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The proposed structure comprises an array of elastomeric 
helices that can be easily stretched in the axial direction (see 
 Figure    1  ). In the undeformed confi guration the helices are in 
a compact state (see Figure  1 a) and the system is equivalent to 
a square array of solid cylinders in air, which is known to be 
characterized by a complete band gap induced by Bragg scat-
tering. [ 39 ]  However, as the metamaterial is deformed, the pitch 
of the helices increases (see Figure  1 b) and the air originally 
inside their internal cavity connects to the surrounding fl uid, 
signifi cantly reducing the solid volume fraction of the system. 
Importantly, we demonstrate that this change in volume 
fraction induced by the applied deformation is suffi cient to sup-
press the initial band gap, giving us the opportunity to design a 
new class of acoustic switches.  

 We start by investigating the deformation of a single elas-
tomeric helix. The helix is fabricated out of a silicone-based 
rubber [ 40 ]  (vinyl polysiloxane with initial Young’s modulus 
 E  0  = 784  kPa, Poisson ratio ν 0  = 0.499, and density ρ = −965 kg m 3) 
via a molding approach (see Supporting Information for 
details). In the undeformed confi guration it has diameter 
 D  0  = 28.6 mm, pitch  P  0  = 13 mm, and a rectangular cross-
section of ×13 mm 6.5 mm. In  Figure    2  a we report experimental 
snapshots of a single helix at different levels of applied engi-
neering strain, ε = ( H   −  H  0 )/ H  0  = 0, 0.40, 0.65, and 0.90, where 
 H  0  and  H  denote the undeformed and the deformed height of 
the helix, respectively. The experimental images are compared 
to the numerical snapshots obtained from non-linear fi nite ele-
ment (FE) simulations (see Supporting Information for details) 
and clearly show that the pitch of the helix monotonically 
increases with the applied strain (note that the pitch varies along 
the length of the helix because of gravity), while its diameter 
remains almost unchanged. This can be explained by inspecting 
the parametric equations that describe the deformed helix 
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 where the deformed pitch,  P , and diameter,  D , are given by (see 
Supporting Information for more details) 
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 In Figure  2 b,c, we report the evolution of  P  and  D  as a 
function of the applied strain ε, as predicted by Equation 
 ( 2)   (red dashed lines). The analytical results indicate that, 
while the change in diameter is limited to 3% for ε = 0.9, the 
pitch length almost doubles (i.e.,  P / P  0  = 1.9 at ε = 0.9). Finally, 
we note that in Figure  2 b,c the analytical predictions are also 
compared to both the experimental (green markers) and FE 
(blue markers) results, showing an excellent agreement and 
therefore validating our simple geometric model. 

  By combining numerical analyses and experiments we design 
a new class of architected materials to control the propagation 
of sound (also called acoustic metamaterials). The proposed 
system comprises an array of elastomeric helices in back-
ground air and is characterized by frequency ranges of strong 
wave attenuation (band gaps) in the undeformed confi guration. 
Importantly, our results indicate that by axially stretching the 
helices, such band gaps can be suppressed, enabling the propa-
gation of sound over all frequencies. The proposed concept 
expands the ability of existing acoustic metamaterials and paves 
the way for the design of a new class of materials and devices 
that enable better control and manipulation of sound. 

 Architected materials engineered to manipulate and control 
the propagation of sound have recently enabled the design of 
a range of novel acoustic devices. [ 1–9 ]  In particular, the design 
of noise cancelling systems that take advantage of band gaps 
induced by both Bragg scattering [ 10–12 ]  and local resonance [ 13–17 ]  
has been aggressively pursued. However, almost all of the pro-
posed designs operate in fi xed ranges of frequencies and their 
response cannot be tuned after their fabrication. [ 18 ]  In an effort 
to design the next generation of acoustic tunable devices, it has 
been shown that the frequency range of the band gap can be 
modulated through application of mechanical deformation, [ 19 ]  
thermal radiation, [ 20 ]  or rotation of the scatters. [ 21–25 ]  However, 
different from the case of metamaterials designed to control 
the propagation of elastic [ 26–35 ]  and electromagnetic [ 36–38 ]  waves 
for which several strategies have been used to switch on and off 
the band gaps, the ability to turn on and off the propagation of 
sound over specifi c ranges of frequencies has not been exten-
sively explored, and it has only been demonstrated through the 
rotation of the scatters. [ 21,23 ]  

 Here, we report a new class of acoustic metamaterials in 
which the applied deformation is exploited to switch on and off 
the propagation of sound over specifi c ranges of frequencies. 
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 Focusing on a metamaterial comprising a square array 
of helices with center-to-center distance  A  0  = 32.5 mm, it 
is easy to see that the large change in pitch induced by the 
applied strain signifi cantly alters the solid volume fraction 
of the system. In fact, since here we focus on acoustic waves 
propagating in the surrounding air, in the undeformed confi gu-
ration each helix can be considered as a solid cylinder (as the 
air inside the cavities of the hollow cylinders is not connected 
to the outside surrounding air) and the solid volume fraction 
of the metamaterial can be calculated as D Aψ π= =/(4 ) 0.610 0

2
0
2 . 

However, as the metamaterial is stretched, the cylinders trans-
form into helices and the air originally inside their internal 
cavity connects to the surrounding fl uid, reducing the solid 
volume fraction. In particular, for ε > 0 the solid volume frac-
tion can be simply obtained as (see Supporting Information for 
details) 

    ε
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 where D = 15.60,in  mm denotes the inner diameter of the helices 
and we have made use of the fact that the volume of the elas-
tomeric helices is preserved during deformation. In Figure  2 d 
we report the evolution of ψ as a function of ε. The results indi-
cate that at fi rst, as the helices are slightly stretched, ψ immedi-
ately reduces from 0.61 to 0.41 and then gradually decreases to 
reach 0.22 as ε rises to 0.9. Importantly, we expect this change 
in ψ to have a profound impact on the propagation of sound, 

as it is well known that the size of the acoustic band gap for 
an acoustic metamaterial signifi cantly depends on the solid 
volume fraction. [ 41 ]  

 Next, we numerically investigate the propagation of sound 
waves through the acoustic metamaterial at different levels of 
applied deformation. For this set of simulations we assume 
the metamaterial to be infi nite and use a prismatic unit cell of 
size  A  0  ×  A  0  ×  P  0  in the undeformed confi guration. The anal-
ysis consists of two steps: (i) we fi rst build a 3D model of the 
helix (comprising only one loop), mesh it using solid element 
(Abaqus element type C3D10M with seed size of 1 mm), apply 
periodic boundary conditions along the axial direction, and 
deform it by applying a strain ε; (ii) we then change the ele-
ments of the deformed helix into acoustic elements (Abaqus 
element type AC3D10M), mesh also the surrounding air in the 
unit cell using the same type of elements (for the air we assume 
density ρ = −1.2 kg mair

3 and speed of sound  c  air  = 343 m s −1 ), 
and fi nally calculate the dispersion relation by using frequency 
domain analyses (see Supporting Information for more details). 
Note that, since in this study we only focus on waves propa-
gating in the plane perpendicular to the axis of the helices, the 
dispersion diagrams are constructed considering wave vectors 
lying in that plane. 

 In  Figure    3  a,b we show the dispersion relations calculated for 
the undeformed (ε = 0; Figure  3 a) and highly deformed (ε = 0.9; 
Figure  3 b) metamaterials. At ε = 0, a wide complete band gap 
is found at  f  = 4.64–7.28 kHz (highlighted as the blue-shaded 
area in Figure  3 a), so that sound waves within this frequency 
range are not expected to propagate through the system. How-
ever, as the deformation is progressively increased, this band 
gap is found to monotonically reduce its width (see Figures S5 
and S6, Supporting Information), and at ε = 0.9 it is fully closed 
(Figure  3 b).  

 To confi rm the numerical predictions, we experimentally test 
the dynamic response in GX direction of an acoustic metama-
terial consisting of 36 stretchable helices arranged in a 6 × 6 
square lattice with the center-to-center distance,  A  0  = 32.5 mm. 
In order to stretch all the helices simultaneously and to immo-
bilize them at the strain level of interest, we use a fi xture made 
of acrylic plates and nylon bolts/nuts (see Figure  1 ). Moreover, 
2 inch thick closed-cell foam plates are placed all around the 
sample to acoustically insulate it from the spurious refl ections 
and create homogeneous boundaries all around the sample (see 
Figure S2, Supporting Information). Acoustic waves through 
air are then excited by an array of fi ve identical loudspeakers 
(Vifa OT19NC00-04, 3/4 in. diameter) placed along one face of 
the sample and the amplitude of the scattered pressure waves 
is recorded by a microphone and preamplifi er (model 378B02, 
PCB Piezotronics) mounted on the opposite face. Note that 
the propagation of sound in air through the acrylic plates sur-
rounded by foams without the helices is also recorded and that, 
to reduce the effect of boundaries, the normalized transmission 
spectrum is computed as f fφ φ20 log || ˆ( )/ ˆ ( )||10 air , where fφ̂( ) and 

fφ̂ ( )air  are the Fourier transforms of the transmission through 
the sample and air, respectively (see Supporting Information 
for details). Finally, it is important to point out that in order to 
minimize the effect of sound waves propagating along the axial 
direction of the helices and to better approximate the condi-
tions considered in our numerical simulations (where we only 
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 Figure 1.    Acoustic switch. The fabricated acoustic switch comprises a 
6 × 6 square array of stretchable helices. a) In the undeformed confi gura-
tion (i.e., ε = 0.0), the helices are in a compact state and can be regarded 
as solid cylinders of height H = 400  mm. As a result, the metamaterial 
is characterized by a frequency range of strong wave attenuation (band 
gap). b) As the helices are stretched, the solid volume fraction of the 
metamaterial drops signifi cantly and the band gap is suppressed.
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take into account waves propagating in the plane perpendicular 
to the axis of the helices), the initial height of the metamaterial 
( H  0  = 40 mm) is chosen to be approximately equal to the min-
imum wavelength of excitation during the experiment (38 mm 
at 9 kHz). 

 The transmission spectra of sound waves through the 
sample, measured at ε = 0 and 0.9, are reported as green lines 
in Figure  3 c,d, respectively. In the undeformed confi guration, 
we fi nd that the transmission is characterized by a drop of 
≈30 dB for  f  = 2.75–7.40 kHz (Figure  3 c), in close agreement 
with the numerical results for the corresponding infi nite struc-
ture. In fact, the dispersion relation for the undeformed system 
reported in Figure  3 a not only indicates the presence of a com-
plete (i.e., for all directions) band gap for  f  = 4.64–7.28 kHz, but 
also shows that in GX direction the frequency range of strong 
wave attenuation is signifi cantly wider ( f  = 2.90–7.28 kHz). Dif-
ferently, for ε = 0.9 the acoustic waves with frequency in the 
range  f  = 2.75–7.40 kHz are found to propagate through the 
material (i.e., the transmission fl uctuates around 0 for this 

range of frequency; see Figure   3 d), confi rming that the pro-
posed metamaterial can be utilized as an acoustic switch whose 
response is controlled by the applied deformation. Finally, 
we also note that in the highly stretched structure (ε = 0.9) 
a drop of ≈20 dB in transmission is found at  f  = 8–9 KHz 
(Figure  3 d), in correspondence of the band gap in GX direction 
at  f  = 7.55–9.00 kHz observed in the corresponding dispersion 
relation (see Figure   3 b). 

 Having demonstrated that the applied deformation can 
be exploited to design acoustic switches, we now show that 
the response of the system is robust. To this end, we numeri-
cally investigate the effect of both arrangement of the helices 
and their geometry on propagation of sound. In  Figure    4  a we 
report the evolution of the band gaps frequencies as a func-
tion of the applied strain for a triangular arrangement of the 
helices with the same geometry as those shown in Figure  1  
(i.e.,  D  0  = 28.6 mm,  P  0  = 13 mm and rectangular cross-sec-
tion of ×13 mm 6.5  mm). For a triangular array with center-
to-center distance  A  0  = 32.5 mm, we fi nd a complete band 

Adv. Mater. 2015, 
DOI: 10.1002/adma.201504469

www.advmat.de
www.MaterialsViews.com

 Figure 2.    Deformation of the helices. a) Experimental (green samples) and numerical (blue models) images of a single helix at different levels of applied 
strain, ε = 0, 0.40, 0.65, and 0.90.  P  0  and  D  0  are the pitch length and outer diameter of the helix, respectively, at ε = 0. Evolution of b) pitch length,  P , 
c) outer diameter,  D , and d) solid volume fraction, ψ, as a function of the applied strain. Analytical predictions (red dashed line) are compared to both 
experimental (green markers) and numerical (blue markers) results.
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gap at  f  = 9.0–10.5 kHz in the undeformed confi guration 
(ε = 0.0). Importantly, this gap can be completely suppressed 
by stretching the system by ε = 1.3 (see Figure S8 in Supporting 
Information for details). We also note that the discontinuity of 
the band gap frequency found at small values of applied strain 
(i.e., ε → 0) is due to the sudden drop in solid volume fraction 
(from 0.70 to 0.49) that takes place when the metamaterial is 
slightly stretched. Furthermore, we also systematically investi-
gate the effect of the geometry of the helices on the dynamic 
response of the resulting metamaterial. In particular, we focus 
on helices with outer diameter  D  0  = 28.6 mm arranged to form 
a square lattice with center-to-center spacing  A  0  = 32.5 mm and 
perform a series of simulations where we change their cross-
sectional thickness (t D D= −( )/20 0,in ) and height ( h  = P  0 ). The 
results of this parametric study (reported as a contour map in 
Figure  4 b) demonstrate that we have identifi ed a robust and 
effi cient strategy to switch on and off the propagation of sound. 
In fact, we fi nd not only that the applied deformation can be 
harnessed to switch on and off the propagation of sound for 

all considered confi gurations, but also that by changing the 
geometry of the helices the amount of strain needed to fully 
suppress the band gaps can be tuned. In particular, helices with 
t = 1.6 mm and h = 3.2 mm are observed to require the lowest 
applied strain, ε ≈ 0.2, to suppress the band gap, while, irrespec-
tively of  h , helices with t = 14.3 mm result in the highest value 
of strain, ε ≈ 1.1, to fully suppress the band gap (see Figure  4 b 
and Figure S7, Supporting Information).  

 In summary, we demonstrated both numerically and experi-
mentally that deformation in periodic arrays of helices can be 
intentionally exploited to switch on and off the propagation of 
the sound. Our results indicate that externally applied tension 
provides a simple mechanism to signifi cantly alter the solid 
volume fraction of the system and, consequently, achieve a wide 
range of tunability for the band gap. Importantly, the transfor-
mation of the band gaps is fully reversible and the range of 
frequencies affected by the applied deformation can be tuned 
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 Figure 3.    Propagation of sound through the metamaterial at dif-
ferent levels of applied deformation. a,b) Dispersion relations and 
c,d) experimentally measured transmission spectra for acoustic waves 
propagating along the GX direction. Results are shown for (a,c) the unde-
formed confi guration (ε = 0) and (b,d) the stretched confi guration (ε = 0.9).

 Figure 4.    Effect of arrangement of the helices and their geometry. 
a) Evolution of the band gap frequency,  f , as a function of the applied 
strain, ε, for a triangular array (with lattice spacing  A  0  = 32.5 mm) of 
helices with initial outer diameter D = 28.60  mm, pitch P = 130  mm, and 
rectangular cross-section of ×13 6.5 mm. The inset shows the evolution 
of the solid volume fraction as a function of the applied strain. b) Effect 
of the cross-section dimensions  h  =  P  0  and t D D= −( )/20 0,in  on the amount 
of strain needed to fully suppress the band gaps (ε  c  ) for a square array of 
helices with fi xed initial outer diameter D = 28.60  mm and lattice spacing 
A = 32.50  mm.
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by varying the geometry of the helices. Moreover, although in 
this study we only demonstrated the concept for an array of ver-
tical helices at the centimeter scale, the proposed design can be 
applied to more complex arrangements of helices and various 
length scales, enabling the design of materials and devices to 
control the propagation of ultrasound (in the case of microscale 
systems) and intrasound (in the case of macroscale systems) 
along arbitrary directions. From a practical perspective, the 
full active control over the propagation of sound in combina-
tion with the wealth of different length scales and geometrical 
designs provides a new class of architected materials with a 
broad fi eld of applications ranging from switchable wave guides 
to tunable imaging devices.  
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S1 Fabrication

A silicone-based rubber (commercial name: Elite Double 32, Zhermack) with material density
ρ = 965 kg/m3 is used to cast the experimental specimen. The material properties are measured
through tensile testing up to a true strain of 0.60 and no hysteresis is found during loading
and unloading. The constitute behavior is accurately captured by a nearly-incompressible (i.e.
Poisson ratio ν0 = 0.4999) Yeoh hyperelastic model [1], whose strain energy is given by

W =

3∑
i=1

Ci0
(
Ī1 − 3

)i
+

(J − 1)2i

Di
, (S1)

where C10 = 131 kPa,C20 = 0 kPa,C30 = 3.5 kPa,D1 = D2 = D3 = 1.54GPa−1. Moreover,
Ī1 = tr

[
dev

(
FTF

)]
and J = detF, where F is the deformation gradient. Note that the initial

shear modulus(G0) and bulk modulus(K0) at zero strain are related to two of the Yeoh model
parameters as G0 = 2C10 = 0.26MPa,K0 = 2/D1 = 1.3GPa, so that the speed of propagating
longitudinal waves through the undeformed homogeneous rubber is cL = 1160m/s.

To manufacture the helices a molding approach is used. First, a mold is fabricated from
Rigid Opaque Vero blue plastic material (product number RGD840, Objet) using a 3-D printer
(Connex500, Objet) to cast a helix (see Figure S1(a)). Before replication, a releasing agent
(SMOOTH-ON universal mold release) is sprayed on to the mold to easily de-mold and separate
the cured rubber helix from the plastic mold. The casted mixture is first placed in vacuum for
degassing and is allowed to set at room temperature for curing. The single helices fabricated
to study their static response (i.e. deformation) are comprised of 9.2 loops (both ends are
cut flat - see Figure S1(b)) with rectangular cross-section of 13mm × 6.5mm, inner diameter
D0,in = 15.6mm, outer diameter D0 = 28.6mm, and pitch P0 = 16.25mm.

To fabricate the acoustic metamaterial shown in Figure 1 of the main text, we manufacture 36
elastomeric helices and arrange them to form a 6×6 two-dimensional square lattice with center-
to-center distance A0 = 32.5mm. Note that all helices are cut to comprise only 3 loops (so that
their height in the undeformed configuration is H0 = 40 mm) before building the specimen. The
helices are then attached to two acrylic plates on the top and bottom using Cyberbond Apollo
2240 adhesive. We use four nylon bolts/nuts placed at the corners of the plates to immobilize
the specimen at strain level of interest (Figure S2(a)). The dimension of the specimen at ε = 0
(i.e. undeformed configuration) is Height×Width×Depth = 40× 195× 195 mm.

Figure S1: Fabrication. (a) 3-D printed plastic mold, and (b) elastomeric helix manufactured
using the mold and casting approach.
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S2 Testing

We measure the propagation of sound waves through the metamaterial at two levels of applied
deformation, ε = 0 and ε = 0.9. At the strain level of interest, we immobilize the specimen
using the acrylic fixture and measure the transmission in GX direction. In all the tests we also
place a 2 inch-thick closed-cell foams all around the sample to properly close it regardless of its
height (Figure S2(c)). To excite the wave propagation through the air, we use an array of five
identical loudspeakers (Vifa OT19NC00-04, 3/4 inch diameter)(Figure S2(b)) placed along one
of the faces of the sample. The loudspeakers provide a frequency sweep input signal (duration 1
second), whose frequency content is controlled with a MATLAB script (spanning from 500 Hz
to 12 kHz). On the opposite face of the sample we then record the amplitude of the scattered
pressure waves, φ(t), with a PCB microphone and pre-amplifier (model 378B02, PCB). Note
that the transmission in air, φair(t), through the acrylic plates surrounded by foams without
the helices, is also recorded. Finally, the normalized transmission spectra reported in Figure 3
in the main text are calculated as

T (f) = 20 log10

(∥∥∥∥∥ φ̂(f)

φ̂air(f)

∥∥∥∥∥
)

where φ̂(f) and φ̂air(f) are the Fourier transforms of the transmission through the sample and
the transmission through air, respectively. Note that each curve shown in Figure 3 is based on
the average of 20 measurements.

Figure S2: Testing. (a) Front-view image of the fabricated metamaterial at ε = 0. (b) Position
of loudspeakers in the experimental set-up. (c) Experimental set-up without the metamaterial
used to measure the transmission through air.

S3 Analytical model for the deformation of an helix

In this Section we present a simple analytical model to predict the effect of the applied strain,
ε, on the morphology of a helix. In particular, we first investigate how ε affects its pitch P
and outer diameter D, and then determine the effect of such deformation on the solid volume
fraction ψ of the metamaterial.

We start by noting that the deformed configuration of the helix is described by the vector
function

r(θ) = (x(θ), y(θ), z(θ)) =

(
D

2
cos θ,

D

2
sin θ,

P

2π
θ

)
. (S2)
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Assuming P0 the pitch of an helix composed of N loops in the undeformed configuration (i.e.
at ε = 0), it is easy to see that at ε = 0 the height of the helix is given by

H0 = N P0, (S3)

while under an applied strain ε we have

H(ε) = N P = (1 + ε) H0. (S4)

Note that for the sake of simplicity, we have assumed that the pitch remains constant along the
helix, a condition that is violated in the presence of gravity. Substitution of Eq. (S3) into Eq.
(S4) yields the evolution of the pitch as a function of the applied strain

P = (1 + ε)P0. (S5)

To obtain the diameter of the helix in the deformed configuration (D), we first calculate the
length of one loop of the helix both in the deformed configuration

L =

∫ 2π

0

√(
dx

dθ

)2

+

(
dy

dθ

)2

+

(
dz

dθ

)2

dθ =
√
π2D2 + P 2, (S6)

and in the undeformed configuration

L0 =
√
π2D2

0 + P 2
0 . (S7)

Next, we assume that the helix is inextensible (i.e. L = L0), so that√
π2D2

0 + P 2
0 =

√
π2D2 + P 2, (S8)

from which D is obtained as

D = D0

√
1−

(
P0

πD0

)2

ε (ε+ 2). (S9)

In particular, for the helix manufactured for this study (characterized by P0 = 13 mm and
D0 = 28.6 mm) we have

D = 28.6
√

1− 0.021 ε (ε+ 2)mm. (S10)

Finally, we focus on the metamaterial and consider a square array of helices with center-
to-center distance A0 = 32.5 mm. It is easy to see that the change in pitch induced by the
applied strain significantly alters the solid volume fraction of the system. Since in this study
we focus on pressure waves propagating in the air surrounding the helices, in the undeformed
configuration each helix can be considered as a solid cylinder and the solid volume fraction of
the metamaterial can be obtained as

ψ0 =
Vcylinder
Vunit cell

=
πD2

0

4A2
0

. (S11)

However, as the applied deformation is increased, the cylinders transform into helices and the
air originally inside their internal cavity connects to the surrounding fluid, reducing the solid
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volume fraction of the metamaterial. Therefore, for ε > 0 the solid volume fraction can be
calculated as

ψ =
Vhelix
Vunit cell

=
Vhelix

A2
0H0(1 + ε)

. (S12)

Since the helices are made of an incompressible material (rubber), their volume is preserved
during deformation and can be easily calculated as

Vhelix =
π

4
(D2

0 −D2
0,in) H0, (S13)

where D0,in is the inner diameter of the helix in the undeformed configuration (i.e. at ε = 0).
Thus, the solid volume fraction of the metamaterial under an applied strain ε is simply given by

ψ =
π(D2

0 −D2
0,in)

4A2
0 (1 + ε)

. (S14)

S4 Numerical Simulations

All the numerical simulations are carried out using the commercial Finite Element package
Abaqus/Standard (SIMULIA, Providence, RI). In particular we conduct two different types of
simulations: (i) static analysis to investigate the effect of the applied deformation on the shape
of the helix; (ii) Bloch wave analysis to investigate the propagation of small-amplitude acoustic
waves in the metamaterial under different levels of deformation.

S4.1 Static analysis

Static analyses are performed to capture the deformed configuration of the helices under an
applied strain ε, accounting for the effect of gravity. The FE model of a single helix with the
same geometric and material properties as the fabricated one is constructed using quadratic
solid elements (Abaqus element type C3D10M with a mesh seed size of 1 mm). Moreover, the
response of the material is captured using the Yeoh hyperelastic model described in Section S1.
In the simulations we apply a vertical displacement u = εH0 to the top face of the helix, while
constraining the motion of the bottom face. We then monitor the effect of the applied deforma-
tion on the pitch and outer diameter. Snapshots of the meshed undeformed and deformed (at
ε = 0.9) helix are shown in Figure S3.

S4.2 Bloch wave analysis

The propagation of sound waves within the acoustic metamaterial is first investigated numer-
ically by considering a square array of helices of infinite extent, characterized by a prismatic
unit cell (i.e. minimum unit identified in the periodic structure which includes both the helix
and the surrounding air) spanned by the lattice vectors a1 = [A0, 0, 0], a2 = [0, A0, 0], and
a3 = [0, 0, P ], as shown in Figure S4(b). Thus, any spatial function field, φ(x), in the infinite
periodic structure satisfies the condition:

φ(x + T) = φ(x), (S15)

where
T = t1a1 + t2a2 + t3a3, (S16)
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Figure S3: Numerical images of a single helix. Front and isometric views of (a) the
undeformed and (b) highly deformed (i.e. ε = 0.9) configuration as obtained from the static
analysis.

t1, t2, and t3 being arbitrary integers.
The analysis to obtain the dispersion relation of the propagating waves in the periodic

structure at different levels of applied deformation consists of two steps: (Step 1) we apply
statically the desired level of deformation to the unit cell; (Step 2) we calculate the dispersion
relation of the propagating waves for the deformed unit cell.

Step 1. We mesh the unit cell (comprising only one loop of the helix) using quadratic solid
element (Abaqus element type C3D10M) and applied statically the desired level of deformation.
To this end, we apply periodic boundary conditions along the axial direction, so that the dis-
placements of each pair of nodes periodically located on the top and bottom faces of the unit
cell are related as

utx − ubx = 0, uty − uby = 0, utz − ubz = ε(Zt − Zb), (S17)

where the superscripts t and b refer to quantities associated to nodes on the top and bottom
surfaces and Z denotes the position in z-direction of a node in the undeformed configuration.
Then, a non-linear static step is performed to deform the unit cell by applying the desired value
of strain ε.

Step 2. We investigate the dynamic response of the metamaterial and conduct frequency
domain wave propagation analysis on the deformed the unit cell at different levels of applied
deformation, focusing on the propagation of waves in the xy-plane. In particular, we change
the elements of the deformed unit cell obtained through Step 1 into acoustic elements (Abaqus
element type AC3D10M), and mesh also the surrounding air in the unit cell using the same type
of elements (for the air we assume density ρair = 1.2 kg/m3 and speed of sound cL,air = 343m/s).

Next, we apply to the faces of the deformed unit cell Bloch-type boundary conditions of the
form

p(x + r) = p(x) exp(ik · r), (S18)
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Figure S4: Bloch wave analysis. (a) Undeformed configuration (ε = 0): oblique and top
views of the unit cell as obtained from Step 1 (static analysis) and of that used for Step 2 (Bloch
analysis); (b) Deformed configuration (ε = 0.9): oblique and top views of the unit cell as obtained
from Step 1 (static analysis) and of that used for Step 2 (Bloch analysis); (c) corresponding point
lattice in reciprocal space showing the first Brillioun zone (the area inside the yellow square)
and the irreducible Brillioun zone (red GXM triangle) for square arrangement of helices. b1 and
b2 are the reciprocal lattice vectors.

where p is the acoustic pressure, x is the position of a node in the deformed configuration and
r denotes the distance in the current configuration between a pair of nodes periodically located
on the boundary. Moreover, k is the Bloch-wave vector lying in the reciprocal space. Since most
commercial finite element packages do not support the complex-valued pressure introduced by
(S18), following Aberg and Gudmundson [2] we split any complex-valued spatial function φ(x)
into a real and an imaginary part

φ(x) = φ(x)re + iφ(x)im. (S19)

The problem is then solved using two identical finite element meshes for the unit cell, one for
the real part and the other for the imaginary part, coupled by

pre(x + r) = pre(x) cos(k · r)− pim(x) sin(k · r), (S20)

pim(x + r) = pre(x) sin(k · r) + pim(x) cos(k · r).

Operationally, in our numerical simulations we use a user defined multiple point constraint
(MPC) subroutine to implement Eqs. (S20).

Finally, focusing on the propagation of small-amplitude waves, we solve the frequency-domain
acoustic wave equation [3]

∇ � (
1

ρ
∇p) = − 1

ρc2L
(ω(k))2p, (S21)

using a perturbation method to obtain the dispersion relations ω = ω(k). Note that, since
the reciprocal lattice is also periodic, we can restrict the wave vectors k to a certain region
of the reciprocal space called the first Brillioun zone [4](indicated by the yellow square in
Figure S4(c)). In addition, we may further reduce the domain to the irreducible Brillioun zone
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(IBZ) (red triangle GXM in Figure S4(c)) by taking advantage of reflectional and rotational
symmetries [3]. Operationally, the band gaps are identified by checking all the eigen-frequencies
ω(k) for k vectors on the perimeter of the IBZ. The band gaps, defined as frequencies range in
which the propagation of the waves is forbidden, are obtained by the frequency ranges within
no ω(k) exist. Numerically, a discrete set of k vectors on the perimeter of the IBZ needs to
be chosen for the band gap calculations. For the simulations presented in this paper, twenty
uniformly-spaced points on each edge of the IBZ are considered.

Finally, we note that, given the large contrast in material properties between rubber and
air, dispersion relations identical to those shown in the paper are obtained also for simplified
models in which the elastomeric helix is modeled as a cavity and perfectly-reflecting boundary
conditions are assumed at the interface (see Figure S5 ).
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S5 Additional Results

Figure S5: Effect of the applied deformation on the dispersion relations for the fabri-
cated structure. Dispersion relations calculated at different levels of applied deformation. At
each level of deformation the dispersion plots on the left (in blue) are obtained from models that
comprise both the elastomeric helix and the surrounding air, while the dispersion plots on the
right (in grey) are obtained from simplified models in which the elastomeric helix is modeled as
a cavity and perfectly-reflecting boundary conditions are assumed at the interface. The results
are reported at different levels of strains (a) ε = 0, (b) ε = 0.05, (c) ε = 0.28, (d) ε = 0.40, (e)
ε = 0.80, and (f) ε = 0.92 under uniaxial tension. The insets show the configuration of helices
at the corresponding levels of applied strains. The metamaterial comprises a square array of
helices with initial outer diameter D0 = 28.6 mm, pitch P0 = 13 mm, rectangular cross-section
of 13× 6.5 mm, and lattice spacing A0 = 32.5 mm.
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Figure S6: Evolution of band gap frequency as a function of the applied deformation
for the fabricated structure. The metamaterial comprises a square array of helices with
initial outer diameter D0 = 28.6 mm, pitch P0 = 13 mm, rectangular cross-section of 13 ×
6.5 mm, and lattice spacing A0 = 32.5 mm.
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Figure S7: Effect of the helix geometry on the the dynamic response of the metama-
terial. (a) Effect of the cross section dimensions h = P0 and t = (D0 −D0,in)/2 on the amount
of strain needed to fully suppress the band gaps (εc) for a square array of helices with fixed initial
outer diameter D0 = 28.6 mm and lattice spacing A0 = 32.5 mm. The orange star and blue
hexagon markers indicate configurations characterized by the lowest and highest values of εc,
respectively. (b, c) Evolution of band gap frequency as a function of the applied deformation for
the two configurations characterized by the lowest and highest values of εc. These two designs
are defined by (b) t = 1.6 mm and h = 3.2 mm, and (c) t = 14.3 mm and h = 19.5 mm, both
with initial outer diameter D0 = 28.6 mm and lattice spacing A0 = 32.5 mm. The insets show
the evolution of the solid volume fraction as function of the applied strain.
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Figure S8: Effect of the applied deformation on the dispersion relations of a triangular
array of helices. Dispersion relations calculated at different levels of applied deformation. The
results are reported at different levels of strains (a) ε = 0, (b) ε = 0.05, (c) ε = 0.28, (d) ε = 0.53,
(e) ε = 0.80, and (f) ε = 1.30 under uniaxial tension. The insets show the configuration of helices
at the corresponding levels of applied strains. The metamaterial comprises a triangular array of
helices with initial outer diameter D0 = 28.6 mm, pitch P0 = 13 mm, rectangular cross-section
of 13× 6.5 mm, and lattice spacing A0 = 32.5 mm.
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Figure S9: Effect of the applied deformation on the dispersion relations of a square
array of helices. Dispersion relations calculated at different levels of applied deformation. The
results are reported at different levels of strains (a) ε = 0, (b) ε = 0.05, (c) ε = 0.25, (d) ε = 0.45,
(e) ε = 1.1, and (f) ε = 1.5 under uniaxial tension. The insets show the configuration of helices
at the corresponding levels of applied strains. The metamaterial comprises a square array of
helices with initial outer diameter D0 = 48 mm, pitch P0 = 24 mm, rectangular cross-section of
24× 2 mm, and lattice spacing A0 = 50 mm.
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