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Previous prototypes of acoustic hyperlens consist of rigid channels, which are unable to adapt in

shape to the object under detection. We propose to overcome this limitation by employing soft

plastic tubes that could guide acoustics with robustness against bending deformation. Based on

the idea of soft-tube acoustics, acoustic magnifying hyperlens with planar input and output surfa-

ces has been fabricated and validated experimentally. The shape-adaption capability of the

soft-tube hyperlens is demonstrated by a controlled experiment, in which the magnifying super-

resolution images remain stable when the lens input surface is curved. Our study suggests a feasi-

ble route toward constructing the flexible channel-structured acoustic metamaterials with the

shape-adaption capability, opening then an additional degree of freedom for full control of sound.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4971364]

Metamaterial hyperlens has shown the ability to image

objects with a resolution beyond the diffraction limit.1,2

They can be achieved by the careful design upon nearly

flat dispersions over a wide range of angular momentums.

Evanescent waves with high angular momentum values can

be therefore be converted into the propagating ones and

transferred without decaying to the far side, contributing ulti-

mately to the super-resolution acoustic images. In acoustics,

the formation of the nearly flat dispersion relies on the

anisotropic-mass effect, and it is also necessary to enable the

mass component in the lens lateral direction extremely large.

Following the above requirements, the near-field hyperlenses

are usually constructed with a cluster of straight rigid chan-

nels,3–5 which have been further filled by soft elastic

layers6–8 or corrugated9 in order to lower the thickness-to-

wavelength ratio.

The near-field hyperlenses refer to those without the

magnifying effect, and therefore project the images in the

near field only. The reason is that although converted to prop-

agate within the lens, evanescent waves will be recovered

when they are outside. On the contrary, the far-field magnify-

ing hyperlens can permanently convert evanescent waves into

propagating ones. They compress the tangential wave-vectors

of evanescent waves into the propagating regime by enlarging

the lateral size of the output surface with respect to the input

side, so that the subwavelength images are magnified and

become detectable in the far field.10,11 By potentially combin-

ing the current far-field imaging systems, the magnifying

hyperlens may become a promising super-resolution imaging

device. In previous studies, the magnifying hyperlens consists

in the straight rigid channels; they are in the cylindrical con-

formation,12 and are difficult to adapt to the object shape

under detection. In this work, we propose to construct a planar

magnifying hyperlens with soft plastic tubes, which are flexi-

ble and easily deformed. The shape-adaption capability of the

lens will be demonstrated by the experimental stable imaging

against the lens deformation. The idea has been inspired by

the physics discovered recently in extraordinary acoustic

transmission for non-straight tubes. It has been observed

that,13 once acoustics are squeezed into a narrow channel,

acoustic transmission can be insensitive to the non-straight,

bended or coiled, geometry of the channel. It means that

long-length channels can be bended or coiled into a tight

space without remarkably altering the sound channeling

effects. As a result, the coiling-up-space acoustic metamate-

rials with negative index,14–16 and bending-channel acoustic

metasurfaces17–19 have been successfully realized.

The proposed magnifying hyperlens is made of the regu-

lar arrangement of soft Polyvinyl chloride (PVC) hollow

tubes as shown in Fig. 1. The inner and outer diameters of

each tube are, respectively, 0.8 cm and 1.2 cm. The tube

length is chosen as 30 cm, which would determine the imag-

ing frequency as explained later. The used PVC material has

the mass density 1300 kg/m3, Poisson’s ratio 0.47, and a rela-

tively low Young’s modulus 30 MPa, which ensures the easy

bending deformation of the tubes. The 2 mm-thick PMMA

plates are used as the input and output surfaces of the hyper-

lens and set as being planar initially. Either plate is punched

with 30 round holes, which are arranged in three rows and

ten columns. The center-to-center distances of holes between

adjacent rows are all 1.5 cm. The hole separation between

columns is 2 cm on the input plate and 6 cm on the output

plate; their ratio 6/2¼ 3 defines the magnifying factor of this

hyperlens. We then use soft tubes to connect holes perforated

on the one plate to those with the same row and column

numbers on the other plate. The distance between plates,

defined as the thickness of the lens, is set as 23 cm. It is seen

in Fig. 1 that soft tubes are able to deform adaptively in order

for conforming to the planar boundaries of the hyperlens.

Acoustic transmission of the soft tube is evaluated by

experimental measurement using the Br€uel & Kjær 4206

impedance tube. Figure 2 shows transmission amplitudes of

the soft plastic tube in the straight and deformed states, as

well as a straight and stiffer PMMA tube (Young’s modulus

2.3 GPa, Poisson’s ratio 0.38, density 1200 kg/m3 for PMMA

material) of the same size. Note that the soft tube with the
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biggest bending deformation observed in the structured

hyperlens is examined. Excellent agreement of transmissions

between the straight and curved soft tubes can be observed,

verifying the robustness of acoustic channeling against the

tube’s bending deformation. Compared to the stiff tube,

transmission amplitudes across soft tube have been lowered

near peak transmission frequencies, apparently because of

the greater viscous damping in the plastic materials. The

comparison results lead to the other conclusion important to

the imaging effect in that the nontrivial damping would not

alter the peak transmission frequencies. As a concluding

remark, the only price for using soft materials to design

acoustic hyperlens is the lowered transmission due to the

inevitable damping, which is not detrimental to the imaging,

but can be solved by increasing the signal-to-noise ratio in

practice. In the following, we will develop an analytic model

based on the straight-channel unit cell in order to define the

imaging frequency of the hyperlens.

The proposed hyperlens is designed in a manner to con-

fine acoustic energy in the narrow tubes only, instead of in

the region between tubes. It means that acoustic characteris-

tics of the hyperlens are irrelevant to the distance between

tubes. Hence the bundle of deformed tubes can be treated as

an effectively homogeneous medium, even though the dis-

tance between nearby tubes changes dramatically along the

thickness direction of the lens. Figure 3 shows one channel

cell of the magnifying hyperlens, which differs from a near-

field hyperlens9 in that the periodicity of holes on the output

region has been enlarged a1/a0> 1. Assume that d, a0, and a1

are all smaller than the wavelength; the influence of the dis-

cretization in the structured hyperlens becomes very small.

Then an analytic homogenization model can be established to

characterize the acoustic transportation by the channel struc-

ture. Above assumption has ensured that the narrow channels

support the dominate zeroth-order mode. Therefore, the

tube of the diameter d can be represented effectively by an

acoustic fluid with anisotropic mass density ~q ¼ diag½q;1�,
q ¼ 4q0a2

0=ðpd2Þ, where q0 and c0 are, respectively, the mass

density and sound velocity of the background medium, and

the infinite mass along the interface direction arises from the

vanishing acoustic interaction among tubes. The transmitted

region with the periodicity a1 is equivalent to an acoustic

media with the scalar density q1 ¼ q0a0=a1. In all regions,

the sound velocity c0 remains unchanged. It is known that

the dispersion equation for a homogenized anisotropic-mass

acoustic medium is written as k2
x=qx þ k2

y=qy ¼ x2=j. Infinite

qy for the present hyperlens ensures the nearly flat dispersion

curve with respect to the parallel wave vector ky in either

propagating or evanescent wavenumber space, which demon-

strates the origin of the hyperlens.

According to the effective-medium model, the transmis-

sion coefficient for the channel of length L can be derived as

T x; kyð Þ ¼
2z1

z0 þ z1ð Þcos k0Lð Þ � i qc0 þ z0z1= qc0ð Þ
� �

sin k0Lð Þ ;

(1)

where z0 ¼ q0x=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � k2
y

q
and z1 ¼ q1x=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � k2
y

q
.

Consider first a1 ¼ a0, which refers to the case of a near-

field hyperlens. In order for the complete transmission T¼ 1

for any ky, it is necessary to let sin ðk0LÞ ¼ 0. This results in

FIG. 1. Flexible acoustic magnifying

hyperlens fabricated by soft plastic

tubes.

FIG. 2. Acoustic transmission measured for straight and curved soft PVC

tubes as well as for a straight stiff PMMA tube for comparison.
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the well-known Fabry-P�erot resonant condition that defines the

imaging frequency as f ¼ n c0

2L where n is an integer number.

For the magnifying hyperlens with a1 > a0, the Fabry-P�erot

resonance still provides a satisfactory condition to achieve the

ky-independent constant transmission T ¼ 2a0=ða0 þ a1Þ. It

can be seen that the transmission T will never reach unity as

long as a1 > a0 is pursued for the magnifying effect. As a con-

cluding remark, the reflection by the tube structure is inevitable

due to either the existence of the small inlets and large reflec-

tors between nearby tubes or the impedance mismatching

because of a1 > a0. However, it is worth to stress that the low-

ered transmission would not alter the fact of the same transmis-

sion for all tubes, which is the most important condition to

construct successively an acoustic hyperlens. This condition

means that evanescent waves will be equally transmitted so

that the subwavelength image magnified by the hyperlens will

not be distorted. In the following, we will experimentally dem-

onstrate that acoustic magnifying imaging can indeed be

achieved even though there is no complete acoustic transmis-

sion across the tube. In our samples, the tube length is

L¼ 30 cm; the first three resonant frequencies are found from

Eq. (1) to be 567 Hz, 1133 Hz, and 1700 Hz, respectively.

Notice that q0¼ 1.25 kg/m3 and c0¼ 340 m/s have been rea-

sonably taken for the air. It is seen from Fig. 2 that theoretical

predictions coincide very well with the measured peak trans-

mission frequencies. In our experiment, the imaging frequency

is chosen as the 3rd resonant frequency 1700 Hz for a compro-

mise between the experimental measurement area and the lens

size to wavelength ratio.

Figure 4(a) shows the established acoustic 2D scanning

system7 with an effective scanning area 30� 60 cm2, which

is employed here to measure both acoustic amplitudes and

phases responded by the hyperlens. A dual source with the

separation 6.67 cm is used to represent the defects to be mag-

nified; it is created by a U-shape splitter with the input side

connecting to a loudspeaker. Note that the center-to-center

distance 6.67 cm is the one-third wavelength in air corre-

sponding to the frequency 1700 Hz of operation. We have

first measured the acoustic radiation fields emitted by this

subwavelength “defects” (dual source) without being magni-

fied by the hyperlens as shown in Fig. 4(b); the resultant

fields look like the ones launched by a single source. This

can be attributed to the subwavelength nature of the dual

source, explaining why they cannot be distinguished from

the far field. When the magnified hyperlens is placed at a dis-

tance of 2 mm in front of the dual source, the measured

acoustic fields [Fig. 4(c)] show the strong wave interferences

as a result of the magnifying effect. A comparable numerical

simulation is also conducted [Fig. 4(d)], which repeats the

experimental results. We will demonstrate below by numeri-

cal simulation that acoustic fields shown in Figs. 4(c) and

4(d) are indeed the magnified images of the subwavelength

dual source.

In the simulation, either one of dual outputs of the experi-

mental U-shape splitter can be modeled by a point source,

since the output’s aperture size is in the deep-subwavelength

scale compared to the operating wavelength. The pressure dis-

tribution in the line locating 2 mm (same to the experimental

FIG. 3. Analytic modeling of one

channel cell of the magnifying hyper-

lens, where the periodicity a1 on the

output side is bigger than a0 on the

input side in order to achieve the mag-

nification effect.

FIG. 4. (a) Acoustic 2D scanning sys-

tem used to experimentally characterize

the fabricated acoustic hyperlens; (b)

measured acoustic fields radiated from

dual sources with the subwavelength

separation k=3; acoustic fields mea-

sured above the soft-tube hyperlens

with the planar input surface (c) and

curved input surface having the curva-

ture radius 25 cm (e); (d) and (f) simula-

tion results corresponding, respectively,

to (c) and (e).
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environment) away from a point source can be readily com-

puted, which we consider as the pressures loading on the input

surface of the hyperlens. The resultant pressures loaded upon

the lens input by the dual source are denoted by p(x) and

shown in Fig. 5(a), where the pressure distribution has been

normalized to its maximum value and in addition only lateral

regions with pressures beyond the half maximum are retained

for simplification. It can be seen that acoustic fields projected

by this simulated dual source exhibit the single-source acous-

tic features as similar to experimental results [Fig. 4(b)].

The proposed hyperlens functions in a manner that the pres-

sure distribution p(x) in Fig. 5(a) is to be laterally magnified

three times, resulting in a new pressure distribution denoted

by p(x/3), which together with their projected acoustic fields

are shown in Fig. 5(b). Excellent agreement between mea-

sured acoustic fields [Fig. 4(c)] and this simulation result can

be found, which then firmly validates the �3 magnifying

capability of the soft-tube hyperlens.

We further announce that the proposed flexible hyper-

lens is able to conform adaptively to the uneven profile of

the object under detection. As an example of verification, the

U-shaped dual source is now replaced by the one having the

circular output profile with the curvature radius 25 cm.

Figure 4(e) shows the acoustic fields measured in front of the

hyperlens that has the planar output, while its input surface

is curved with the same circular profile as the source side. It

is clearly seen that the magnifying images of the dual source

remains stable against the curved deformation of the soft-

tube lens. Figure 4(f) shows the comparative simulation

results, verifying again the shape-conformation capability of

the soft hyperlens.

In our experiment, we have also verified that the damp-

ing of soft tubes has a minor influence on the imaging effect,

although it reduces the sound transmission amplitude near

resonant frequencies. The reason of the result is that the

hyperlens imaging relies mainly on the uniform transmission

over the entire wave-vector space, instead of achieving the

maximum transmission permitted by the lens structure.

Except around the resonant frequencies, energy absorption

due to damping becomes minor so that the soft tube is not

acoustically inferior to the stiff channel, as seen in Fig. 2.

Hence, soft acoustic tubes may be potentially used to facilitate

the fabrication of non-resonant channel-structured metamate-

rials14 and metasurfaces.17 On the other hand, the damping

may become advantageous when soft tubes are used to facili-

tate the channel-structured sound absorbing devices.20,21 Note

finally that acoustic controlling devices constructed with soft

tubes are potentially robust against the structure deformation.

As a summary, we have reported that soft plastic tubes

can be efficient channeling structures that transmit acoustics

with the robustness against bending deformation. The idea of

soft-tube acoustics has helped realizing a planar magnifying

hyperlens capable of easy deformation necessary for shape

conformation to the object under detection. These unique

features have been firmly verified by our experiments. The

proposed soft hyperlens can be regarded as an improved ver-

sion based on the previous prototype that has to be in cylin-

drical conformation by using straight rigid tubes.12 It is

worth to stress that soft-tube acoustics may be further

extended to improve a wide variety of channel-structured

acoustic metamaterials and metasurfaces by equipping them

with flexible and adaptive capabilities, opening then an addi-

tional degree of freedom toward full control of sound.
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FIG. 5. (a) The pressure distribution p(x) loaded on the lens input by the

simulated dual source and their projected acoustic fields, which show the

single-source acoustic features as similar to experimental results [Fig. 4(b)].

(b) The pressure distribution p(x/3) obtained by magnifying p(x) three times

along the lateral direction and their projected acoustic fields, which are in

excellent agreement to measured acoustic fields [Fig. 4(c)], firmly validating

the �3 magnifying capability of the soft-tube hyperlens.
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