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M A T E R I A L S  S C I E N C E

Bioinspired metagel with broadband tunable 
impedance matching
Erqian Dong1*, Zhongchang Song1*, Yu Zhang1,2,3†, Shahrzad Ghaffari Mosanenzadeh3, Qi He3, 
Xuanhe Zhao3, Nicholas X. Fang3†

To maximize energy transmission from a source through a media, the concept of impedance matching has been 
established in electrical, acoustic, and optical engineering. However, existing design of acoustic impedance match-
ing, which extends exactly by a quarter wavelength, sets a fundamental limit of narrowband transmission. Here, 
we report a previously unknown class of bioinspired metagel impedance transformers to overcome this limit. The 
transformer embeds a two-dimensional metamaterial matrix of steel cylinders into hydrogel. Using experimental 
data of the biosonar from the Indo-Pacific humpback dolphin, we demonstrate through theoretical analysis that 
broadband transmission is achieved when the bioinspired acoustic impedance function is introduced. Furthermore, 
we experimentally show that the metagel device offers efficient implementation in broadband underwater ultra-
sound detection with the benefit of being soft and tunable. The bioinspired two-dimensional metagel breaks the 
length-wavelength dependence, which paves a previously unexplored way for designing next-generation broad-
band impedance matching devices in diverse wave engineering.

INTRODUCTION
Acoustic materials have made substantial progress in recent years. 
Metamaterials provide a powerful tool to design physical properties 
through programmable design of microstructure (1–5). This may 
result in a variety of novel effects, such as negative refraction, invis-
ibility cloaking, and other extraordinary transmissions. Introducing 
soft materials to acoustics makes it possible to avoid the rigid fea-
ture of solid structures (6–10), giving more freedom during design. 
Because of its soft, wet, and biocompatible nature, hydrogel has been 
applied in tissue engineering, soft robotics, and soft electronics. 
Hydrogel has nearly perfect acoustic impedance matching with water 
because more than 90% of its constituent is water. This property 
makes hydrogel a good background matrix material for composite 
designs in underwater applications (8). A recent study has proposed 
a design of metagel by fabricating one-dimensional patterned channels 
in a hydrogel to tune the acoustic transmission in air-water-solid 
impedance ranges (9). However, as far as we know, there are no 
reports on two-dimensional hydrogel metamaterials capable of 
establishing broadband acoustic transmission between two mis-
matching media.

Impedance matching maximizes energy transmission between 
two mismatching media, which has received considerable attention 
in the science and technology community. In the early 20th century, 
Bell Laboratories discovered the importance of impedance match-
ing to make transcontinental telephone communication practical 
(11). Ever since, impedance matching has been applied in electrical, 
mechanical, acoustic, optical, microwave engineering, etc. Quarter-
wave impedance transformer (QIT) with a length of L = /4 (L is the 
length and  is the wavelength in the matching layer) has been 
widely applied to maximize energy transmission (12–17). The match-

ing layers of acoustic transducers have been commonly used in 
underwater sonar, ultrasonic transducer, and medical ultrasonic 
sensor (18, 19, 20). The acoustic impedance (Z0) of a piezoelectric 
transducer is about 22 times higher than that of water (Z1), resulting 
in an energy transmission as low as 17%. It is necessary to apply 
acoustic impedance matching layer (ZT) to couple Z0 with Z1 to 
improve energy transmission. Total transmission power of QIT 
(T = 1) requires ​​Z​T​ 2 ​  = ​ Z​ 0​​ × ​Z​ 1​​​ and the following length-wavelength 
dependency (see Materials and Methods) (21)

	​   =  KL​	 (1)

where K is a coefficient. QIT satisfies K = 4/(2n − 1), (n = 1,2, ⋯), 
and thus, this length-wavelength relationship sets the fundamental 
transmission limit, which results in most existing transformers as 
narrowband matching devices. To improve matching performance, 
multiple layers and acoustic metamaterials have been designed 
(18, 19, 20). However, to achieve a tunable and broadband trans-
mission is still a great challenge to these transformers due to their 
rigid feature.

Nature may have found a way to overcome the narrowband 
transmission as is suggested to be the case in dolphin’s biosonar 
systems (22, 23). Dolphins have evolved a sophisticated biosonar 
system to adapt to the underwater environment (24–27). Dolphins 
generate broadband signals by the monkey lips/dorsal bursae com-
plex in their nasal system to prey and detect underwater objects 
(25). Their foreheads, as a soft impedance matching system, can 
transmit broadband signals into water (26). The acoustic transmis-
sion of dolphin biosonar is manipulated by its acoustic impedance 
distribution in the forehead. Fatty tissues, muscles, and connective 
tissues are stacked in a typical order to create a certain acoustic 
impedance distribution. Fatty tissues own the lowest acoustic im-
pedance and constitute the innermost layer in the forehead. They 
are wrapped peripherally by muscle tissues, which have a higher 
acoustic impedance. Connective tissues have the highest acoustic 
impedance and resemble a complex horn-like structure in the 
posterior forehead. These tissues produce an acoustic impedance 
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variance to control energy transmission (24). In particular, dolphins 
can adjust their forehead through compressing facial musculature 
to produce tissue deformations (27). Thus, acoustic directivity can 
be manipulated by compressing melon and surrounding tissue as a 
tunable structure (28).

Here, we report that the narrowband limit can be overcome by a 
bioinspired metagel impedance transformer (BMIT). Inspired by the 
impedance distribution of a dolphin, we obtain the gradient acoustic 
impedance function of BMIT. Hydrogel is fabricated and embedded 
into a matrix of steel cylinders to design a metamaterial. Hydrogel 
plays a significant role in the tunable device. The broadband match-
ing mechanism of the two-dimensional metagel is theoretically and 
experimentally demonstrated. This novel bioinspired device inte-
grates the features of metamaterial and hydrogel.

RESULTS AND DISCUSSION
Gradient acoustic impedance distribution in the head of an Indo-
Pacific humpback dolphin was reconstructed using computed to-
mography scanning and tissue experiments (Fig. 1A and fig. S1). 
The core region, which owns a low acoustic impedance, acts as an 
acoustic channel to guide energy flux along its direction. This chan-
nel was numerically confirmed in acoustic fields using full-wave 
simulations (see Materials and Methods). The impulse signal trans-
mitted by the channel clearly presents a broadband spectrum (fig. 
S3). The impedance function was then obtained from the dolphin’s 
impedance data as (x) = 0 + eax, where x represents the acoustic 
propagation direction and 0, , and a are coefficients determined 

as 0 = 0.44,  = 0.47, and a = −1.83/L to fit the real impedance data 
[coefficient of determination (R2) = 0.91] in Fig. 1B.

Inspired by the biosonar property of the dolphin, we obtained 
the acoustic impedance function of BMIT to couple water at x = 0 
with the source [such as piezoelectric (PZT)] at x = −L as

	​ (x ) = ​​ 0​​ +  ​​[​​ ​   ─ Q − ​​ 0​​ ​​]​​​​ 
x/L

​​	 (2)

where Q = Z0/Z1 is the ratio of transducer impedance over water 
impedance. To mimic the deformable forehead of the dolphin, a 
two-dimensional metagel structure has been designed (the top curve 
in Fig. 1C) to achieve effective acoustic impedance of Eq. 2. The 
matrix of steel cylinders is embedded in a hydrogel with lattice con-
stant a = 0.02 m. Diameter profile of the cylinders is shown in the 
bottom part of Fig. 1C. According to the effective medium theory 
(3, 29, 30), programming the filling ratio or the diameter of the steel 
cylinders provides an efficient way to change effective density, sound 
speed, and acoustic impedance of metagel (9). In addition, the im-
pedance profile of BMIT is tunable by compressing the hydrogel.

First, we numerically demonstrated how the BMIT achieved 
broadband impedance matching. In Fig. 1 (D and E), the simulated 
acoustic fields of BMIT and QIT are compared. When f0 = 60 kHz, 
BMIT effectively transmits the acoustic wave, while QIT shows a 
low energy transmission. When f0 = 120 kHz, BMIT and QIT both 
have high transmission. In particular, BMIT provides a broadband 
frequency response, differing from the narrowband transmission of 
QIT (Fig. 1F). We calculated the 3-dB bandwidth, which describes 
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Fig. 1. A design of BMIT based on dolphin’s structure. (A) Three-dimensional acoustic impedance distribution of the dolphin’s head and a sectioned tissue sample 
(photo credit: Zhongchang Song). (B) Acoustic impedance profile of the channel and its fitting curve for obtaining the impedance function of BMIT as ​(x ) = ​​ 0​​ +  ​​[​​ ​   _ Q − ​​ 0​​​​]​​​​ x/L​​ to couple 
water at x = 0 with PZT at x = −L. (C) Schematic illustration of the two-dimensional metagel structure and the corresponding diameter profile of steel cylinders. (D) Acoustic 
field comparison between the numerical simulations of BMIT and QIT at the frequency of f0 = 60 kHz. (E) Acoustic field comparison between BMIT and QIT at the frequency 
of f0 = 120 kHz. (F) Frequency response comparison between the numerical simulations and theoretical solutions of BMIT and QIT.
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the bandwidth between two frequency points, in which spectrum 
amplitude reduced to half, to further compare the frequency re-
sponses of transmission between these two designs. Within the fre-
quency range from 50 to 300 kHz, the 3-dB bandwidth of BMIT and 
QIT were calculated as 250 and 5 kHz, respectively. Clearly, BMIT 
had a much larger 3-dB bandwidth than QIT. The fluctuation of the 
simulated BMIT (Fig. 1F) may be associated with the multiple scat-
tering effect of the metal cylinder matrix. According to the effective 
medium theory, the metagel requires a long-wavelength approxi-
mation. In our metagel design, the sound speed in metal cylinder 
matrix is 6400 m/s. When the lattice constant of the cylinders was 
a = 0.02 m, which was less than the wavelength, it led to an upper 
cutoff frequency of about 300 kHz as shown in Fig. 1F. The upper 
cutoff frequency could be increased by reducing a. For example, 
when a = 0.01 m, the high cutoff frequency could be estimated to be 
640 kHz. Numerical simulations and theoretical solutions show a 
good qualitative agreement. Thus, the two-dimensional metagel 
fabricated by bioinspired impedance function has the advantage of 
broadband matching.

To reveal the impedance matching mechanism of BMIT, we 
applied the nonuniform transmission line equation (see Materials 
and Methods)

	​​  ∂ R(x) ─ ∂ x  ​ − 2ikR(x ) +  ​   ​ae​​ ax​ ─ 
2(​​ 0​​ +  ​ae​​ ax​)

 ​ [ 1 − ​R​​ 2​(x ) ] = 0​	 (3)

where i2 = −1, k is the wave number in free space and R is the reflec-
tion coefficient. QIT represents a special case of Eq. 3 at  = 0 and 
​​​ 0​​  = ​ √ 

_
 Q ​​. It produces a total transmission if L is odd multiples of 

/4, indicating narrowband property (Fig. 2A). The lowest trans-
mission frequency c = c/2L of QIT corresponds to  = 4L (12), 
while BMIT may have a higher cutoff frequency. BMIT describes 
the nonuniform medium with spatially varying impedance to accom-
plish desired functionality. For weakly nonuniform impedance trans-
formers ( < < 1), the transmission still obeys the length-wavelength 
restriction according to the small impedance perturbation theory 
(see Materials and Methods). For significantly nonuniform mate-
rials, recent studies have found that invisibility cloaking and acoustic 
mirage could be obtained by designing anisotropic inertia as well as 
elasticity using transformation acoustics (2). In the present study, we 
obtained broadband transmission by designing gradient impedance 
using dolphin’s function. Exponential horn with expanded profile 
has been widely used in the air to improve the energy transmission 
(18, 19). Horns may achieve acoustic transmission through a curved 
solid boundary. However, we design the metagel as a two-dimensional 
flat structure. The transmission of BMIT may not be analytically solved 
by the Riccati equation as shown in Eq. 3, while the transmission of 
the exponential horn can be analytically solved. According to the 
transformation acoustics, the impedance function can be transformed 
by acoustic characteristic impedance with geometric deformation. 
Although its impedance function may not be exactly exponential, 
and the acoustic-solid coupling should be considered in this under-
water device, the metagel may represent a compressed-space version 
of the horn structure. From the small reflection theory, L/ >> 1 
leads to the approximate solution to be close to the BMIT response 
(see Materials and Methods). Clearly, T approaches to 1 if L/ >> 1. 
In comparison with uniform material, the impedance gradient ma-
terial significantly suppresses the reflection. Length and wavelength 
of BMIT are independent, that is,  ≠ KL. Analogous to the inde-

pendent relationship between response time and bandwidth in 
resonant systems overcoming the time-bandwidth limit (31), BMIT 
breaks the length-wavelength dependency in Eq. 1 (Fig. 2A).

In particular, the broadband performance of BMIT is not affected 
by changing the gradient of (x) (Fig. 2B). We increase Q from 11.4 
(aluminum) to 32.1 (steel). QITs fabricated by different materials 
show resonant and narrowband transmissions; however, BMITs 
demonstrate broadband performances. Other materials such as 
copper, gold, and quartz were also examined (fig. S4), suggesting 
the general application of BMIT.

To further verify the broadband impedance matching applications 
of BMIT, we experimentally fabricated a two-dimensional hexagonal 
array of steel cylinders embedded in an agarose hydrogel (Fig. 3A 
and fig. S7A). Acoustic impedance of the agarose hydrogel is close 
to that of dolphin’s tissue (fig. S2). The diameter of the cylinders in 
BMIT (D) progressively increases to approach the impedance function 
in Fig. 1B. A linear correlation between the composite impedance 
and the bioinspired function in Eq. 2 was found. Cylinder diameters 
are smaller than incident wavelength, and thus, the hydrogel-steel 
composite structure is a two-dimensional metamaterial (32).

Acoustic impedance of the designed BMIT is tunable through 
either changing the filling ratio of the metallic cylinders or com-
pressing the hydrogel (Eq. 18). The two-dimensional metagel was 
uniformly compressed along the x-axis direction as L = L0(1 + ), 

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

L/

 QIT (aluminum, Q = 11.4)
 QIT (steel, Q = 32.1)

 BMIT (aluminum)  
 BMIT (steel)

T
ra

ns
m

is
io

n 
po

w
er

B 

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5

( 3
c
)(

c
)

 QIT      
 BMIT                
 Small reflection theory
 Small impedance perturbation theory
 Without transformer

T
ra

ns
m

is
io

n 
po

w
er

L/ ( /4
c
)

L = 3λ/4
ωω ω

ω ω

ω
L = λ/4 

A 

( /4
c
)ω ω

Fig. 2. BMIT capable of overcoming the narrowband limit for impedance 
matching. (A) Dependencies of the transmission powers of the mismatched sys-
tem, QIT, and BMIT on L/, where L/ corresponds to /4c, Q = 22.8 is used for the 
PZT transducer, and the approximate solutions of BMIT from the small reflection 
and small impedance perturbation theories are also given. (B) Dependencies of the 
transmission powers of QIT and BMIT on L/, where Q = 11.4 and 32.1 correspond 
to aluminum and steel, respectively.
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where  is the compression ratio of the current length L to the orig-
inal length L0. Acoustic impedance of the metamaterial increases 
with D and  (Fig. 3B and fig. S6). Hydrogel as a soft material offers 
the advantage of flexibly tuning acoustic impedance of BMIT.

We then performed underwater ultrasound transmission exper-
iments in a water tank with a dimension of 1.2 m by 1.2 m by 1 m 
(Fig. 3C and fig. S7). QIT and BMIT transmitted tone-burst acous-
tic signals. Both frequency and length dependencies were observed 
in the experimental and numerical results of QIT. For the measured 
QIT, the 3-dB bandwidths were about 12.54 and 16.01 kHz for 
L = 2.5 and 1.5 cm, respectively. For the simulated QIT, the 3-dB 
bandwidths are about 5.0 and 8.3 kHz for L = 2.5 and 1.5 cm, re-
spectively. The damping within the real material might have caused 
the bandwidth difference between experimental and numerical re-
sults for QIT. Another reason would be the difference of frequency 
resolution between experiments and simulations. A step of 5 kHz 
was used in experiments, while the frequency resolution was 1 kHz 
in simulations. Despite these influences, numerical and experimental 
results were qualitatively consistent. However, the broadband trans-
mission was observed in BMIT and was not influenced when com-
pressing the transformer. Within the measured frequency range of 
50 to 230 kHz, the 3-dB bandwidths of the simulated and measured 
BMITs were about 180 kHz. BMIT maximizes the transmission per-
formance of the acoustic transducer. Experimental results show 

good agreements with the numerical simulations. In other words, 
BMIT has the broadband advantage even when the structure length 
is changed.

We lastly show an underwater ultrasound detection application 
by using BMIT and QIT to couple an echosounder transducer with 
water (Fig. 4). The time-distance acoustic backscatter intensity pro-
files were given to locate an iron cylinder object at the distance of 
35 cm and a steel wall at the distance of 80 cm from the transducer. 
For QIT, the steel wall was not detected by the echosounder under 
the condition of an immobile object (II), while it was both visible in 
the case without the object (I) and in the case with a swaying object 
(III). The object was difficult to be detected in both (II) and (III). 
The echo intensity of L = 1.5 cm in Fig. 4B was much less than that 
of L = 2.5 cm in Fig. 4A. However, for BMIT, higher intensity 
signals were transmitted, and then longer detection distances were 
obtained. The echosounder can more clearly locate the steel wall 
in (I), (II), and (III). The immobile object in (II) was detected. The 
swaying behavior of the object in (III) was tracked. The difference 
of tracking performance for BMIT with L = 1.5 and 2.5 cm might be 
associated with the incident acoustic intensity change as shown in 
Fig. 4 (A and B). However, under the same acoustic incident inten-
sity, BMIT had a better performance than QIT for both L = 1.5 and 
2.5 cm. The steel wall and the targets were both readily detected by 
the echosounder with BMIT. The broadband impedance matching 
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of BMIT thus advocates for applications in underwater acoustic 
sensing.

Conclusions
We demonstrate that BMIT overcomes the narrowband limit by 
breaking the length-wavelength dependency. This impedance match-
ing design is inspired from the dolphin’s biosonar. The dolphin’s 
biosonar is a complex three-dimensional impedance transformer 
(23, 28). Bioinspired two-dimensional metagel allowing for broad-
band impedance matching can enhance energy transmission. Pre-
vious gradient metamaterials have applied solid structures to form 
directivity patterns (29, 30) and to slow down waves (33, 34), and 
the filling ratio may not be changed by compressing the structures 
(1, 3, 5, 14, 15, 32). In this study, we focus on impedance matching 
of bioinspired metagel to maximize wave transmission instead of 
directivity. Plane wave has been applied in model simulations and 
experiments. We have not investigated how metagel could control 
directivity and have not explored the possibility of anisotropic meta-
gel to simultaneously achieve the impedance matching and directivity 
control. Further study is needed to study this interesting topic. In 
addition, the bioinspired device offers attractive features, such as 
hydrogel, metamaterial, and tunability. Hydrogel holds the position 
and shape of the composites (8, 9, 35, 36). The acoustic impedance 
of the metagel is adjustable by assigning different compression 
levels while still maintaining a broadband acoustic transmission. 
This offers an advantage that the compressed metagel can match 
different background impedance for broadband transmission, which 
is a challenge to solid transformers (1–6). Last, in many ultrasound 
or radar applications, broadband transmissions are needed to im-
prove temporal and spatial resolutions. QIT and multiple matching 
layers are often incompetent in application because of their limited 
bandwidths. BMIT provides a new framework to design a broad-
band impedance transformer for high-resolution sonar or radar by 

decoupling length and wavelength. As an analogy between electro-
magnetic and acoustic waves (37), this bioinspired metagel technique 
for broadband and tunable impedance matching can have great 
implications in diverse areas including acoustics, mechanics, elec-
tronics, and electromagnetism.

MATERIALS AND METHODS
Measurement of acoustic impedance distribution within 
the head of an Indo-Pacific humpback dolphin using 
computed tomography scanning and tissue experiments
A dead female Indo-Pacific humpback dolphin with a body length 
of 2.7 m and a weight of 280 kg was found stranded in Quanzhou 
waters on 14 March 2015 (24). Computed tomography scanning of 
the dolphin’s head with a slice width of 0.625 mm was carried out 
at the Radiology Department of Affiliated Zhongshan Hospital of 
Xiamen University. All images were collected with a power setting 
of 120 kV × 600 mA and with a matrix size of 512 × 512. Hounsfield 
unit (HU) in the computed tomography images was obtained by 
comparing the linear attenuation coefficient of a voxel with that of 
water. The tissues denser than water would have higher HU values. 
The high-resolution computed tomography imaging allowed us to 
extract the fine anatomical structure of the dolphin, and then the 
axial cross section, coronal cross section, and sagittal cross section 
were presented (fig. S1).

Furthermore, the acoustic impedance being the product of tissue 
density and sound speed was obtained from the tissue experiments. 
The forehead soft tissues were sectioned into 10 transverse slices, 
which were further cut into 42 small pieces. The sample weights m 
were measured by an electronic balance with an accuracy of 0.001 g. 
The volumes V were measured by a measurement cylinder with an 
accuracy of 1 ml. The density  = m/V of each tissue was determined. 
In addition, the sound speeds of these tissue samples were measured 
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by using an ultrasound velocimeter with a pulse frequency of 3.5 MHz 
at room temperature. The tissue thickness d was measured with a 
vernier caliper. The acoustic travel time t = t2 − t1 within each tissue 
was measured with an oscilloscope, as shown in fig. S2, where t1 
represents the first reflected pulse at the upper surface of the tissue 
and t2 represents the second reflected pulse at the lower tissue 
surface. On the basis of the measured m, V, d, and t, the acoustic 
impedance of the tissue sample was computed as

	  ​  =  2 × ​ md ─ Vt ​​	 (4)

The acoustic impedance of each sample was measured five times 
to obtain the average value. HU and the acoustic impedance of one 
tissue sample were measured as 91.5 and 1.654 × 106 Pa·s/m, respec-
tively. Air has low acoustic impedance of 4.15 × 102 Pa·s/m, while 
the skull has high acoustic impedance of 6.241 × 106 Pa·s/m. Recent 
study has found that the HU values of soft tissues were linearly re-
lated to the acoustic impedance (24); therefore, combing computed 
tomography imaging with tissue experiment, the gradient acoustic 
impedance distribution within the dolphin’s head was obtained 
(Fig. 1A).

Acoustic field simulation of the dolphin model and BMIT
Finite element simulation was applied to perform full-wave simula-
tion of the acoustic transmission processes within the dolphin’s 
head. In the fluid media (such as air, water, melon, and other soft 
tissues), only longitudinal waves will propagate, which can be de-
scribed by the wave equation

	​​ ​  1 ─ 
​​ 0​​ ​c​s​ 

2​
 ​ ​ 
​∂​​ 2​ p

 ─ 
∂ ​t​​ 2​

 ​ + ∇ ⋅ ​(​​ − ​ 1 ─  ​  ∇p​)​​  =  0​​	 (5)

where p is the sound pressure, 0 is the density, and cs is the sound 
speed. A variable density  is included, since the forehead complex 
is inhomogeneous. In the skull structures, both shear and compres-
sional waves should be considered as

	​  ​ ​∂​​ 2​ v ─ 
∂ ​t​​ 2​

 ​  =  ( +  ) ∇ (∇ •v ) +  ​∇​​ 2​ v​	 (6)

where v is the velocity vector and  and  are the two Lamé con-
stants, characterizing compression and shear moduli, respectively. 
The acoustic fields in fig. S3A were numerically derived by solving 
these wave equations with proper boundary conditions using COMSOL 
Multiphysics Modeling software (Stockholm, Sweden) (28, 29). The 
sound speed and density of the tissues were obtained by computed 
tomography imaging and tissue experiments. The boundary condi-
tions require that the sound pressure and normal velocity at the 
boundary of the fluid media are continuous, while normal velocity 
and mechanical stress at the skull-tissue boundary are continuous.

Furthermore, to numerically investigate the broadband perform
ance, a short-duration pulse was used as

	​​ ​p​ s​​  = ​
⎧

 
⎪

 ⎨ 
⎪

 
⎩

​​​
​e​​ ​​ 1​​t​ sin(2 ​f​ 0​​ t)

​ 
0  ≤  t  ≤ ​ t​ 0​​

​   ​e​​ [−​​ 2​​t+2​​ 2​​​t​ 0​​)​]​​​ sin(2 ​f​ 0​​ t)​  ​t​ 0​​  ≤  t  ≤  3 ​t​ 0​​​   
0

​ 
3 ​t​ 0​​  ≤  t

  ​​​	 (7)

where 1 and 2 are the attenuation factor, f0 is the peak frequency, 
and t0 = 1/f0 is the point at which the signal reaches the highest value. 
For the short-duration pulse in fig. S3B, the transmitted signal by the 
acoustic channel shows the broadband spectrum in Fig. 1C, where 
1 = 4 × 104 and 2 = 2 × 105. The central frequency f0 was set as 100 kHz 
according to our field measurement of the Indo-Pacific humpback 
dolphin in Xiamen Bay. Using the finite element simulation, full-wave 
simulations of BMIT for the impulse signal were performed for com-
parison with QIT, where the gradient impedance function was real-
ized by setting the density function ​​ρ​(​​x​)​​ = ​[​​a + d ​e​​ −ln​(​​​b−a _ d  ​​)​​x/L​​]​​/c​​ kg/m3, 
and the following parameters were used as sound speed c = 2000 m/s, 
a = 0.01Z1, d = 0.99Z1, b = Z0, Z0 = 33.5 × 106 Pa·s/m, and Z1 = 1.48 × 
106 Pa·s/m, respectively. Differing from the narrowband of QIT, the 
more broadband transmitted signal of BMIT was then obtained 
using this method (Fig. 1D and fig. S3D).

Nonuniform transmission line theory of BMIT
For one-dimensional transverse electromagnetic and acoustic waves, 
the spatial distribution of the reflection coefficient within an im-
pedance gradient medium could be described in a unified way, by a 
nonlinear differential equation (13, 18)

	​​  ∂ R(x) ─ ∂ x  ​ − 2ikR(x ) +  ​ 1 ─ 2 ​ ​ ∂  [ ln (x ) ] ─ ∂ x  ​ [ 1 − ​R​​ 2​(x ) ] = 0​	 (8)

where i2 = −1, R is the reflection coefficient, and (x) is the gradient 
acoustic characteristic impedance. To couple the transducer with 
water, the impedance of both sides of BMIT satisfy ( − L) = Q and 
(0) = 1 and thus have T = 1 − ∣R( − L)∣2.

For the uniform medium with impedance 0, Eq. 8 was reduced to

	  ​​ ∂ R(x) ─ ∂ x  ​ − 2ikR(x ) = 0​	 (9)

leading to the solution R0e2ikx, where ​​R​ 0​​  = ​ ​​ 0​​ − 1 _ ​​ 0​​ + 1​​ was determined by 
the boundary impedance 0 at x = 0. QIT had ​​​ 0​​  = ​ √ 

_
 Q ​​, and then we 

had the following relationship for T = 1

	  ​​  = ​   4L ─ 2n − 1 ​,​  (n  =  1, 2, ⋯  )​​	 (10)

We thus had Eq. 1 to describe the length-wavelength relationship.
However, for the impedance gradient medium of BMIT, Eq. 8 is 

a Riccati equation whose analytical solution is difficult to obtain ex-
cept for quite few transformers, such as an exponential transformer 
(18). Substituting (x) = 0 + eax into Eq. 8, we then obtained Eq. 3. 
Numerical solutions in Fig. 3 were obtained by applying a fourth-
order Runge-Kutta method to numerically integrate Eq. 3, where 
the boundary condition was R(0) = R0 and the integration step was 
L/10,000.

In addition, we also used the approximate theories of small re-
flections (18) as well as small impedance perturbations (19) to de-
rive the approximate solutions. For small reflection approximation 
R << 1, Eq. 3 was reduced to

	  ​​ ∂ R(x) ─ ∂ x  ​ − 2ikR(x ) +  ​   ​ae​​ ax​ ─ 
2(​​ 0​​ +  ​e​​ ax​)

 ​  =  0​	 (11)
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and then R(x) was solved as

	  ​R(x ) = ​ a ─ 2 ​ ​e​​ 2ikx​ ​ ∫ 
0
​ 
−L

​​ ​  ​e​​ (a−2ik)x​ ─ 
(​​ 0​​ +  ​e​​ ax​)

 ​ dx + C​	 (12)

where C is the constant determined by the reflection coefficient R0 
at x = 0. For the matched impedance at x = 0, R0 = 0 led to C = 0. L/ 
>> 1 led to T → 1. It could be more clearly seen when 0 = 0. In this 
case, Eq. 12 was solved as ​R(− L) = ​ a _ 4ik​ [ ​e​​ −2ikL​ − 1]​. When 0≠0, Eq. 12 

was solved as ​R(− L ) = ​e​​ −2ikL​ ​   ​ae​​ a​ _ 2(​​ 0​​ +  ​e​​ a​)
​ ​ ∫ 
0
​ 
−L

​​ ​e​​ −2ikx​ dx​, according to the 
integral mean value theorem, where aea/(0 + ea) is a contin-
uous function and  ∈ [ − L,0]. It can be further approximated as 

​R(− L ) ~​e​​ −2ikL​ ​  1 _ − 2ik​ [ ​e​​ 2ikL​ − 1]​. Therefore, the ratio R( − L) between 

the impedance gradient and uniform media can be obtained as

	  ​∣ ​  
​R(− L)​  (gradient)​

  ───────────  ​R(− L)​  (uniform)​ ​  ∣ ~ ​ 1 ─ k ​​	 (13)

When  → 0 or k → ∞, L/ = kL/2 → ∞ led to ​∣​​R(− L)​  (nonuniform)​  _____________  ​R(− L)​  (uniform)​  ​∣→0​. 
In comparison with uniform material, the impedance gradient ma-
terial of BMIT significantly suppresses the reflection and then T → 1. 
Thus, the independent length-wavelength relationship could be demon-
strated. The approximate solution at low frequencies (L/ < 0.25) 
might be incorrect because of negative T (Fig. 2). This small reflec-
tion approximate theory was based on the assumption of R << 1.

For the small impedance perturbation approximation (x) = 0 + 
′eax (′is the perturbation coefficient), we assumed R = R(0) + ′R(1) 
and then derived Eq. 3 into the following leading order and pertur-
bation equations

	​​  ∂ ​R​​ (0)​(x) ─ ∂ x  ​ − 2 ​ikR​​ (0)​(x ) = 0​	 (14)

	​​  ∂ ​R​​ (1)​(x) ─ ∂ x  ​ − 2 ​ikR​​ (1)​(x ) +  ​  ​ae​​ ax​ ─ 
2(​​ 0​​ + ′​e​​ ax​)

 ​ [ 1 − ​R​​ (0)2​(x ) ] = 0​	 (15)

The reflection coefficients at x = −L of these two equations were 
further solved as

	  ​​R​​ (0)​(− L ) = ​R​ 0​​ ​e​​ −2ikL​​	 (16)

	​​ R​​ (1)​(− L ) = ​ a ─ 2 ​ ​e​​ −2ikL​ ​ ∫ 
0
​ 
−L

​​ ​ 
​e​​ (a−2ik)x​ [ 1 − ​R​0​ 2​ ​e​​ 4ikx​]

  ────────────  
(​​ 0​​ + ′​e​​ ax​)

  ​ dx​	 (17)

Note that this approximate theory required that the impedance 
perturbation coefficient ′ should be sufficiently smaller than 1, and 
thus, ′= 0.2 was used in Fig. 2A. In addition, to investigate the 
effect of Q on the transmission performance of QIT and BMIT, we 
calculated their transmission coefficients where Q = 11.4 and 32.1 
correspond to aluminum and steel, respectively, as shown in Fig. 2B. 
We also tested the transmission performances of copper (Q = 28.3), 
gold (Q = 42), and quartz (Q = 10.1), respectively, in fig. S4.

Hydrogel-based design of BMIT
Agarose hydrogels in 3% concentrations with a 60-mm sample thick-
ness were built. Ultrapure agarose powder was measured as 6.48 g 
by the electronic balance and added to the 216-ml volume of deionized 

water in a beaker for complete mixing. To avoid water loss during 
heating, the mixture was covered by a filtering paper. The mixture 
in the beaker was heated 2 min to boil in a microwave oven. The 
heated liquid agarose solution was placed in a fabricated cooling 
tank and cooled down to about 60°C. A hexagonal array of steel cyl-
inders was prepared in an acrylic mold with a dimension of 6 cm by 
6 cm by 6 cm. The solution was put into the acrylic mold to com-
pose the steel-hydrogel composite and was slightly overfilled to 
avoid the formation of bubbles. After solidified, gels were carefully 
removed from the mold and used for acoustic transmission ex-
periments. Using the method in fig. S2, density, sound speed, and 
acoustic impedance of agarose hydrogel were measured as 1.017 × 
103kg/m3, 1517 m/s, and 1.54 × 106 Pa·s/m (fig. S5). For comparison, 
density, sound speed, and acoustic impedance of steel sample were 
measured as 7.856 × 103kg/m3, 5419 m/s, and 42.57 × 106 Pa·s/m, 
which are consistent with the literature values 3 and thus verified 
our experimental procedures.

Determination of the acoustic impedance function of BMIT 
using metagel
The hexagonal array of steel cylinders with variant radii r was em-
bedded in the agarose hydrogel to achieve the impedance function 
in Fig. 1B, where the hexagonal lattice constant is a = 2 mm and the 
filling ratio  of the steel cylinder satisfies ​  = ​  2 ​r​​ 2​ _ 

​√ 
_

 3 ​ ​a​​ 2​
​​. In experiments, 

the lattice constant of the cylinders was much smaller than the 
wavelength. The physical effect of effective density and sound speed 
of BMIT could be understood from the point of view of the effective 
medium theory (3, 30, 32). On the basis of the long-wavelength 
approximation, the effective parameters of the hydrogel-steel com-
posite were described as

	​  * = ​​ 1​​ + (1 −  ) ​​ 0​​, ​c​L​ * ​  = ​ √ 
_

 ​  * + 2G * ─ 
 * ​  ​, and   ​c​T​ * ​  = ​ √ 

_

 ​ G * ─ 
 * ​ ​​	 (18)

where *, ​​c​L​ * ​​, and ​​c​T​ * ​​ represent the effective density and sound speeds 
of longitudinal and transverse waves, respectively. The effective Lamé 
coefficient and shear modulus satisfy ​ * = ​(M − 1 ) G * + (M + 1 ) ​G​ 0​​ + ​​ 0​​  _________________ 1 − M  ​​ and 

​G * = ​​G​ 1​​(1 +  ) + ​G​ 0​​(1 − )  ____________  ​G​ 1​​(1 −  ) + ​G​ 0​​(1 + )​ ​G​ 0​​​, respectively, where ​M = ​[​​ 1​​ + ​G​ 1​​ − (​​ 0​​ + ​G​ 0​​ ) ]   _____________ ​​ 1​​ + ​G​ 1​​ + ​G​ 0​​  ​​. 
According to previous studies (29–32), the densities of hydrogel 
and steel were used as 0 = 1070 kg/m3 and 1 = 7800 kg/m3, respec-
tively. The Lamé coefficient of hydrogel and steel were used as 0 = 
2.3GPa and 1= 107.4 GPa, respectively. The shear modulus of 
hydrogel and steel were used as G0 = 0.24 MPa and G1 = 84.4 GPa, 
respectively. Figure S6 (A to D) shows the effects of the filling ratio 
 on the effective density, the effective sound speed of the longitudinal 
wave, the effective sound speed of the transverse wave, and the ef-
fective longitudinal impedance, respectively, where the parameters 
of the steel and agarose hydrogel were given for comparisons. With 
the increase of , the effective density increased from 1070 to 
7800 kg/m3. On the basis of ​  = ​  2 ​r​​ 2​ _ 

​√ 
_

 3 ​ ​a​​ 2​
​​, the effect of cylinder diameter 

on the acoustic impedance could be obtained. Therefore, the acous-
tic impedance profile in BMIT in Fig. 3B could be obtained.

Fabrication and acoustic transmission experiments of BMIT
We assembled BMIT using agarose hydrogel to embed a hexagonal 
matrix of steel cylinders. The agarose hydrogel layer (fig. S7) was 
sandwiched between two acrylic rectangular plates with a dimen-
sion of 6 cm by 6 cm by 0.5 cm. The plates were fabricated on the 
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basis of a hexagonal honeycomb metamaterial design. The hexagonal 
lattice constant was 2 mm, and the steel cylinder diameter D of BMIT 
was progressively increased from 0.1 to 2 mm.

To tune the acoustic impedance, the steel-hydrogel composite 
without two acrylic plates was compressed by pushing the plastic 
plate at x = 0, and the movement was measured with a vernier cali-
per. Forty percent compression of the steel-hydrogel composite was 
performed by pushing the plastic plate from x = 0 to x = −0.4L using 
an external force. Using the experimental method in Fig. 2, the 
acoustic impedance profile in Fig. 1B could be approached for BMIT, 
and they show a significant linear correlation (P < 0.001, r2 = 0.98).

Ultrasound transmission experiments were performed in an an-
echoic water tank. A tank with dimension of 1.2 m by 1.2 m by 1 m 
was covered by sound-absorbing material to approach the condi-
tion of the free acoustic field. A broadband acoustic transducer with 
a diameter of 0.03 m was used to produce the tone-burst signal with 
a five-cycle duration, where the applied frequency range was from 
50 to 230 kHz. The signals were recorded by a broadband receiver at 
a distance of 0.1 m. The signal was then analog to digital (A/D) 
converted with the sampling rate of 1M kHz. The signals were 
measured 10 times to test the reproducibility. When the transducer 
frequency was increased from 60 to 120  kHz and the transformer 
length was decreased from 2.5 to 1.5 cm, both frequency and length 
dependencies for maximal transmission are found in QIT; however, 
BMIT was not influenced by increasing frequency and compres-
sion. Frequency shift between theoretical predictions and experi-
mental measurements in Fig. 3C may be associated with the thin 
water layer between the acoustic transducer and the transformer.

Underwater ultrasound transmission experiments were performed 
using a single-beam echosounder (BioSonics, Seattle, WA, USA) 
with a transducer diameter of 26 cm and center frequency of 
123 kHz. To fit the sizes of the transformers and reduce the effect of 
wave reflections, extra spaces of the transducer beyond the trans-
formers were covered by sound-absorbing material. An iron cylinder 
with a length of 10 cm and a diameter of 9 cm was used as an acoustic 
ranging object. In Fig. 4, the time-distance acoustic backscatter in-
tensity profiles for QIT and BMIT were given for L = 2.5 and 1.5 cm, 
where the horizontal axis is time, the vertical axis is the ranging 
distance, and the color bar gives the backscattered signal amplitude 
in decibel. The echo amplitude significantly increased when the 
steel wall was detected, while the object has a smaller backscattering 
area. The steel wall was shown in brown, the object was shown in 
yellow, and the water was shown in green. We tested the ultrasound 
detection performances of QIT and BMIT by including the follow-
ing cases: (I) without object, (II) with an immobile object, and (III) 
with a swaying object. Decreasing the transformer length to L = 1.5 cm 
at the compression ratio of 40% might not significantly affect under-
water ultrasound detection.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/44/eabb3641/DC1
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