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than their intrinsic material constitu-
ents. Metamaterials concepts have been 
demonstrated in diverse fields, including 
electromagnetics, acoustics, mechanics 
and others, exhibiting novel properties 
such as negative refractive index, perfect 
absorption, and auxetic behavior.[1–5] Fur-
ther, metamaterials can be designed with 
flexible and reconfigurable substrates to 
achieve physically tunable responses. For 
instance, several examples of origami and 
deployable structures exhibit adaptive elec-
tromagnetic resonance tuning through 
physical deformation.[6–10]

Strain-tunable dielectric materials and 
composites are a growing research field 
with recent demonstrations in optical 
and millimeter wave regimes.[11,12] For 
instance, Meerbeek et  al., described the 
macroscopic shape of a porous elasto-
meric foam by measuring the shift in light 
reflected internally by its cellular voids 
during bending and twisting.[11] Zhang 
et  al., synthesized a graphene foam with 
tunable microwave absorption via solid 
matrix densification during physical com-

pression.[13] Additional mechanisms for strain-tuning dielectric 
properties include the use of permanent or induced dipoles 
at the molecular level; and the distribution of voids and inclu-
sions in host matrices.[14–16] Elastomeric metamaterials present 
a deformation-based tuning strategy for regulating local perio-
dicity and effective dielectric properties. This strategy is particu-
larly useful in deformable electromagnetic devices where the 
feature size of the dielectric architecture is electrically small and 
physical reconfiguration of the dielectric structure will facilitate 
localized and controllable tuning.[14] Materials with mechani-
cally reconfigurable dielectric properties can help address these 
inherent challenges for flexible hybrid electronics (FHEs) and 
adaptive communication devices.

Elastomers have previously been leveraged for mechanical 
metamaterials, which are a subset of metamaterial designs with 
periodic architectures whose elements rotate, buckle, fold, or 
snap under an external load.[17] Mechanical instabilities present 
in many of these structures allow their rapid transformation 
under relatively low strains. They demonstrate unique proper-
ties like auxetic behavior, energy absorption, multistability, and 
nonlinear elastic properties.[18–25] The transformation of these 
mechanical structures provides a straightforward tuning mech-
anism for surrounding wave properties in optical, acoustic, and 

Flexible hybrid electronic (FHE) materials and devices exploit the interaction 
of mechanical and electromagnetic properties to operate in new form factors 
and loading environments, which are key for advancing wearable sensors, 
flexible antennas, and soft robotic skin technologies. Dielectric elastomer (DE) 
architectures offer a novel substrate material for this application space as they 
are a class of strain-tolerant and programmable metamaterials that derive 
their mechanical and dielectric properties from their architecture. Due to their 
hyperelasticity, dielectric elastomers can leverage reversible finite deformation 
to physically reconfigure their internal architecture to repeatedly tune their 
material behavior. Here a combined computational and experimental study 
of two dielectric elastomer architectures, based on square and hexagonal unit 
cell periodicities are presented. A shift in effective permittivity is observed due 
to the relative increase in matrix volume and the rearrangement of the electric 
field distribution in the cells. Additive fabrication allows rapid unit cell geometry 
customization for tuning the electromechanical response of the architectures. 
Effective permittivity shifts Δε2 > 0.7 under compressive strains of 35% are 
observed. The practical utility of this strain-tunable permittivity is demonstrated 
in a microstrip patch antenna, which exhibits shifts in resonance frequency 
greater than 110 MHz when the dielectric elastomer substrate is compressed.
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1. Introduction

Metamaterials are functional materials engineered to manipu-
late their environment as defined by their structure rather 
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electromagnetic domains.[26] Li et  al., demonstrated a tunable 
Poisson’s ratio in soft, periodic microstructures with strategi-
cally placed stiff inclusions; the placement and orientation of 
the inclusions also alters the acoustic stop band.[27,28] Bertoldi 
et  al., introduced an elastomeric architecture consisting of 
periodic circular holes with auxetic behavior due to the trans-
formation of the holes into alternating, orthogonal ellipses.[18]  
Goshkoderia et al., presented a computational study surrounding 
the tunability of effective permittivity in these dielectric architec-
tures under finite strain.[29] However, the coupled nature of their 
mechanical and dielectric properties has yet to be characterized 
experimentally and demonstrated in a FHE device.

Flexible substrates with tunable permittivity provide a path 
toward deformable antennas and transmission lines structures 
that can be engineered for frequency stability or tuning as a 
response to physical reconfiguration. Current demonstrations 
of materials in flexible communication devices include textiles 
and thin polymer films.[30,31] Thin film substrates offer an alter-
native for wearable devices, but it becomes difficult to incorpo-
rate conductive elements in these devices while maintaining 
conformability.[30] Materials currently used in this application 
space include polydimethylsiloxane (PDMS) and liquid crystal 
polymers (LCPs), which exhibit low-permittivity for high elec-
tromagnetic transmission, are environmentally stable, and are 
mechanically compliant.[31–33] Porous elastomer foams are also 
relevant for FHE applications due to their lightweight and con-
formable nature; and they maintain flexibility when assembled 
adjacent to inextensible layers.[34,35] However, elastomer foams 
lack structural integrity under cyclic loading.[35–37] Further-
more, architected elastomers boast programmable properties 
like mechanical flexibility and effective permittivity; the micro-
structure of architected elastomers can also be spatially varied 
for local control of effective properties.[38,39] The ability to tune 
these architected elastomers merits the investigation of their 
utility for FHE applications.

In this study we investigate, both numerically and experi-
mentally, the coupled mechanical and electromagnetic response 
of two dielectric elastomer (DE) architectures for 3D printed, 
soft antenna substrates with a tunable frequency response to 
deformation (Figure  1a). We simulated and experimentally 
characterized: i) the influence of porosity on the buckling 
behavior in the architectures and their corresponding effective 
permittivity shift; ii) the mechanical behavior of the architec-
tures; and iii) the utility of their permittivity shift in control-
ling the center frequency of a microstrip patch antenna with 
an architected dielectric substrate. The study provides clear evi-
dence for the dielectric tuning potential of dielectric elastomer 
metamaterials; it lays the foundation for future optimization of 
the architecture with increased tuning and device integration.

2. Architecture Design

The dielectric architectures considered in this study consist of 
two unit cell geometries, square and hexagonal, comprised of 
low permittivity voids (air, relative permittivity εv = 1 and void 
volume fraction cv) and a high permittivity matrix (elastomeric 
polyurethane, relative permittivity εm  = 4 and matrix volume 
fraction cm; Figure 1b,c).[40] During characterization, the bottom 

surface of each specimen was fixed to measure the effective 
permittivity ε2 under an applied electric field EE22  and compres-
sive strain ε, both in the �e2−  direction (ε applied to top surface 
of specimen; Figure 1b,c). The two architectures exhibit distinct 
buckling patterns that drive a rapid increase in matrix volume 
fraction. Customizing the porosity of their periodic structures 
provides a strategy for tuning their response to finite strain—
namely, the onset of their mechanical buckling instability and 
their corresponding shift in effective permittivity. The void 
diameter, dv, depends on the void volume fraction, cv, and the 
geometric scale of the unit cells. The unit cell width, a, defines 
the geometric scale for the architectures; the experimental unit 
cell width for both architectures was a = 3 mm. Figure S1, Sup-
porting Information, illustrates the relationship between void 
diameter and void volume fraction in the experimental speci-
mens. The overall specimen thickness depends on the unit cell 
height and the number of unit cell rows in the �e2  direction; 
the hexagonal and square architecture specimens had two and 
three rows of unit cells in the �e2  direction, respectively.

Additive manufacturing provides a straightforward method 
for tuning the porosity of the architectures as well as for cus-
tomizing their shape and geometric scale, limited only by 
the printer build size and resolution. We fabricated the sam-
ples with digital light processing (DLP), a vat polymerization 
method, because of its speed (>100 mm h−1) and its printing 
resolution (100 µm layer heights; Figure S2, Supporting Infor-
mation).[41,42] The matrix material is an elastomeric polyure-
thane with a sufficiently high permittivity relative to that of air, 
an important consideration for tuning effective permittivity via 
deformation (εr  = 4 and 1, respectively).[40,43] The 3D printed 
elastomeric polyurethane exhibits high elasticity (tangent mod-
ulus E ≈ 5.67 MPa at ε = 0.20 and elongation at break >350%; 
tensile behavior in Figure  S3, Supporting Information) and 
high dimensional accuracy ( 70±  µm).[40,43]

In addition to print resolution, their manufacturing quality 
depends on the removal of uncured liquid pre-polymer from 
their void channels before their final thermal cure (8 h at 
120 C° ) with a combination of isopropyl alcohol solvent and 
compressed air.[42] As cv decreases, the diameter of the void 
channels decreases; if their diameter is too narrow, their size 
is no longer within the printer capabilities or they become too 
difficult to clear of uncured liquid resin. Although increasing 
cv results in a more flexible substrate, it can also lead to thin, 
fragile walls between void channels and, ultimately, print 
failure. Hence, the experimental design parameters of void 
volume fraction, cv, and unit cell dimension, a, strike a careful 
balance between manufacturing feasibility and mechanical 
stiffness of the composite.

3. Computational Model of Permittivity Tuning 
Mechanisms
We formulated the coupled electromechanical finite element 
(FE) simulations to investigate the tunability of effective per-
mittivity in the DE architectures via applied strain. Representa-
tive 2D unit cells were evaluated for both square and hexagonal 
architectures. The mechanical behavior of the soft matrix was 
defined by a nearly incompressible hyperelastic material with a 
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neo-Hookean constitutive relation. The architectures were sub-
jected to in-plane compressive strain, ε, applied in the �e22  direc-
tion. An electric field of constant magnitude, Eapp, was applied 
along the �e2  direction. We applied periodic boundary conditions 
to the unit cells for the displacement and electric field (see Sup-
porting Information for details).

When compressive loading exceeds a threshold level, 
the elastomeric architectures develop a mechanical insta-
bility; the voids collapse in a cooperative manner leading to 
internal reconfiguration and an increase in matrix volume 
fraction (Figure 2a,b; matrix volume fraction during compres-
sion in Figure  S4,  Supporting Information). DE architectures 
with lower void volume fractions have thicker ligaments and, 

therefore, develop instability at higher compressive loading 
(Figure  S5, Supporting Information).[44] Critical strain values, 
εcr, corresponding to the onset of instability are indicated by 
hollow circles in Figure  2c–f. Beyond εcr, the square and hex-
agonal architectures reconfigure into distinct void shapes. 
These microstructural transformations directly influence the 
electric field distribution in the matrix and void subdomains; 
these transformations are independent of geometric scale 
(Figure 2a,b).

The effective permittivity of the DE architecture along the 
applied field is evaluated as /( )2 2 0 2ε ε=∗ D E  where E2 and D2 
are the local electric field and displacement field components, 
respectively. These are evaluated across unit cell domain Ω 

Figure 1. Rendering of architected dielectric antenna substrate and architecture design overview. a) Rendering of architected dielectric elastomer 
antenna substrate with shifting resonance frequency. b) Undeformed and compressed square unit cells with relevant design parameters (void 
volume fraction cv  = 0.65, 0.70 and unit cell width a  = 3). c) Undeformed and compressed hexagonal unit cells with relevant design parameters  
(cv = 0.60, 0.70 and a = 3). In both cases, characterization of effective permittivity ε2 conducted with bottom surface of specimens fixed to plane with 
normal vector �e2. Effective permittivity measured under an applied electric field EE22 and a compressive strain ε applied to the top surface, both in the 
�e2−  direction.
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representing current void and matrix subdomain configura-
tions, Ω  =  Ωv  +  Ωm. The applied electric field has a constant 
magnitude; therefore, 2 app=E E . Thus, the electric field can be 
expressed as

2 2,v 2,m= +E E E  (1)

where 2,vE  and 2,mE  are the average electric field magnitudes 
in the void and matrix subdomains, respectively. Consequently, 
the electric displacement magnitude and the effective permit-
tivity can be expressed as

D E Ev and2 0 v 2, m 2,mε ε ε( )= +  (2)

/2 v 2,v m 2,m appε ε ε( )= +∗ E E E  (3)

respectively. Equation (3) shows the dependence of effective permit-
tivity on the field distribution in the void and matrix subdomains. 
When the electric field is more heavily distributed in the matrix 
subdomain, the DE architecture will exhibit a higher effective per-
mittivity; conversely, an architecture with more field distributed in 
the void subdomains will exhibit a lower effective permittivity.

Figure  2c,d shows the change in the normalized electric 
field, /2 appE E , and electric displacement field, /( )2 0 appεD E ,  
for the square architecture (with a demonstrative cv  = 0.50) 
under compression. The average electric field in the matrix 
subdomain, 2,mE , increases with applied strain. Moreover, 

2,mE  increases at a faster rate after the onset of instability; and 

the average electric field in the void subdomains monotoni-
cally decreases by the same amount. The total average electric 
field, 2,v 2,m app+ =E E E , does not change with deformation. The 
electric displacement variations in the void and matrix subdo-
mains follow a similar trend. Since the polyurethane matrix 
has a higher relative permittivity, the total electric displace-
ment field in the square unit cell increases with compression 
(Figure 2d). Figure 2e,f shows the corresponding results for the 
hexagonal architecture with cv = 0.70. As in the square architec-
ture, 2,mE  increases with applied strain in the hexagonal archi-
tecture beyond the critical strain. Prior to instability, however, 
the average electric field in the hexagonal architecture decreases 
with compression. Consequently, the total electric displacement 
field in the hexagonal architecture decreases prior to instability 
and then proceeds to increase.

The variations in field distribution stem from the increase 
in matrix volume fraction as well as micro-structural 
transformation during deformation. In both architectures, 
cm monotonically increases with compression and the rate of 
increase is significantly higher after the onset of instability 
(Figure  S4, Supporting Information). Therefore, in the post-
buckling regime (ε > εcr), the influence of increasing cm domi-
nates and both architectures exhibit an increase in 2,mE  with ε. 
In the pre-buckling regime (ε < εcr), both architectures have a 
lower rate of increase in cm. Before buckling, the circular voids 
gradually transform into ellipses under compression—major 
axis perpendicular to the applied field; hence, the electric field 
“passing” through the voids effectively increases.

Figure 2. Normalized electric field E2/Eapp distribution in a) square, cv = 0.50, and b) hexagonal, cv = 0.70 architectures. Average electric field and electric 
displacement field versus compressive strain ε in c,d) square and e,f) hexagonal architectures.
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To quantify the corresponding decrease in the matrix elec-
tric field distribution, we analyzed the electrical response of 
both architectures with elliptical voids of constant cv  = 0.7 in 
the absence of deformation (the geometries are shown in 
Figure  S6a,b, Supporting Information). Figure  S6c shows 
the relative change in average electric field in the matrix sub-
domain, /2,m 2,m∆ ∗E E , as a function of aspect ratio, r1/r2. Here, 

2,m 2,m 2,m∆ = − ∗E E E  where 2,m
∗E  is the average electric field when 

r1/r2  = 1. The 2,mE  decreases in both architectures with an 
increase in aspect ratio. However, in the hexagonal architecture 

2,mE  decreases more than its square counterpart. In the pre-
buckling regime, void shape transformation plays a more domi-
nant role in the hexagonal architecture, while matrix volume 
fraction primarily dictates the behavior in the square architec-
ture. In summary, void shape transformation and increasing 
volume fraction exhibit opposing effects on the matrix electric 
field distribution, highlighting an important pair of mecha-
nisms to exploit through geometric design.
Figure  3 shows the induced shift in effective permittivity, 
2 2 2ε ε ε∆ = −∗ , versus compressive strain ε, for square and hexa-

gonal architectures; 2ε ∗ and ε2 denote the effective permittivity 
in the deformed configuration and in the undeformed state, 
respectively. Figure S5, Supporting Information, illustrates the 
dependence of ε2 on the initial void volume fraction in both 
architectures. The effective permittivity in the square archi-
tecture increases monotonically with compression; notably, 

2ε ∗ increases more rapidly beyond the onset of instability due 

to the significant reduction in the void volume fraction. This 
numerical study indicates that the square architectures exhibit 
this behavior for initial void volume fractions cv = 0.40 − 0.75 
(Figure 3a). In contrast, the effective permittivity in the hexa-
gonal architectures does not always increase with applied 
strain. The effective permittivity in hexagonal architectures 
with void volume fractions cv ≲ 0.47 monotonically increases 
with applied strain (Figure  3c). However, hexagonal architec-
tures with void volume cv ≳ 0.47 exhibit a negative deforma-
tion-induced permittivity shift before the onset of instability. 
Beyond this critical strain, the permittivity increases with the 
compressive strain.

The normalized permittivity shift, Δε2/ε2 indicates the 
tunability of effective permittivity during applied strain. 
Figure 3b,d displays Δε2/ε2 as a function of void volume frac-
tion at different levels of applied strain in the square and hex-
agonal architectures; the void packing limits for the square 
and hexagonal architectures are cv,th = 0.785 and cv,th = 0.907, 
respectively. In the square architectures, the maximum tun-
ability at small strain levels is achieved with higher void 
volume fractions (Figure  3b). However, at strains ε  >  εcr, the 
maximum permittivity shift in the square architectures is 
observed when cv  = 0.60 (Figure  3b). At compressive strain 
ε  = 0.30, hexagonal architectures with cv  = 0.65 exhibit the 
lowest normalized effective permittivity shift (Figure  3d). 
However, Δε2/ε2 increases in hexagonal architectures with cv > 
0.65 (Figure 3d).

Figure 3. Numerical simulation of effective permittivity shift, Δε2, in unit cells with varying void volume, cv, and of parametric sweep for design tunability 
with varying cv. a,b) Numerical simulation results for square unit cells. c,d) Numerical simulation results for hexagonal unit cells.
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4. Experimental Characterization 
of Electromechanical Response

We tested the square and hexagonal architectures under com-
pression to experimentally characterize their electromechanical 
coupling behavior. During this process, we determined the 
mechanical and dielectric properties of the architectures.

4.1. Square Architecture

Figure 4a illustrates the mechanical buckling that occurs in the 
square architectures under compression as well as the corre-
sponding shift in their cross sectional matrix area, Am (addi-
tional images of square architecture buckling with cv  = 0.65, 
0.70 in Figure  S7, Supporting Information). The matrix area 
Am provides a direct estimate for the matrix volume fraction, 
cm ≈ Am. During this primarily homogeneous buckling pattern, 

the circular channels deform into a periodic pattern of hori-
zontal and vertical elliptical channels leading to an increase in 
cm; the matrix volume fraction increases in a linear fashion as 
the architecture deforms.[29,44] However, the initial matrix vol-
umes in the experimental specimens were higher than their 
theoretical values. We observed a difference in matrix volume 
( ) 0.23m,exp m m

1− ≈−c c c  and 0.30 for cm  = 0.35 and 0.30, respec-
tively, in the demonstrative samples depicted in Figure 4a. This 
discrepancy is due to the dimensional accuracy of the fabrica-
tion method. While within the reported accuracy for the elas-
tomeric polyurethane, the wall thicknesses were at least 40 µm 
larger than designed.

We characterized the permittivity shift, Δε2, in square archi-
tecture specimens with either cv  = 0.65 or cv  = 0.70 volume 
fractions under finite compressive strain ε  =  ΔL/L0 (L and L0 
are the thicknesses of the specimens under compression and 
in their undeformed states, respectively). For each sample 
set with a given cv, we sorted all Δε2 measurements by ε and 

Figure 4. Experimental characterization of effective permittivity shift and mechanical properties of square architectures under finite strain with theo-
retical void volumes cv = 0.65 and 0.70. a) Change in matrix volume fraction under finite compression. b) Raw measurements and linear regression of 
shift in effective permittivity in architectures under finite compression. c) Between-sample comparison of effective permittivity shift linear regression 
slope, undeformed effective permittivity (statistically significant difference with p = 0.0056), and ratio of experimental and theoretical mass for all char-
acterized samples (m0 = 4.25 and 3.65 g for cv = 0.65 (N = 9) and 0.70 (N = 8), respectively). d) Compressive behavior of bulk elastomeric polyurethane 
material, architecture with cv = 0.65 (N = 8), and architecture with cv = 0.70 (N = 8).
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described the sorted values with a linear regression, Δε2  = bε 
(illustrated with R2 values in Figure  4b). These linear models 
indicate Δε2 = 0.38 and 0.31 at ε = 0.20 in square architectures 
with cv  = 0.65 and 0.70, respectively. Although slightly higher, 
these demonstrative models agree well with the shift predicted 
computationally (numerical Δε2  = 0.29 and 0.25 for cv  = 0.65 
and 0.70, respectively; Figure  3a). In both the numerical and 
experimental studies, the shift in effective permittivity in the 
compressed square architecture relies on its relative increase in 
matrix volume fraction rather than the electric field distribution 
across its constituents. The sudden increase in effective permit-
tivity observed computationally upon reaching critical strain is 
within the measurement tolerance of the experimental study.

We performed the same linear regression on each speci-
men’s Δε2 to gain insight into their measurement and fabri-
cation consistency. On average, the square architectures with 
cv = 0.65 increase in 2ε ∗  more rapidly under compressive strain 
and exhibit a significantly larger ε2 in their undeformed state 
(Figure  4c). However, we observed variation within samples 
grouped by cv likely due to inconsistencies in manufacturing 
quality. While dimensional accuracy during printing should 
remain the same within sample groups, residual liquid pre-
polymer can remain in the void channels prior to their final 
thermal cure if not thoroughly cleaned out. The experimental 
and theoretical mass ratio of the specimens, m/m0, provides an 
estimate of the residual resin in their void channels (m0 = 4.25 
and 3.65 g for cv  = 0.65 and 0.70, respectively; Figure  4c). The 
spread of the mass ratio within each sample group illustrates the 
variation in residual resin that remained in the specimens after 
manufacturing and, ultimately, that led to variability of effective 
permittivity shift under deformation within each sample group.

Regardless of this residual mass, there is a clear difference 
in the compressive behavior between sample groups compared 
to that of the bulk elastomeric polyurethane (Figure  4d). The 
square architectures exhibit a similar compressive modulus, 
regardless of cv, that is lower than that of the bulk elastomeric 
polyurethane (Ecomp ≈ 1.92 MPa and 7.11 MPa at ε = 0.02, respec-
tively). The compressive behavior of the square architectures 
diverges before reaching their critical buckling stress; more 
porous architectures exhibit a lower critical stress than their 
denser counterparts (yield stress Ey = 0.23 MPa at ε = 0.11 and 
Ey  = 0.11 MPa at ε  = 0.05 for architectures with cv  = 0.65 and 
0.70, respectively).

4.2. Hexagonal Architecture

Figure 5 summarizes the experimental characterization of the 
hexagonal architecture. Figure  5a illustrates the mechanical 
instability that occurs in the hexagonal architectures as they are 
compressed (additional images of hexagonal architectures buck-
ling with cv = 0.60, 0.70 in Figure S8, Supporting Information). 
The overall buckling pattern agrees with numerical simulations; 
the circular channels deform into rows of diagonally-oriented 
elliptical channels.[16] As in the case of the square architecture, 
the matrix volume fraction increases linearly under compres-
sion. The hexagonal samples exhibit a larger discrepancy in 
initial matrix volumes cm compared to theoretical values. We 
observed a difference in matrix volume ( ) 0.37m,exp m m

1− ≈−c c c  

and 0.55 for cm  = 0.40 and 0.30, respectively, in the demon-
strative samples depicted in Figure  5a. Notably, the mechan-
ical collapse of the hexagonal architecture occurs in a more 
sequential manner—buckling begins at the bottom fixed sur-
face and proceeds in a row-by-row fashion (experimental setup 
in Figure S9, Supporting Information). This layer-by-layer col-
lapse is common among elastomeric structures with periodic 
architectures.[45–50] While the presence and orientation of local-
ized deformation bands is highly dependent on strain rate and 
loading conditions, Wagner et  al., controlled the activation of 
local deformation bands by designing lattices with bend- or 
stretch-dominated topology.[45,49]

The hexagonal architectures exhibit shifts of Δε2 = 0.50 and 
0.34 at ε = 0.25 with cv = 0.60 and 0.70, respectively (Figure 5b). 
Within the samples grouped by cv, the hexagonal architectures 
with cv  = 0.60 demonstrate a more rapid shift Δε2 than their 
counterparts with cv  = 0.70 during compression (Figure  5c). 
However, the two sample groups did not exhibit a significant 
difference in effective permittivity ε2 in their undeformed state. 
The samples with cv = 0.70 contained more residual resin and 
exhibited a relatively large variability in residual mass–leading 
to an inflated and inconsistent effective permittivity (Figure 5c). 
The experimental permittivity tuning results differ from the 
computational predictions in two distinct ways. First, an initial 
decrease in permittivity at small applied strains is not observed 
experimentally. Second, the experimental permittivity shifts at 
high strains are larger than the computational predictions. For 
example, specimens with volume fraction cv  = 0.70 exhibit an 
experimental increase in permittivity of Δε2 = 0.34 at an applied 
strain of ε = 0.25; the predicted increase in permittivity is only 
Δε2 = 0.09.

One contributing factor in these differences is the variability 
and positive bias in matrix mass due to excess infill. As seen in 
Figure 3d, there is a narrow range of void volume fractions (cv = 
0.5 − 0.75) that exhibit a decrease in permittivity at small strains. 
The excess infill may have pushed the experiment results out 
of this regime. Additionally, the experimental variability in spec-
imen fabrication and the tolerance of the dielectric measurement 
may have limited our ability to resolve this predicted decrease in 
effective permittivity. We also speculate that the field distribu-
tions predicted in the computational model are more sensitive 
to the spatial inhomogeneities observed in the experiment than 
the matrix densification. Due to these factors, we believe that the 
matrix collapse is the dominant permittivity tuning mechanism 
observed experimentally in the hexagonal architectures.

The hexagonal architecture, regardless of cv, exhibits a similar 
compressive modulus to that of the square architecture (Ecomp ≈ 
1.90 MPa and 1.92 MPa, respectively, at ε  = 0.02; Figure  5d). 
However, the hexagonal architectures reach a higher critical 
stress before buckling instability occurs; the architectures with 
cv = 0.60 yield under Ey = 0.38 MPa at ε = 0.18 while those with 
cv = 0.70 yield Ey = 0.20 MPa at ε = 0.13 (Figure 5d). The humps 
shown in the stress response of the hexagonal architectures 
are consistent with the row-by-row collapse of the unit cells.[45] 
In both unit cell designs, the architectures with a lower void 
volume may require less compressive strain for increases in ε2, 
but more porous architectures still exhibit a considerable shift 
in effective permittivity and deform more easily as a flexible 
substrate for electronics.
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5. Strain-Tuning of Microstrip Antenna Resonance 
Frequency

Controlling the effective permittivity of a dielectric substrate by 
mechanical deformation offers a novel strategy for tuning the 
performance of flexible RF devices. To illustrate the potential 
of this strain-tuning mechanism, we demonstrated the applica-
tion of the DE architecture as a substrate for an aperture cou-
pled microstrip patch antenna.[51] The aperture-coupled feed 
structure mitigates the impact of moving or flexible feed lines 
in the measurement setup and accommodates testing multiple 
antenna substrate samples (assembly schematic in Figure 6a). 
The antenna design operates within the mobile communication 
frequency range (f  = 500 MHz to 3 GHz) through the entire 
compression of the architected substrate. We fabricated and 

characterized two architected dielectric elastomer substrates; 
they consisted of hexagonal unit cells with cv = 0.60 or 0.70 (see 
Supporting Information for full details of the antenna design, 
layout, and 3D printed substrate.)

Figure 6c shows the measured antenna reflection coefficient, 
S11, over the prescribed frequency range, f  = 1–2 GHz, as the 
substrate is compressed. In this design, the two predominant 
tuning mechanisms are a shift in antenna resonance frequency, 
fr, caused by a change in substrate εr; and a change in operating 
bandwidth which is influenced, in part, by changes in sub-
strate thickness, L. For this design, an increased permittivity 
results in a lower resonance frequency. In both substrates, cv = 
0.60 and 0.70, the shift in effective permittivity of the dielec-
tric architecture causes a corresponding shift in the resonance 
frequency, fr, of the patch antenna (Figure  6d). The antenna 

Figure 5. Experimental characterization of effective permittivity shift and mechanical properties of hexagonal architectures under finite strain with 
theoretical void volumes cv = 0.60 and 0.70. a) Change in matrix volume fraction under finite compression. b) Raw measurements and linear regres-
sion of shift in effective permittivity in architectures with under finite compression. c) Between-sample comparison of effective permittivity shift linear 
regression slope (statistically significant difference with p = 0.00013), undeformed effective permittivity, and ratio of experimental and theoretical mass 
for all characterized samples (m0 = 5.58 g and 4.19 g for cv = 0.60 (N = 7) and 0.70 (N = 9), respectively; statistically significant difference between 
groups with p = 0.0049). d) Compressive behavior of bulk elastomeric polyurethane material, architecture with cv = 0.60 (N = 8), and architecture with 
cv = 0.70 (N = 8).
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assembly was compressed to a strain of ε ≈ 0.65 and its reflec-
tion coefficients were measured across the frequency range. 
The hexagonal substrate with cv = 0.60 exhibits a larger shift in 
resonance frequency |Δfr| = 117 MHz during compression than 
the sample with larger void volume cv = 0.70 (|Δfr| = 66 MHz).

The shift in resonance frequency within the UHF-band 
demonstrates the applicability of a compressive permittivity-
tunable substrate for frequency agility applications. This can 
be applied in sensing and communication applications where 
a small but significant shift in frequency can be produced by a 
precise deformation state. Additionally, through additive manu-
facturing these systems are not limited to a single architecture 
arrangement within a device. The varied architectures can elicit 
diverse responses across a device based on electrical needs; for 
example, grading dielectric regions for feed structures versus 
radiating elements. This adds a novel design dimension to 
exploit that would enable devices with additional capabilities 
rooted in electromechanical responses, rather than in electrical 
circuit element design alone.

6. Conclusion 

In summary, we characterized, with numerical simulations and 
experimental measurements, the electromechanical response 
of two dielectric elastomer architectures. The distinct buckling 
patterns in the square and hexagonal architectures and sub-
sequent matrix densification result in a shift in their effective 
permittivity. We demonstrated that the porosity of the peri-
odic structures provides a tuning mechanism for the onset of 
a mechanical instability in the elastomer. The additive fabri-
cation route selected for these architectures allows rapid cus-
tomization of their unit cell geometry and, as a result, their 
corresponding electromechanical response. We observed effec-
tive permittivity shifts Δε2 > 0.7 under compressive strains ε < 
0.35. The square and hexagonal architectures are more flexible 
than their bulk polyurethane counterpart—beneficial for flex-
ible electronic devices; their effective mechanical behavior, such 
as compressive modulus and critical buckling stress, is easily 
tuned with porosity. We demonstrated that the 3D printed 

Figure 6. Demonstration of microstrip patch antenna with architected dielectric elastomer substrate. a) Exploded view of antenna assembly. b) Fabri-
cated microstrip patch antenna with architected hexagonal dielectric elastomer substrate (L0 = 10.8 mm). c) Measured return loss, S11, curves for void 
volumes cv = 0.60 and 0.70. d) Experimental characterization of resonance frequency, fr, with linear regression of shift in effective permittivity Δε2 = 
b(ΔL/L0) under compressive strain ε = ΔL/L0 for void volumes cv = 0.60 and 0.70 (markers placed on linear regression as visual aid).
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architectures function as a soft, flexible substrate for a micro-
strip patch antenna and exhibit a tunable shift in resonance 
frequency during deformation, |Δfr|  > 110 MHz, for hexagonal 
architectures with cv = 0.60.

Although the DLP fabrication method selected for this study 
boasts high resolution and fast printing speeds, the void channels 
proved difficult to consistently clear of liquid pre-polymer with 
the current solvent, isopropyl alcohol. To address variation in die-
lectric properties and physical response to deformation between 
samples, we can explore the solubility of the polyurethane pre-
polymer in more aggressive solvents such as propylene glycol or 
isopropylacetone. Looking forward, the selection of 3D printing 
as the fabrication method is particularly useful for grading 
porosity; this strategy could be used to constrain the deforma-
tion of a soft sensing array in certain directions or to locally tune 
its effective stiffness.[25,52,53] Regardless of manufacturing quality, 
local deformation bands appeared consistently in the hexagonal 
architecture under compression. We will continue to investigate 
the mechanics leading to this phenomenon and its implications 
on the electromechanical response of the system. Although we 
focused on a single material system for the dielectric architec-
ture, Goshkoderia et al. numerically demonstrated the potential 
of incorporating high permittivity, stiff inclusions in these archi-
tectures, either randomly or in a periodic fashion.[29] The inclu-
sions effectively act as an array of micro-capacitors; varying their 
shape and periodicity provides further customization of the die-
lectric response in the architectures.[29]

The microstrip patch antenna demonstrated here could 
be expanded to that of an array. A soft, conformable antenna 
array of this nature could allow shape detection or the char-
acterization of spatially varying compression. Dielectric elas-
tomer architectures experimentally show promise for a variety 
of application spaces; elastomeric composites can facilitate 
regulation of effective dielectric properties in the optical 
and millimeter wave regimes via small mechanical deforma-
tions. Physically reconfigurable metamaterials offer adap-
tive resonance properties in electromagnetic, acoustic, and 
optical fields. These strain-tunable dielectric materials lend 
themselves to flexible hybrid electronics and will advance the 
research landscape of adaptive communication devices.

7. Statistical Analysis

The effective permittivity shifts in Figures 4b and 5b are linear 
regressions of all Δε2 measurements sorted by ε for each 
sample set of square and hexagonal architectures. The legends 
in Figures 4b and 5b list the slope and R2 values for each linear 
regression. We also performed a linear regression on the shift 
in Δε2 for each specimen. Figures 4c and 5c contain the average 
and standard deviation of the linear regression slope for each 
sample set of square and hexagonal architectures; the following 
number of samples were characterized: N = 9 square samples 
with cv = 0.65, N = 8 square samples with cv = 0.70, N = 7 hex-
agonal samples with cv  = 0.60, and N  = 9 hexagonal samples 
with cv = 0.70. Figures 4c and 5c also contain the average and 
standard deviation of the undeformed effective permittivity ε2 
and the mass ratio m/m0 for each sample set of square and 
hexagonal architectures.

For each of the comparisons between cv groups in Figures 4c 
and 5c, we conducted a two-sample t-test. The resulting p-values 
for each comparison are listed in Figures  4c and 5c and their 
level of statistical significance is illustrated with corresponding 
asterisks; ** represents a p-value less than 0.01 and *** repre-
sents a p-value less than 0.001.

The compressive behavior in Figures 4d and 5d is the average 
and standard deviation (shaded area) of each sample set with 
the following sample set sizes: bulk EPU (N = 7), square archi-
tectures cv = 0.65 and 0.70 (N = 8), hexagonal architectures cv = 
0.60 and 0.70 (N = 8).

8. Experimental Section
This section includes the experimental details of architecture fabrication, 
effective permittivity measurement, mechanical characterization, and 
measurement of microstrip patch antenna response.

Fabrication of Experimental Architectures: The elastomeric 
polyurethane resin was a proprietary formulation (EPU 40, Carbon 3D, 
Inc.) 3D printed on a Carbon 3D M1 printer. Following the layer-by-layer 
photocure, the polyurethane pieces were cleaned of uncured liquid resin 
with isopropyl alcohol and, subsequently, placed in a thermal oven for 
8 h at 120 °C. Figure S2, Supporting Information, displays a completed 
print of the polyurethane architectures, these specimens were used for 
characterizing the shift in effective permittivity during compression and 
Figure  S10, Supporting Information, displays a completed print of the 
architectures used for the microstrip antenna demonstration.

Buckling Demonstration: To experimentally characterize the matrix 
volume in the square and hexagonal architectures under compressive 
strain, photographs were taken of the samples and, using ImageJ 
software, converted into binary images for a black and white pixel 
count. For each image in the compression sequence, the black pixel 
counts were divided by the total pixel count to calculate the current 
matrix volume. The thickness of the samples, L, during compression 
was measured from the same images with ImageJ software and used 
to calculate the compressive strain, ε = ΔL/L0 (L0 is the thickness of the 
samples in their undeformed state).

Effective Permittivity Characterization: To experimentally measure 
Δε2, a parallel plate capacitor model consisting of a dielectric disk with 
diameter D placed between two circular electrodes of the same diameter 
was assumed. A custom fixture allowed to compress the samples 
between two electrode plates (Figure  S11, Supporting Information). 
An edge correction in the capacitance measurements (illustrated in 
Figure S11, Supporting Information) was also included. The experimental 

2ε ∗ of a compressed sample with thickness L (m) is defined as:

( )
( )2

e

n
ε = −∗ C C L

C L
 (4)

where C (F) is the measured capacitance; Ce(L) (F) is the edge 
capacitance due to the fringing field at the edge of the electrodes; and 
Cn(L) = ε0AL−1 (F) describes the normal capacitance through air as if the 
electric field were uniformly distributed and normal to the inner surfaces 
of the electrodes (ε0  = 8.85 × 10−12 (F m−1 is vacuum permittivity; A  = 
0.0012 m2 is the electrode area).[54] The effective permittivity of the 
architectures in their undeformed state, ε2, is |2 2 0ε ε= ∗ L .

Prior to characterizing the shift in effective permittivity of any samples, 
the characteristic edge capacitance function Ce(L) of the experimental 
fixture was obtained to account for any differences in the physical 
surroundings of the experimental fixture. The same characteristic 
function Ce(L) was used to calculate the effective permittivity for all 
samples. At thicknesses L (m) between the electrode plates, the edge 
capacitance is defined as

( ) ( )e d n= −C L C C L  (5)
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where CL (F) is the measured capacitance with only air between the 
plates and Cn(d) = ε0Ad−1 (F) is the normal capacitance through air 
as if the electric field were uniformly distributed and normal to the 
inner surfaces of the electrodes.[54] The capacitance values, CL, at each 
thickness, L, in Equation  (5) were calculated from the corresponding 
impedance between the electrodes, measured by an HP 4194A 
Impedance Analyzer, as follows

1
2 | | sinπ φ=C

f ZL
 (6)

where f = 1 MHz is the measurement frequency, |Z| (Ω) is the impedance 
magnitude, and φ (rad) is the impedance phase. This measurement 
frequency, f  = 1 MHz, was selected based on the feature size within 
the porous architectures. The signal wavelength at this frequency was 
significantly large compared to the pore sizes (λ3GHz  ≈ 10  cm, pore 
size ≈ 1  mm). The capacitance values of the samples, C (F), at each 
compressive thickness in Equation  (4) were collected in the same way. 
The compressive strain, ε = ΔL/L0, was measured from photographs of 
the samples taken at each compression step. The initial thickness of the 
samples, L0, and their thickness during compression, L, were measured 
from these images with ImageJ software and used to calculate ε.

As validation of this characterization method, the effective 
permittivity of solid elastomeric polyurethane disks with varying 
thickness on each day of measurement were also measured following 
the same procedure. These measurements are illustrated in Figure S13, 
Supporting Information. These measurements show good agreement 
with the reported relative permittivity, εm = 4.[40] The relative permittivity 
of the bulk elastomeric polyurethane (εm = 4) was characterized per the 
standard ASTM D150 by Carbon3D, Inc.[43]

Mechanical Testing: The tensile behavior of the bulk elastomeric 
polyurethane material was performed according to the International 
Organization for Standardization (ISO) 37 method with a type four 
dumbbell sample geometry (N  = 11). The test was performed at 
200 mm min−1 on a Z010 Zwick Roell machine with a 10 kN load cell 
and pneumatic grips pressurized to 85 psi. The compressive behavior 
of the bulk elastomeric polyurethane material was characterized using 
a cylindrical sample geometry with diameter D = 29 mm and thickness 
L0  = 12.5 mm. The samples (N  = 7) were compressed at a rate of 
12 mm min−1 on a Z010 Zwick Roell machine with a 10 kN load cell.

The compressive behavior of the unit cell geometries was 
characterized using a cylindrical sample geometry with diameter 
D  = 12 mm. The thickness of the samples depended on the unit cell; 
the samples with a square unit cell geometry (cv = 0.65 or 0.70, N = 8 
sample of each) were cylinders with thickness L0 = 6.64 ± 0.068 mm and 
the samples with a hexagonal unit cell geometry (cv = 0.60 or 0.70, N = 8 
samples of each) were cylinders with thickness L0  = 5.83 ± 0.051 mm. 
The samples were compressed at a rate of 0.01 mm s−1 on a Z010 Zwick 
Roell machine with a 10 kN load cell.

Antenna Response Characterization: To characterize the shift in 
resonance frequency of the microstrip patch antenna, the assembly 
(Figure  S14, Supporting Information) was compressed on a Z010 
Zwick Roell machine with a 10 kN load cell. To prevent direct contact 
from the metal compression plate with the radiating element, Rohacell 
51 HF (thickness t  = 2.5  cm, relative permittivity εr  = 1.057, and loss 
tangent tanδ  < 0.0002) was placed above and below the device. The 
compression was paused at ΔL  = 0.5 mm increments to collect the 
complex reflection coefficient from 1–2 GHz with a miniVNA Tiny Vector 
Network Analyzer.This frequency range was higher than the 1 MHz 
dielectric measurement frequency; however, the void architectures were 
sufficiently small compared to the operating wavelength so the structure 
was expected to exhibit a similar permittivity shift. The geometric scale 
of the architectures could be tuned to target specific frequency regimes. 
While a large substrate thickness, or an excess of unit cell rows, could 
contribute to loss and prevent signal penetration, the experimental 
device substrate thickness, t = 10.8 mm, was functionally sufficient. The 
Supporting Information includes a detailed description of the design 
and analysis of the antenna.
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