
Article
Variable-stiffness metama
terials with switchable
Poisson’s ratio
Graphical abstract
variable stiffness architecture elastomer matrix

variable stiffness metamaterial (VSMM)

+

switch Poisson's ratio

high-precision measurement

large deformation
measurement

deformation

se
n
so

r 
si

g
n
a
l

P
R
IN

C
IP

LE
P
O

T
E
N

T
IA

L
A
P
P
LI

C
A
T
IO

N

Highlights
d Variable-stiffness metamaterials (VSMMs) are tunable-

response composites

d VSMMs enable on-demand control and intensification of

metamaterial properties

d A VSMM with a tunable Poisson’s ratio is demonstrated

d A VSMM is embedded in a soft sensor to tune the strain range

and sensitivity
Authors

Elze Porte, Nidhi Pashine,

Sree Kalyan Patiballa, Sophia Eristoff,

Trevor Buckner,

Rebecca Kramer-Bottiglio

Correspondence
e.porte@ucl.ac.uk (E.P.),
rebecca.kramer@yale.edu (R.K.-B.)

In brief

This work introduces variable-stiffness

metamaterials (VSMMSs) with

controllable properties. By stiffening and

softening the metamaterial component of

VSMMs, the property of the metamaterial

structure can be intensified or relaxed.

For example, a VSMM with a tunable

Poisson’s ratio is embedded in a soft

sensor to control the sensitivity and strain

range of the sensor. VSMMs will expand

the capabilities of soft devices through

dynamic property modulation.
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THE BIGGER PICTURE Metamaterials are engineered to exhibit unusual properties, such as material expan-
sion when contraction is expected. Typically, metamaterials have a single response (e.g., always expand),
but tuning the intensity of this response (e.g., sometimes expanding, sometimes contracting) is valuable
for adaptability and could enhance the adaptability of soft robots andwearables. We develop a variable-stiff-
ness metamaterial (VSMM) that can switch between its ‘‘usual’’ material properties and those substantially
altered bymetamaterial action. We achieve the tunable properties by embedding amechanical metamaterial
with variable stiffness properties into a soft elastomer matrix. Using soft, stretchable sensors as an example,
we demonstrate how the property switching allows the sensors to adapt to different sensitivity and strain
range requirements.
SUMMARY
Mechanical metamaterials are structured materials designed to exhibit unconventional mechanical re-
sponses. Most mechanical metamaterials have a single material response, but the ability to tune the intensity
of a programmed response is useful to enhance the adaptability of the metamaterials to varying application
requirements. This work presents variable-stiffness metamaterials (VSMMs) made from a thermally respon-
sive, variable-stiffness Field’s metal-silicone composite embedded in a soft silicone elastomer. We investi-
gate VSMMs with different metamaterial structures and constituent material stiffness ratios, and we demon-
strate that the VSMM properties are dominated by the embedded metamaterial in a stiff state and the host
elastomer in a soft state. We showcase the utility of the VSMM by producing capacitive sensors that can
switch between property states: highmeasurement sensitivity with limited deformations (<10%) or low sensi-
tivity with large deformations (>60%).
INTRODUCTION

Metamaterials can broadly be described as structured materials

with bulk properties that differ from the properties of their con-

stituent materials.1 Metamaterials have been shown to possess

unconventional properties, such as a negative Poisson’s ratio,2–5

negative thermal expansion coefficient,6,7 and nonreciprocity.8,9

Mechanical metamaterials are a sub-class of metamaterials that

exploit motion, deformations, stresses, andmechanical energy.1

Mechanical metamaterials have been used to augment the prop-

erties of soft material systems for specific applications. For

example, a negative Poisson’s ratio property has been utilized

to improve the sensitivity of soft stretch sensors,10–12 and kiri-

gami principles have been used to design a snake-inspired
Device 3, 100570, Janu
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crawling robot13 and inflatable soft actuators with unusual

deformations.13,14

While many mechanical metamaterials have a fixed structure

and therefore a fixedmechanical response, there is a growing in-

terest in metamaterials that can exhibit more than one mechan-

ical response.1,15–21 For example, bistable mechanisms have

been used to switch between rigid and flexible material states

of foldable origami structures15 (i.e., the structure has load-

bearing capabilities when the mechanism is locked and free

deformation is possible when unlocked),15 and variable-stiffness

materials have been used to adjust how forces travel through a

material structure to achieve different deformation responses

in the system.16 Such approaches sought to tune the direction-

ality of a mechanical response. Herein, we are interested in the
ary 17, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Variable-stiffness metamaterial principles

(A) Overview of the principle of a variable-stiffness metamaterial.

(B) Example of a mechanical metamaterial structure made from FMSi.

(C) Embedded metamaterial to create a variable-stiffness metamaterial.
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use of variable-stiffness materials (i.e., variable Young’s

modulus) in mechanical metamaterials to tune the intensity of a

mechanical response.

Rigidity-tuning behavior can be achieved by a variety of

means, such as by using stimuli-responsive materials,22–24 me-

chanical locking systems,25,26 antagonistic actuator cou-

plings,27,28 and jamming effects.29–32 Phase-changing materials

that transition from rigid to soft via a thermal response are a pop-

ular approach to stiffness change, as the system design typically

has a limited number of components and the effect can be regu-

lated through Joule heating. This strategy has brought about a

series of advancements toward the development of phase-

changing composites, i.e., materials that have gained some

added functionality via the inclusion of an additive with phase-

changing properties, such as wax or low-melting-point metallic

particle fillers.33–35 Out of these examples, the most drastic stiff-

ness ranges are provided by fusible metallic alloys, which transi-

tion from a rigid metallic solid at room temperature to a dense

liquid when heated. Particles of one such alloy, Field’s metal

(FM), can be added to highly extensible materials, such as sili-

cone rubber.33 Such a composite benefits from substantial in-

creases in Young’s modulus in room temperature environments

(stiff state) yet retains access to the flexibility inherent in the ma-

trix material via reversible heating and melting of the internal

phase-changing additive (soft state).

In this work, we introduce variable-stiffness metamaterials

(VSMMs) (Figure 1A). Mechanical metamaterials are often open

structures, where the shape of the voids or cuts determines
2 Device 3, 100570, January 17, 2025
the material’s behavior. Filling the voids with a second material

creates a composite material, where the combined material

behavior is based on the rule of mixtures, which predicts that

the global material properties of a composite will be an average

of the constituent material properties proportional to the volume

ratio of the constituent materials.36–38 For a metamaterial, this

means that a different stiffness ratio between the metamaterial

and the filler material can change its behavior from, for example,

auxetic to non-auxetic without changing the metamaterial’s

structure.39 Implementing a metamaterial that can change stiff-

ness on demand would mean that the global material properties

of the composite can be tuned on demand.

The main benefit of the combined change in stiffness and

metamaterial property is for applications where themetamaterial

is embedded in continuous bodies, such as capacitive sen-

sors10–12 and inflatables.14 In these applications, the stiffness

of the metamaterial needs to be much larger than the stiffness

of the embedding matrix to exploit the metamaterial proper-

ties.39 The increased stiffness can limit the range of motion

and require larger actuating forces. A VSMM can solve these

problems by switching between a stiff state when metamaterial

action is needed and a soft state when large-range motion and

high flexibility are needed (see Figure 1A).

Our VSMM uses a FM-silicone (FMSi) composite to achieve

variable stiffness in the metamaterial structure, which is

embedded into an elastomer matrix to achieve variable Pois-

son’s ratios with varying temperature. This variable-stiffness

mechanism achieves a variation in the Young’s modulus of



Figure 2. Proof of principle of a thermal responsive variable-stiffness metamaterial

(A) Poisson’s ratio and (B) force required to stretch the material (n = 9, representative examples shown).
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FMSi that is about 5 times as high in its stiff state (room temper-

ature) as in its soft state (>62�C).33 This VSMM is an examplema-

terial to introduce the broader concept of VSMMs, which can use

different stiffness-changing mechanisms to achieve on-demand

control and tunability of metamaterial properties. We investigate

the effect of the stiffness change on the Poisson’s ratio of the

embedded metamaterials for different mechanical metamateri-

als and a range of stiffness ratios, finding that the VSMM can

switch between a stiff, metamaterial-dominated material

behavior and a soft, elastomer-dominated material behavior.

We demonstrate the utility of the VSMM by making a capacitive

sensor that can switch between high sensor sensitivity with a low

maximum strain limit and high deformation measurements with

lower sensor sensitivity.
RESULTS AND DISCUSSION

VSMM principle
We fabricated a VSMM by embedding a FMSi metamaterial

structure inside a soft elastomer matrix. The silicone in the

FMSi and the embedded elastomer matrix are both silicone,

but for clarity purposes, we refer to the silicone in the FMSi as sil-

icone and the silicone in the soft elastomer matrix as elastomer.

FMSi undergoes a drastic stiffness change above the melting

temperature of FM, around 62�C.33 Details of the material

manufacturing are described in the experimental procedures.

Figure 1B shows an example of an FMSi metamaterial struc-

ture and the final VSMM after embedding the structure in a soft

elastomer matrix (Figure 1C). Embedding the metamaterial into

the elastomer matrix is an essential step to achieve a variable

Poisson’s ratio. The hyperelastic Poisson’s ratio, which indicates

the level of deformation perpendicular to the direction of stretch,

can be calculated by40

nw = � ln ð1+εwÞ = ln ð1 + εLÞ; (Equation 1)

where nw is the Poisson’s ratio in width direction and εw and εL

are the strains in the width and length directions, respectively.
The Poisson’s ratio of themetamaterial in the elastic deformation

regime is controlled by themetamaterial structure rather than the

constituent material properties. Through embedding the meta-

material, its properties become dependent on both the structure

and the composite mechanics of the entire matrix.39

Figure 2 shows the proof of principle of the VSMM. Embedding

the FMSi metamaterial into a soft elastomer matrix successfully

alters the material’s behavior at different temperatures. The ma-

terial shows a Poisson’s ratio of 0.5 when heated to 80�C,
whereas a reduced Poisson’s ratio between 0.3 and 0.4 is

measured at room temperature (about 20�C) (Figure 2A). The

force required to stretch the warm, softened material to a spe-

cific strain is about half of the force required to stretch the mate-

rial in the cold, stiffened state (Figure 2B). The stiffness change of

the VSMM (�23) is lower than FMSi materials (�5333) because

the FMSi structure is embedded in an elastomer that does not

undergo a stiffness change. Larger stiffness changes in FMSi

can be achieved by increasing the metal content,41 but this re-

duces the maximum strain at failure. The stiffness change of

VSMM can be expected to increase if the ratio FMSi:elastomer

of the VSMM can be increased toward FMSi content. The mate-

rial is prone to breaking at strains above 10% in the stiff state, so

measurements are only taken up to approximately 8% strain. In

the softened state, the material is able to endure much larger

strains (>50%).

Effect of metamaterial structure choice

To further investigate the mechanics of the VSMMs, we tested

different structures for the metamaterial and used different con-

stituent materials in the VSMM composite. Four different known

metamaterial structures are investigated (Figure 3): a ‘‘honey-

comb’’ structure with a Poisson’s ratio >1, a ‘‘bowtie’’ (reentrant

honeycomb) structure with a negative Poisson’s ratio, a kirigami

structure with a negative Poisson’s ratio, and a ‘‘squares’’ struc-

ture with a Poisson’s ratio of approximately 0.5 The measured

Poisson’s ratios of these four structures are captured in Fig-

ure 3B. These four structures are chosen to cover a large spec-

trum of unusual Poisson’s ratios ranging from 1.5 to �0.5. Two

structures with a Poisson’s ratio of �0.5 are included to investi-

gate different types of mechanisms to achieve negative
Device 3, 100570, January 17, 2025 3



Figure 3. Poisson’s ratios of different metamaterial structures

(A) The four different structures.

(B) Poisson’s ratios of the four different structures, including tests on an FMSi structure to show independence of material properties (n = 9, error bars indicate the

standard deviation, and a dashed line was added to guide the reader).
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Poisson’s ratios. The Poisson’s ratio of the squares is measured

for structures made from both a soft elastomer (Ecoflex 00-30)

and much stiffer FMSi to confirm the Poisson’s ratio is indepen-

dent of constituent material properties. All other structures are

only made from soft elastomer.

Figures 4A and 4B show the measured Poisson’s ratios of the

four metamaterial structures as VSMMs at both the stiff (20�C)
and softened (80�C) states. All structures behave as neat silicone
in the softened state with a Poisson’s ratio close to 0.5 (Fig-

ure 4B). The Poisson’s ratio changes in the stiff state for three

of the structures, with Poisson’s ratios above 0.5 for the honey-

comb structure and below 0.5 for the bowtie and squares struc-

tures (Figure 4A). The embedded kirigami structure shows a

Poisson’s ratio of 0.5, even though the structure on its own

showed a Poisson’s ratio of�0.5. The bowtie and kirigami struc-

tures initially showed similar Poisson’s ratios but then showed

different Poisson’s ratios as part of the VSMM. This indicates

that the change in Poisson’s ratio is highly dependent on the

chosen structure.

The difference in Poisson’s ratio of the embedded bowtie and

kirigami structures shows that the composite’s Poisson’s ratio

cannot be predicted from the metamaterial’s original Poisson’s

ratio alone. The difficulty in predicting the behavior is likely due

to the different internal stresses for the different structures. For

the kirigami structure, the voids in the material become much

bigger during stretch compared to the bowtie structure (Fig-

ure S1). The voids in the kirigami structure have an increase of

about 40%more area than the bowtie structure at the same level

of strain (15%). When the metamaterials are embedded in the

elastomer, the elastomer will resist the opening of the voids

and limit the metamaterial’s action.

Effect of constituent materials choice

The effect of the constituent materials is investigated on the

bowtie structure since the largest change in Poisson’s ratio be-

tween the stiff and soft states is achieved with this structure.

Based on the rule of mixtures, it is expected that larger stiffness

ratios between the metamaterial and matrix material in the cold

state result in lower Poisson’s ratios since the metamaterial stiff-
4 Device 3, 100570, January 17, 2025
nesswill dominate the composite behavior. Different stiffness ra-

tios are achieved by changing the constituent elastomers of both

the embedding matrix and the FMSi composite. The elastomers

are a relatively soft Ecoflex 00-30 (Smooth-On), medium-stiff-

ness Dragon Skin 20 (Smooth-On), and relatively stiff Smooth-

Sil 950 (Smooth-On). Three different stiffness ratios between

the constituent elastomers are chosen: a low stiffness ratio

(1:1) where Dragons Skin 20 is used for both the FMSi structure

and embedding matrix, a medium stiffness ratio (1:5, Ecoflex

00-30:Dragon Skin 20, 100% modulus) consisting of a Dragon

Skin 20 FMSi composite embedded in Ecoflex 00-30, and a large

stiffness ratio (1:27, Ecoflex 00-30:Smooth-Sil 950, 100%

modulus) consisting of a Smooth-Sil 950 FMSi composite

embedded in Ecoflex 00-30.

Figures 4C and 4D show the Poisson’s ratio in both the cold

and hot states for the different composite combinations. The

graphs indicate that the Poisson’s ratio of the embedded mate-

rial in the cold state is dependent on the stiffness ratio between

the metamaterial and the embedding matrix. The lowest Pois-

son’s ratio (about 0.1) is measured for the highest stiffness ratio

material, and the highest Poisson’s ratio (between 0.4 and 0.5) is

measured for the lowest stiffness ratio material, which follows

the expected trend based on the rule of mixtures. The high stiff-

ness ratio in the cold state, however, also results in a relatively

high stiffness ratio between the metamaterial and the embed-

ding matrix in the softened, hot state. The high stiffness ratio re-

sults in a reduced Poisson’s ratio around 0.3–0.4 for the high-

stiffness material compared to a Poisson’s ratio of 0.5 for the

low- and medium-stiffness materials. Even though the stiffness

of the FMSi metamaterial structure is much lower through the

melting of the FM, the stiffness ratio between the stiff Smooth-

Sil 950 of the metamaterial and the soft Ecoflex 00-30 of the ma-

trix is sufficiently high to observe the influence of the metamate-

rial mechanics through a reduced Poisson’s ratio.

The relatively large error bars in Figures 4A–4D at low strains

may be explained by the ratio of the measurement uncertainty

compared to the magnitude of the measured strain. The mea-

surement accuracy of the measurement method is absolute,



Figure 4. Metamaterial structure choice, constituent material choice and repeatability
(A and B) Poisson’s ratios of the four different embedded metamaterial structures in the (A) cold and (B) hot states.

(C and D) Poisson’s ratios of the embedded bowtie structure for three different composites using Dragon Skin 20 (DS20), Ecoflex 00-30 (EF30), and Smooth-Sil

950 (Sil950) in the (C) cold and (D) hot states.

(E) Repeatability test results showing the Poisson’s ratio for 20 repeated heating and cooling cycles.

For all graphs, n = 9, error bars indicate the standard deviation, and a dashed line was added to guide the reader.

Please cite this article in press as: Porte et al., Variable-stiffness metamaterials with switchable Poisson’s ratio, Device (2024), https://doi.org/10.1016/
j.device.2024.100570

Article
ll

OPEN ACCESS
which means that for large strains, the relative uncertainty of the

measurement becomes smaller.

The VSMM shows repeatable behavior between temperature

cycles. The graph in Figure 4E shows that over 20 heating and

cooling cycles, the average Poisson’s ratios of the squares

VSMM remained stable around 0.3 in the cold state and around
0.5 in the hot state. This means that systems with VSMMs can

repeatably switch between the different states. Although more

elaborate tests over thousands of repeated cycles should be

carried out to cover the lifespan of these soft material systems,

these initial results where no change is observed in thematerial’s

behavior are very promising. In general, the repeatability of a
Device 3, 100570, January 17, 2025 5



Figure 5. Capacitive sensor case study application

(A) Schematic of a capacitive sensor, including how dimensions relate to measured capacitance.

(B andC) Comparison of sensor data in cold and hot states for (B) Poisson’s ratio and (C) normalized capacitance (n= 9, error bars indicate the standard deviation,

and a dashed line was added to guide the reader).
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VSMM is expected to depend on the choice of stiffness-chang-

ing mechanism and the bonding properties between the meta-

material and matrix material.

Case study application

A possible application in soft robotics where a VSMM can pro-

vide benefits compared to conventional materials is soft capac-

itive stretch sensors. Capacitive sensors typically have relatively

low resolution.42 Embedding VSMMs in soft stretch sensors can

enable switching between a lower-strain state with higher reso-

lution and a higher-strain state with lower resolution. Capacitive

sensors consist of two electrodes that are separated by a dielec-

tric layer, as schematically represented in Figure 5A. Soft

capacitive sensors are often silicone based, with a neat silicone

dielectric layer and conductive particle-filled silicones as elec-

trodes.42–44 Measurements with capacitive sensors rely on the

deformations of the sensors during stretch through43,44

C = e0er
Lw

t
(Equation 2)

with C the measured capacitance, e0 the permittivity of free

space, er the relative permittivity, and L, w, and t the length,
6 Device 3, 100570, January 17, 2025
width, and thickness of the dielectric layer, respectively. The

capacitance measurements directly relate to the effective Pois-

son’s ratio of the dielectric layer since the Poisson’s ratio deter-

mines the relationship between the stretch in the w and t direc-

tions, based on an imposed strain in L and assuming the

incompressibility of the dielectric layer43:

C = C0ð1+εLÞ2ð1� nwÞ (Equation 3)

where εL is the strain in the Ldirection and nw is the effective Pois-

son’s ratio in the w direction of the dielectric layer. The

incompressibility of the dielectric layer means that volume is

conserved through nw + nt = 1, where nt is the Poisson’s ratio in

the t direction. Reducing nw through using VSMMs results in a

higher nt, which means that as the w reduces less with εL, the t

reduction increases. Since C f Lw/t, this combined effect in-

creases the measured capacitance for a given εL.

To showcase the potential capabilities of VSMMs,we created a

VSMM stretch sensor with tunable strain range and sensitivity

properties. The bowtie VSMM is molded onto a soft capacitive

stretch sensor to reduce the Poisson’s ratio of the sensor on de-

mand. Figures 5B and 5C show the Poisson’s ratios and
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capacitancemeasurements of the sensors in cold and hot states.

As expected, thePoisson’s ratio of the sensors is lower in the cold

(�0.2) than in the hot (�0.35) state. The Poisson’s ratio of the sen-

sors does not revert to 0.5 in the hot state for two reasons. First,

we use the stiffer metamaterial (Smooth-Sil 950 based), which

has a Poisson’s ratio of 0.4 in the hot state (Figure 4D). Second,

the sensors themselves have a Poisson’s ratio below 0.5 (�0.3–

0.4) because of the addition of graphite to the electrodes.43

The difference between the Poisson’s ratios in the softened

(80�C) and stiffened (20�C) states is sufficiently large to alter

the sensitivity of the capacitance measurements. The capaci-

tance change with strain in the cold state is about 50% higher

than in the hot state. This measurement sensitivity change is

lower than the gauge factor increase achieved in other capacitive

sensor metamaterial technologies (90% increase),42 but optimi-

zation of the current system could improve the performance. The

sensor in the cold state could not be tested beyond 9% strain

because of the high stiffness and potential failure of the FMSi

structure. Measurements beyond 60% strain were possible in

the hot state. This means that the VSMM successfully achieved

changing the material properties of capacitive sensors on de-

mand, with potential applications in soft robotics.
Conclusion and outlook
This work introduces the principle of VSMMs. To demonstrate,

we developed a VSMM that can be used in soft systems to switch

between different property states, dependent on the stiffness of

the metamaterial structure. We showed that the VSMM can

switch between behavior that is dominated by the soft elastomer

matrix to enable large-strain motion and a high-stiffness state

with a substantially altered Poisson’s ratio due to the metamate-

rial’s impact on the global material properties. Both the original

Poisson’s ratio and the structure of the metamaterial determine

the Poisson’s ratio of the VSMM. The Poisson’s ratio can also

be altered based on the stiffness ratio between the metamaterial

and the filler, with a larger stiffness ratio resulting in a larger contri-

bution of the metamaterial structure to the material properties.

We show the functionality of the VSMM for soft capacitive sen-

sors but envision that this programmable material can have a

wide range of applications in soft robots and adaptable mate-

rials. For example, an actuator could be programmed to follow

different paths with different load-bearing capabilities. VSMMs

can be created with any rigidity-tuning material, and the use of

other variable-stiffness mechanisms, such as jamming, could in-

crease the switching speed and extend the technology to tem-

perature-sensitive applications, for example, in biomedical and

surgical devices. Further development of the materials is

required to optimize their use for specific applications, and the

suitability of VSMMs to alter other metamaterial actions, such

as multistability and shape shifting, can be explored. Inverse

design may be a useful tool to design these materials with opti-

mized metamaterial structure and stiffness ratios.
EXPERIMENTAL PROCEDURES

FM particle preparation

The process of preparing FM particles is based on a method previously intro-

duced by the authors in Buckner et al.45 First, a 2 wt % solution of confection-
ery sodium alginate powder (Modernist Pantry) and deionized water is poured

into a 1,000 mL beaker. The mixture, which is thixotropic and behaves like a

syrupy gel, is then heated to around 70�C by placing the beaker in a heated sil-

icone oil bath (95�C). Small ingots of FM (Roto144F, RotoMetals) with a total

weight of 60 g are placed in the heatedmedium and allowed tomelt for approx-

imately 10min. Then, a homogenizer (Cole-Parmer LabGEN 850) with a 20mm

diameter saw-tooth generator attachment is turned on at 10,000 rpm for 60 s

to break apart the melted FM into small liquid droplets with a mean diameter of

50 mm. Amean particle size of 50 mmwas identified for an optimal performance

of FMSi in terms of strength and variable stiffness.46 Once the homogenizer is

turned off, the medium vitrifies in place, capturing the FM droplets in suspen-

sion to cool. The mixture is then diluted with additional water to allow the

solidified particles to sink to the bottom of the beaker. The supernatant is dec-

anted off, and the metal particles are rinsed and then dried in a vacuum cham-

ber overnight. The resulting particles are ready to be used as a composite filler.

Metamaterial manufacturing

Metamaterials are prepared by three-dimensional (3D) printing polylactic acid

(PLA) molds for each structure. Thereafter, FMparticles aremixed into prepared

silicones at 50 vol %. Although a higher-stiffness change may be achieved at

higher volume ratios,41 the FMSi becomedifficult tomold into the intricatemeta-

material structure because of increased viscosity beforemolding and increased

brittleness after curing. Ecoflex 00-30 (Smooth-On) and Dragon Skin 20

(Smooth-On) are prepared with a 1:1 ratio A:B and Smooth-Sil 950 (Smooth-

On) with a 10:1 ratio A:B. The FMSi mixture is poured into the molds and placed

in a vacuumchamber to remove air bubbles. Excess silicone is scraped from the

topwith ametal blade.Once thematerial has cured, themetamaterials are care-

fully released from the molds and incorporated into a soft elastomer matrix. The

metamaterials are placed on a flat surface and covered in the prepared elas-

tomer. A film applicator bar (SH0340, TQC Sheen) is used to level the elastomer

with themetamaterial structure. The embeddedmetamaterial is cut to size along

the edges of the metamaterial structure using a surgical knife. To allow easier

mounting on the testing machine, the cut along the short edge of the metama-

terial is made approximately 5 cm from the edge of the structure.

Metamaterial testing

All themetamaterial sampleswere tested at room temperature where the FM is

in the solid state as well as at 80�C, where the FM is completely melted. The

strain in both the L and w directions of the samples is determined by image

analysis of a 3 3 3 grid of dots painted on each sample (Figure S2; Note

S1). Images of the samples were captured with an imaging system (Grass-

hopper 3, Point Grey Research). The response of the sample was measured

under quasi-static uniaxial strain along their longest dimension using a univer-

sal materials tester (Instron 3365). The embedded metamaterial structures are

approximately 23 303 80mm, and the samples are pre-stretched by 8mm in

the cold state and 60 mm in the hot state to get rid of Mullin’s effect. To mea-

sure the strain response, the samples are strained by 7.5 mm in the cold state

and 55 mm in the hot state. This corresponds to 9% and 68% strain of the

embedded metamaterial structure in the cold and hot states, respectively.

However, the metamaterial samples often slip during the strain tests, and as

a result, the actual material strain is usually limited to 8% and 60% in cold

and hot states, respectively. All the strain data presented in this work are an

average of three samples, with each sample measured three times.

Sensor manufacturing and testing

Soft capacitive sensors were manufactured following protocols previously

developed by the group of Porte et al.43,47 and White et al.48 In short, sensors

were fabricated with Ecoflex 00-30 (Smooth-On) as base material, and

expanded intercalated graphite (EIG) was used as a conductive filler for the

electrodes. Expandable graphite flakes (Sigma-Aldrich) were expanded at

800�C and subsequently sonicated in cyclohexane for 1 h at 70% (Q500

1/200 tip, Qsonica). Large particles were sieved from the mixture using a

212 mm mesh sieve. The mixture was boiled down to approximately 3 wt %

EIG. The exact percentage of EIG was measured by weighing a spoonful of

the mixture before and after solvent evaporation. For the electrodes, the EIG

mixture was manually stirred into the Ecoflex 00-30 at a ratio that resulted in

10 wt % EIG in the electrode after evaporation of the solvent. The EIG-silicone
Device 3, 100570, January 17, 2025 7
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composite was coated on a PET substrate using a film applicator (500 mm,

SH0340, TQC Sheen). After curing, the dielectric silicone was coated on top

of the electrode layer (1,000 mm). After curing the dielectric layer, the second

electrode layer (EIG-silicone composite) was coated on top of the dielectric

layer (500 mm). The final thickness is slightly lower than the coated thickness

due to the spreading of the silicone before curing. Sensors were cut to the

same size as themetamaterials (303 80mm)with a laser cutter (VLS 2.30, Uni-

versal Laser System). Copper foil strips were glued to the sensors with

conductive glue to interface the sensors with the testing system. Conductive

glue was prepared by mixing Silpoxy (Smooth-On) with the EIG mixture in

the same ratio as the electrode layers. Embedded metamaterials were pro-

duced as described above. The metamaterial structures were made with

Smooth-Sil 950 and embedded in Ecoflex 00-30. The sensors were attached

to the metamaterial sample with a thin layer of Ecoflex 00-30. The sensors

were tested using the same testing protocol as described in the metamaterial

testing section. Capacitance measurements from the sensors were taken dur-

ing these tests with an LCR meter (Keysight E4980A/AL).
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