframe and the bending angle on aspect ratio (width vs 
length), with other parameters fixed (Figure 3d).

As illustrated in Figure 4a, a spatially uniform frame layer 
bonded to the base of the serpentine structures leads to out-
of-plane (z-axis) bending upon thermal actuation. The 3D 
bending of a homogenous and isotropic precursor structure is 
stable and deterministic (Figure S6, Supporting Information). 
Figure 4b highlights the simple scheme for realizing this type 
of structure. Here, the laser cutting process removes only a 
well-defined fraction of the full thickness of the PI film. The 
second cutting step then removes both the PMMA and the 
residual PI into the selected serpentine contours.

A key parameter that determines the magnitude of the z-axis 
bending of the metamaterials is the ratio of the thickness of 

the top actuation and bottom frame layers h1/h2. Figure 4c 
shows a side view of a metamaterial designed using the default 
2D parameters and h1/h2 = 1.0, for the case of a 100 °C temper-
ature change induced by placing the sample in an oven. The 
top row shows the thermal bending response. At room tem-
perature, the structure, with a bottom PI thickness of 37.5 µm 
curves upward due to residual stresses in the films associated 
with PMMA curing. Viewed from the wider side (18 mm) of 
a structure with 6 × 6 unit cells, the bending angle θT is ini-
tially 52°. Upon heating from 30 °C, the film bends toward the 
bottom frame material and eventually reaches a planar state 
at 130 °C. In the bottom row, the FEA simulates a process 
heating a metamaterial with zero initial bending from 30 to 
130 °C. Because the observed bending is linear and reversible, 

Adv. Mater. 2019, 31, 1905405

Figure 2. Precise control of bimaterial layout for unusual thermal expansion. a–c) Optical images and FEA results of metamaterials designed for 
negative, anisotropic, and shear deformation under thermal expansion. Top: One unit cell of the designed microstructure. Middle: The material under 
heating (ΔT = 80 °C) in an oil bath. The dashed/solid lines track the undeformed/deformed states of the materials. Bottom: Computational prediction 
for the anisotropic design of effective CTE with the inset illustrating the design principle based on the covering angle of the actuation layer. Scale bars, 
1 mm.
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an initial residual stress is equivalent to an elastic thermal 
stress. The mechanical response of the reverse actuation is 
analogous to a cooling process. Figure 4d provides a quanti-
tative comparison between experiment and FEA, where the 
change of bending angle ΔθT due to heating agrees within 6°. 
Figure 4e shows FEA results for the dependence of bending on 
h1/h2 and on R/tframe.

Dynamically tunable actuation of metamaterial structures 
can be achieved by Joule heating with integrated conductive ele-
ments. The simplest scheme uses a thin bilayer of Ti (≈10 nm)/
Au (≈120 nm) deposited uniformly onto the top surfaces of the 
structures. Increases in temperature of >100 °C can be achieved 
with ≈1 mW mm−2 power.[34] Under a spatially uniform heating 
condition, it is reasonable to assume that convective heat 

transfer dominates the dissipation mechanism. The governing 
rate equation for the thermal response at room temperature Ta 
becomes

η ( )= − −
d

d
acm

T

t
Q A T T

 (5)

where c is the specific heat capacity, m is the mass of the 
material, Q is the energy influx, A is the surface area, and 
η is the heat transfer coefficient of air assumed to take a 
constant value of 30 × 10−6 W mm−2 K−1. The solution to 
Equation (5) is

( )= − − +τ−( ) 10 a
/

aT T T e Tt

 
(6)

Adv. Mater. 2019, 31, 1905405

Figure 3. Hierarchical manipulation of microstructures for unusual thermal expansion. a–c) Optical images of metamaterials designed for shear, 
bending, and gradient deformation under thermal expansion, based upon spatial arrangement of unit cells with different CTE. Red and blue differentiate 
cells with positive/negative CTE. The dashed and solid lines track the deformation of materials under room temperature and under heating (ΔT = 80 °C). 
The bottom row of (c) shows zoomed-in optical images of representative cells in every other two columns of the material. d) Computational predic-
tion for the shear angle versus radius-to-thickness ratio with the inset indicating the deformation mode. Top: The experimental measurement from 
(a) agrees with the prediction. Bottom: Computational prediction for the bending angle versus the aspect ratio in the bending direction with the inset 
indicating the deformation mode. The experimental result from (b) is close to the prediction. Scale bars, 2 mm.
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where T0 = Q/ηA + Ta is the steady-state temperature at thermal 
equilibrium. The relaxation time constant is τ = cm/ηA. The 
filamentary designs yield a low thermal mass and large surface 
area for fast thermal relaxation and, therefore, fast switching 
times. The thin metal coatings do not perturb the mechanics 
significantly.

Figure 5a shows a structure in a layout for isotropic, 
positive CTE (default dimensions and thicknesses), coated 
with the Ti/Au thermal actuator. Figure 5b shows on the 
right the analytical prediction of the thermal response of 
a 10 × 10 unit-cell metamaterial (18 mm × 14 mm). This 
structure has a surface area that is ≈5 times larger than that 
of a uniform thin film with the same thickness and overall 
area. Given materials properties with specific heat capacity 
cPI = 1090 J kg−1 K−1, cPMMA = 1466 J kg−1 K−1, and mass density 
ρPI = 1.42 × 10−6 kg mm−3, ρPMMA = 1.18 × 10−6 kg mm−3, the 
predicted relaxation time constant for the material is τ = 0.8 s. 

For an ambient temperature of 28 °C, applying 1 W of electrical 
power leads to an approximately uniform steady-state tempera-
ture of 115 °C, as shown in the infrared (IR) images in the left 
part of Figure 5b. Fitting the time response data with an expo-
nential function (Equation (4)) for eight cycles of on/off events 
yields a time constant of τ = 0.45 ± 0.04 s.

Changing the heating method and/or location provides 
additional flexibility. Connecting a current source to patterned 
thermal actuator electrodes yields different heating paths. 
Figure 5c presents a scheme where eight conducting pads 
surround the sample. The top IR images correspond to dif-
ferent heating modes. The bottom figures give corresponding 
contour maps of von Mises strain and displacement vectors 
for each of the unit cells, reconstructed from optical images 
(Notes S3 and S4; Figures S7 and S8, Supporting Informa-
tion). The overlay is an image of the thermally deformed mate-
rial. The elastic coupling between unit cells together with the 

Figure 4. Tunable thermal expansion in three dimensions. a) Cross-sectional schematic illustration of the design concept, predicted deformation mode, 
and b) fabrication process of the interconnected bilayer beams sandwiched in-plane and out-of-plane for 3D thermal expansion. c) Side view of the 
computational (bottom) and experimental (top) results of the 3D metamaterials (h1/h2 = 1, R/tframe = 32) undergoing heating in oven. The as-fabricated 
material is precurved due to residual stress. d) Computational prediction for the out-of-plane bending angle over temperature change. e) Experimental 
measurements of the bending angle versus tunable geometrical parameters of the 3D microstructures. Scale bars, 2 mm.
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rigid-frame boundary conditions produce complex strain pro-
files in these different cases.

Applying directed hot/cold air flow to the sample can further 
localize the thermal expansion. Figure 5d shows on the left an 
IR image collected as a heat gun delivers a stream of hot air 
(AOYUE Int866) to the lower left corner of a sample. The right 
figure is the corresponding strain and displacement vector 

maps, overlaid with an image of the material during heating. 
Light absorption provides yet another option. Figure 5e shows 
the thermal response of a sample during illumination with 
an ultraviolet (UV) beam with a laser power of ≈300 mW. The 
unit cell under illumination with an intensity of 1.7 mW mm−2 
undergoes local heating and a corresponding displacement by 
a maximum of ≈20 µm (0.8tframe). The various available local 

Figure 5. Implementation of diverse local heating modes. a) Optical image of a unit cell deposited with 10 nm Ti and 120 nm Au for electrothermal 
actuation through joule heating. b) Simulation (left) and experimental (right) results showing ≈1 s thermal response time to the electrical actuation. 
c) Top: Infrared (IR) thermographs collected during joule heating with an input power of ≈1 W supplied via different nodes marked in red and blue. 
Bottom: the corresponding strain contour and displacement vector map of the triangular units, constructed from the optical image recordings of 
deforming lattice. Overlaid is the image of material under heating. d) Left: IR thermographs collected when the left corner of a sample is heated by 
a stream of hot air. Right: the corresponding strain contour and displacement vector map of the triangular units, overlaid with the image of material 
under heating. e) Edge contours of a sample material before (black) and under (red) a confined ultraviolet (UV) exposure (shaded in purple) showing 
a rotation of a unit cell induced by local optical heating. Scale bars, 1 mm (a,e) and 1 cm (c,d).
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heating methods create opportunities for shape morphing 
of metastructures with various designs and CTE behaviors 
(Figure S9, Supporting Information).

In conclusion, the results presented here establish the 
experimental and computational basis for a 2D mechan-
ical metamaterial platform that can support widely tunable 
thermal deformations, including the ability to achieve an arbi-
trary CTE tensor. Here, controlling the radius and thickness 
of the filamentary beams in these constructs provides tun-
ability over the magnitude of thermal deformation. Changing 
the covering angle of each beam in a system with triangular 
unit cells introduces highly anisotropic tuning of the thermal 
expansion behavior, which decouples the principal-axis terms 
and provides access to off-diagonal terms in the CTE tensor. 
In addition to the beam-level design aspects, the strong inter-
actions between cells allow for a cell-level blending of lattices 
with different CTE for additional unusual modes of thermal 
expansion. Examples of shearing, bending, and gradient 
modes reported here are simple illustrations of concepts that 
can support complex morphing structures. Incorporating 
electrical or optical sources of thermal power into these sys-
tems yields fast, controlled modes of switching through local 
heating. Compared to other functionally similar mechanical 
metamaterials or actuation schemes that rely on ionic con-
centrations, hydration, pH gradients, or light exposures,[35–38] 
the platforms presented here offer advantages and unique 
aspects in wide-range tunability, few limitations in materials 
selection, fast response time, deterministic local control of 
responses, and easy integration with other electronic compo-
nents. As such, these concepts have the potential to serve as 
a versatile, active, and dynamic pathway to topology optimi-
zation[39–43] or coordinate transformations[44–47] in mechanical 
metamaterials.

Experimental Section
Fabrication of the Metamaterials: The fabrication process started 

with a metallized sheet of PI (75 µm thick PI with 18 µm copper 
on both sides, AP8535R, DuPont Pyralux). After removing the 
copper layer on one side using wet etching (CE-100 copper etchant, 
Transense, 15 min), four pieces of water-soluble tapes (OKI-AKW 
WT-1, Aquasol) applied to the other side stiffened the copper 
substrate. Laser cutting (ProtoLaser U4, LPKF) removed PI in selected 
regions with controlled removal depth. Drop-casting coated a layer 
(≈0.08 ± 0.01 mL cm−2 ≈ 75 µm thickness) of PMMA (495 PMMA A5, 
Microchem) on the patterned PI layer. Laser cutting removed selected 
regions of the sample. Rinsing the sample with deionized (DI) water 
to remove the water-soluble tape and wet etching to remove the 
copper layer. Graphite aerosol (Aerodag G, Ted Pella) spray-coated the 
sample for IR imaging.

Finite Element Analyses: FEA was carried out on the commercial 
software ABAQUS. Four-node shell elements (S4R) were used for the 
PI and PMMA; refined meshes were adopted to ensure computational 
accuracy. PI and PMMA were all simplified as linear elastic materials 
whose elastic modulus (E) and Poisson’s ratio (ν) are EPI = 2.5 GPa, 
νPI = 0.34 for PI, and EPMMA = 2.5 GPa, νPMMA = 0.3 for PMMA. And 
the linear thermal expansion coefficients (α) of PI and PMMA are 
αPI ≈ 3.0 × 10−5 K−1 and αPMMA = 7.0 × 10−5 K−1, respectively.

Characterization of the Mechanical Properties: Tensile testing (Mark-10 
ESM303) of five samples yielded the stress–strain relationships across 
a range of strains from 0 to 10%. A first-order polynomial fit to the data 
yielded the Young’s modulus. The strain rate was 10−3 s−1.

Data Analytics: Lattice nodes digitization used Web plot digitizer 
(https://github.com/ankitrohatgi/WebPlotDigitizer.git). Thermal 
expansion measurement used ImageJ 1.x (https://github.com/imagej/
imagej1.git). All analysis used MATLAB (R2018b) technical computing 
languages.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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