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Metasurface holograms represent a common category of metasurface devices that 

utilize in-plane phase gradients to shape wavefronts, forming holographic images 

through the application of the generalized Snell’s law (GSL). While conventional 

metasurfaces focus solely on phase gradients, metagratings, which incorporate higher-

order wave diffraction, further expand the GSL’s generality. Recent advances in certain 

acoustic metagratings have demonstrated an updated GSL extension capable of 

reversing anomalous transmission and reflection, whose reversal is characterized by the 

parity of the number of wave propagation trips through the metagrating. However, the 

current extension of GSL has remained limited to one-dimensional metagratings, 

unable to access two-dimensional (2D) holographic images in three-dimensional (3D) 

spaces. Here, we investigate the GSL extension to 2D metagratings for manipulating 

waves within 3D spaces. Through our analysis, we experimentally demonstrate a series 

of acoustic metagrating holograms. These holographic images exhibit the unique ability 

to switch between transmission and reflection types independently. Our study 

introduces an additional dimension to modern holography design and metasurface 

wavefront manipulation. 
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Over the past decades, the generalized Snell’s law (GSL)[1] has attacted significant 

attention within the realms of both physics and engineering, and paved the way for 

complex wavefront manipulation in photonics,[2-9] mechanics,[10-17] and acoustics.[18-26] 

In acoustics, the combination of the GSL and metasurfaces, a type of artificial phased 

structures of ultrathin thicknesses, has been demonstrated substantial potential in a 

variety of application scenarios, one of which is metasurface holograms. Based on the 

GSL, holographic metasurfaces can store the phase profile of the desired wavefront. 

With the excitation of incident wave, the wavefront can be reconstructed to form the 

designed holographic image.[27-31] Generally, in the manipulation of acoustic wavefront 

based on the GSL, when the incident angle approaches a critical angle, the output 

energy will become evanescent.[1] However, under certain special conditions, sound 

refraction/reflection can be still observed, even when the incident angle surpasses the 

critical range.[32] Such a phenomenon cannot be captured by the theoretical framework 

of the GSL, which manifests a fundamental limitation of the GSL. 

Recently, another class of artificial planar structures, called metagratings, have been 

proposed and demonstrated.[33-37] The metagrating structures can effectively manipulate 

sound energy in a single direction, and simultaneously suppress output waves of 

undesired diffraction orders, resulting in high-performance sound refraction or 

reflection devices.[32] Subsequently, by periodically arranging supercells, gradient-

phase acoustic metagratings (AMs) have been designed and experimentally studied,[38-

42] in which anomalous sound refraction or reflection can be observed under a full-angle 

incidence owing to the synergy effect between sound diffraction and phase 

modulation.[43] To theoretically explain this phenomenon, an additional term of sound 

diffraction has been added in the GSL,[32] effectively overcoming the fundamental 

limitation of critical incident angles for the GSL. Additionally, following the GSL 

extension, final states of sound refraction or reflection caused by the gradient-phase 

AMs can also be predicted by the parity of the number of round trips for wave 

propagation in each phased unit cell.[44-46] Practically, to design different types of 

acoustic functional devices, it generally requires the realization of AMs with aperiodic 
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phase profiles, which have also been discussed in the context of the GSL extension.[47,48] 

However, the studies on the GSL extension have been predominantly focused on sound 

manipulation with one-dimensional periodic or aperiodic AMs in two-dimensional (2D) 

space, which poses challenges for applications in multifunctional sound devices with 

practical use in three-dimensional (3D) space, such as acoustic holography. 

In this work, we theoretically extend the GSL to 3D space, and experimentally design 

multiple 2D dual-layer aperiodic AMs. The proposed aperiodic AMs can be used to 

achieve sound refraction or reflection in 3D space, which can be well predicted by the 

GSL extension, and effectively overcomes the limitation of critical ranges in the GSL. 

Moreover, the designed 2D dual-layer aperiodic AMs can also enable the reversal of 

transmitted and reflected complex wavefront modulation. As a proof of concept, we 

design a series of 2D dual-layer aperiodic AMs. By sticking and separating the AMs, 

we experimentally observe the conversion between sound abnormal refraction and 

reflected holographic images, as well as that between transmitted and reflected 

holographic images of various letters. The measured results agree well with the 

theoretical and simulated counterparts, which provide the feasibility of designing 

advanced 3D acoustic devices with practical applications. 

As schematically illustrated in Figure 1a, we design a type of 2D dual-layer aperiodic 

AMs. When a cylindrical acoustic wave impinges on the stuck 2D dual-layer aperiodic 

AMs, the sound energy can transmit through both AMs, and form a transmitted 

holographic image of the letter “U”. However, by separating the dual-layer AMs (shown 

in Figure 1b), the sound energy is unable to penetrate the structure, and is reflected as 

the image of the letter “S”. Thus, by simply sticking and separating the dual-layer AMs, 

one can achieve the reversal of the transmitted and reflected acoustic holography. Here, 

it is worth noting that the metasurface structures can only realize a single function of 

transmitted or reflected hologram based on the GSL. Thus, such a phenomenon cannot 

be obtained by using the acoustic metasurfaces based on the GSL. 
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Figure 1. Schematic of the reversal of a) transmitted and b) reflected acoustic holography by 

sticking and separating dual-layer aperiodic AMs. The blue arrows represent the directions of the 

transmitted/reflected waves.  

As shown in Figure 2, to realize it, we start with the design of a single 2D aperiodic 

AM composed of phased unit cells with a size of lx×ly×lz (Figure 2a). The phase profile 

of the aperiodic AM is φ(x, y) (the upper inset of Figure 2b), thus the phase gradients in 

the x and y directions can be expressed as 
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Assuming that an incident acoustic wave with the wave vectors of i

xk  and i

yk  impinges 

on the aperiodic AM, and the transmitted wave with the wave vectors of t

xk  and t

yk can 

be predicted based on the GSL,[49] which can be written as 
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Based on Equation (2), we can obtain that the sound transmission only exists when the 

incident wave vector i

xk  and i

yk are in the critical range 2
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(k0 

is the airborne wave number); otherwise, the transmitted wave vector in the z direction 

becomes imaginary, indicating that the sound energy is evanescent.[1] In this case, the 

evanescent sound energy propagates back and forth inside each unit cell until the n-

times round trip of sound propagation satisfies the mx-order and my-order diffractions 

in the x and y directions,[44] resulting in sound transmission or reflection (the bottom 

inset of Figure 2a). Thus, the phase differences between the neighbouring unit cells in 

the x and y directions must be equal to 2πmx and 2πmy based on the diffraction law (the 

bottom inset of Figure 2b), which can be expressed as 
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where i

xd , i

yd , t

xd  and t

yd  represent the differences of propagation distances between 

the incident and transmitted waves in the x and y directions. The relationships between 

θi(t), βi(t), 
( )ti

xd

 

and ( )ti

yd
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where θi(t) represents the incident (transmitted) polar angle measured from the +z 

direction (0≤θi(t)≤π/2), and βi(t) is the corresponding azimuth angle measured from the 

+x direction in the x-y plane (-π≤βi(t)≤π). Here, we can get ( )
( ) ( )titi0

ti cossin kkx =

 

and 

( )
( ) ( )titi0

ti sinsin kky = . Thus, Equation (4) can be rewritten as 
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Figure 2. a) Schematic of a 2D aperiodic AM composed of phased unit cells. The bottom inset 

depicts n-times round trip of sound propagation inside each unit cell. b) Schematic of the deduction 

of the GSL extension in 3D space for the 2D aperiodic AMs. 

To provide an insight into the influence of n on sound propagation, we here take 2D 

periodic AMs with the constant phase gradients x
x



=




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y

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=




 as an example, 

and theoretically derive the relationship between the parity of n and 

transmittance/reflectance based on the effective medium theory (see the Supporting 

Information). We can see that, when n is odd/even, the sound transmission/reflection 

can be achieved by the AM. Thus, the final state of sound transmission and reflection 

in 3D space is determined by the parity of n, which is markedly different from that of 

the acoustic metasurfaces. Such a characteristic is also equally applicable to the 2D 

aperiodic AMs. Therefore, by substituting Equations (1) and (5) into Equation (3), the 
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GSL extension for the sound transmission and reflection caused by the 2D aperiodic 

AMs can be expressed as 
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where r

xk  and r

yk

 

are the reflected wave vectors in the x and y directions, respectively. 

By introducing the reflected polar angle θr (measured from the -z direction, 0≤θr≤π/2) 

and the reflected azimuth angle βr (measured from the +x direction in the x-y plane, -

π≤βr≤π), r

xk   and r

yk

  

can be rewritten as rr0

r cossin kkx =   and rr0

r sinsin kky =  , 

respectively. Additionally, based on the principle of the minimum propagation path, the 

parameter n is selected as the minimum value in all solutions which satisfy the condition 
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and so do the parameters |mx| and |my| based on the classical diffraction theory. Here, as 

shown in Equations (6) and (7), by selecting mx=my=0 and n=1, the GSL extension can 

be converted into the GSL. 

In term of application, based on Equations (6) and (7), we inversely calculate the phase 

profile of the 2D aperiodic AM  

( ) ( )( ) ( )



























++−=

y

y

x

x
l

y
m

l

x
myxyx

n
yx π2,,

1
, irt  , (9) 

where ( )( ) ( )( ) ( )( ) += yyxkxyxkyx yx d,d,, rt,irt,irt,i  is defined as the phase profile of the 

incident (transmitted/reflected) wave. By selecting the appropriate values of (n, mx, my), 

and design the desired ( )i ,x y  and 
( ) ( )t r

,x y  in Equations (9), we can theoretically 
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obtain the phase profile of the 2D aperiodic AM, and thus realizing arbitrary sound 

transmission, reflection and complex sound modulation in 3D space, such as the 

reversal of the transmitted and reflected acoustic holography in Figure 1. 

To realize the 2D dual-layer aperiodic AMs, we here propose a type of phased unit cell 

composed of 8 Helmholtz resonators (Figure 3a). The structure parameters of the unit 

cell are selected as lx=ly=d=λ0/3, d1=λ0/60, d2=λ0/30, and h=2λ0/3. The parameters w1 

and w2 are tunable, which is used to control the phase delay of sound. Here, the central 

frequency is selected as f0=5716 Hz, corresponding to sound wavelength λ0=6 cm in air. 

Throughout this work, we utilize the module of Pressure Acoustics in the COMSOL 

Multiphysics software to simulate the propagation of sound. The unit cell is made of 

epoxy resin, which satisfies the condition of sound-hard boundary in the numerical 

model. The density and sound velocity of air are selected as ρ0=1.21 kg/m3 and c0=343 

m/s, respectively. Figures 3(b) and 3(c) show the phase delays and transmittances 

caused by the phased unit cells with different values of w1 and w2, respectively. We can 

see that the phase delay can cover a whole 2π range in the ranges of 0.5 cm ≤w1≤ 1.5 

cm and 0 ≤w2≤ 0.6 cm. Compared with the performance of phased unit cells with 4 

Helmholtz resonators, the range of the parameters (w1, w2) with high transmittances are 

much wider for those with 8 Helmholtz resonators (see the Supporting Information). 

Thus we select the phased unit cells with 8 Helmholtz resonators to design AMs in this 

work. Here, we select 20 phased unit cells, in which the phase delays are distributed 

from 0 to 2π with an equal step of π/10, and the transmittances are larger than 0.75 

(shown in Figure 3d). The corresponding values of phase delays and transmittances, 

and excited pressure distributions caused by the 20 unit cells are presented in the 

Supporting Information. 
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Figure 3. a) 3D view of a phased unit cell. b) Phase delays and c) transmittances caused by the 

phased unit cells with different values of w1 and w2. d) Phase delays and transmittances of 20 

selected phased unit cells. 

To verify the feasibility of the GSL extension, we design two types of 2D aperiodic 

AMs with constant phase gradients ( )
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incident wave vectors are selected as 0ii == yx kk , which are beyond the critical range 

of GSL. However, the simulated results show that sound abnormal refraction and 

reflection can be still obtained by AMS1 and AMS2, which match well with the 

theoretical predictions based on the GSL extension. (see the Supporting Information) 

Furthermore, based on the proposed GSL extension, we can achieve the conversion 

between transmitted and reflected complex wavefront modulation in 3D space by using 

2D aperiodic dual-layer AMs. To demonstrate it, we design a type of 2D aperiodic dual-

layer AMs (denoted as “AM1” and “AM2”), and realize the reversal of the abnormal 

refraction and the reflected holographic image of curve as an example. As schematically 

depicted in Figure 4a,b, a cylindrical sound source is positioned at the bottom of the 

stuck structure of AM1 and AM2 (denoted as “AM1+AM2”), with the distance of 

l=30cm, and the abnormal refraction with (θt, βt)=(45°, -135°) can be obtained. 

However, by separating AM1 and AM2, the reflected holographic image of a curve 
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defined by (x-x0)
2+(y-y0)

2=R2 is achieved. The center coordinate and radius of the curve 

are (x0, y0)=(25 cm, -25 cm) and R=40 cm, respectively. The distance between the 

holographic image and AM1 is e=15 cm, and that between AM1 and AM2 is l1=8 cm. 

 

Figure 4. Schematic of the reversal of a) abnormal refraction and b) reflected holographic image of 

a curve by sticking and separating AM1 and AM2. The incident cylindrical wave is placed at the 

bottom of AM1. The inset in the lower right corner is the holographic image of a curve. Theoretically 

calculated phase profiles of c) AM1 and d) AM2.  

Here, it is worth noting that the high-order diffractions and multiple times round trip of 

sound propagation in the unit cell have a certain impact on the performance of wave 
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modulation. We thus select the values of (n, mx, my)=(1, 0, 0) and (2, 1, 1) for the stuck 

structure of AM1 and AM2 and the separated ones, respectively. Here, the incident 

angles of the cylindrical wave for (1, 0, 0) are in the critical range of the GSL [Equation 

(2)]. However, those for (2, 1, 1) are out of range of the critical range, and the 

corresponding sound modulation can be predicted based on the GSL extension 

[Equation (7)]. Therefore, based on Equation (9), the phase profiles of the single AM1 

and the stuck structures of AM1 and AM2 can be expressed as 
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where the phase profiles of the incident cylindrical wave, the abnormal refraction and 

the reflected holographic image of the curve are ( ) 222
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respectively. The corresponding phase profiles are presented in the Supporting 

Information. Here, to explain the origin of r

2  and extend it to the holographic image 

of arbitrary curves, we also provide the detailed derivation in the Supporting 

Information. Based on Equations (10) and (12), we plot the phase profiles of AM1 and 

AM2, which are shown in Figure 4c,d, respectively. In addition, the selected values (n, 

mx, my)=(2, 1, 1) are based on the principle of the minimum propagation path and the 

classical diffraction theory, which is presented in the Supporting Information. 

Figure 5a,b shows the simulated 3D total pressure and intensity distributions, 

respectively. To demonstrate the theoretical design, we measure and simulate the total 

pressure distributions on the planes I and II, and the reflected intensity distributions on 

the planes III and IV, which are presented in the right insets in Figure 5a,b, respectively. 

We observe that, when AM1 and AM2 are stuck, the incident wave can pass through 
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the structure, and refract as a plane wave with (θt, βt)=(45°, -135°) (blue arrow). 

Furthermore, we simulate its corresponding far-field intensity distribution (see the 

Supporting Information). One can see that there exists only a single refracted beam with 

(θt, βt)=(45°, -135°), indicating that the designed AMs can realize wavefront modulation 

with high efficiency. On the other hand, it is worth noting that, by separating AM1 and 

AM2, the modulated waves should be evanescent based on the GSL. However, the 

sound wave cannot actually transmit AM1. The reflected sound energy is formed as the 

image of a curve, and is relatively weak in other positions. The measured sound 

distributions agree well with the simulated results and theoretical designs based on the 

GSL extension, indicating the feasibility of the reversal of the abnormal refraction and 

the reflected holographic image based on the dual-layer aperiodic AMs. 

Moreover, to exhibit the influence of high values of (n, mx, my) on the performance of 

wave modulation, we select (n, mx, my)=(3, 1, 1) and (4, 2, 3) for the stuck AM and the 

separated ones, respectively, and simulate the similar effects as Figure 5. The simulated 

results present that the transmitted sound energy is slightly weaker and the quality of 

the reflected holographic image is slightly poorer than those in Figure 5, which are 

presented in the Supporting Information. Here, we also simulate the intensity 

distributions on the plane IV for different values of l1, in which the parameter l1 has 

negligible influence on the quality of the reflected holographic image generated by 

AM1 (see the Supporting Information). 
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Figure 5. The acoustic a) pressure and b) intensity distributions in 3D space caused by sticking and 

separating AM1 and AM2. The left panels are simulations in the entire space. The right panels show 

the corresponding simulated (SI) and measured (ME) results in selected planes: planes I and II in 

(a) for the pressure distributions, and planes III and IV in (b) for the intensity distributions. 
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Figure 6. Schematic of the reversal of a) the transmitted holographic image of the letter “U” and b) 

the reflected holographic image of the letter “S” by sticking and separating the structures of AM3 

and AM4. Theoretically calculated phase profiles of c) AM3, d) AM4, e) AM5, f) AM6, g) AM7 and 

h) AM8. 

In addition to the aforementioned results, the proposed 2D dual-layer aperiodic AMs 

can be used to realize the switch between more complex transmitted and reflected 

wavefront modulation in 3D space based on the GSL extension. To demonstrate it, we 

design another 3 types of 2D dual-layer aperiodic AMs, denoted as “AM3” and “AM4”, 
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“AM5” and “AM6”, “AM7” and “AM8”, and experimentally realize the reversal of 

transmitted holographic images of letters “U”, “J”, and “S”, and reflected images of 

letters “S”, “C”, and “I” by separating and sticking AMs. As schematically shown in 

Figure 6a,b, the distance between the cylindrical source and AM is still selected as l=30 

cm, and that between the holographic plane and its adjacent AM is e1=10 cm. Similarly, 

based on Equation (9), by selecting (n, mx, my)=(2, 1, 1) for reflected holographic 

images and (n, mx, my)=(1, 0, 0) for transmitted ones, we can theoretically obtain the 

phase profiles of single AM3, AM5 and AM7, and the stuck structures of AM3 and 

AM4, AM5 and AM6, and AM7 and AM8, which can be expressed as 

( ) ( ) ( ) ( ) yxkyxyxyx ++−= 0

ir
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where t

U  , t

J  , ( )rt

S  , r

C   and 
r

I   are the phase profiles of the transmitted/reflected 

holographic images for the letters “U”, “J”, “S”, “C” and “I”, whose derivations are 

similar to that of r

2 . The corresponding phase profiles are shown in the Supporting 

Information. Based on Equations (13) and (14), we theoretically calculate the phase 

profiles of AM3-AM8, which are presented in Figure 6c-h, respectively. 

Next, we simulate 3D total intensity distributions by sticking and separating AM3 and 

AM4, AM5 and AM6, AM7 and AM8. The results indicate that the designed AMs have 

an ability to realize the switch between sound transmission and reflection (see the 

Supporting Information). To exhibit the performance of acoustic holograms, we further 

simulate and measure the transmitted total intensity distributions on the holographic 

planes for the stucked AMs, and reflected ones for the separated AMs, which are shown 

in Figure 7a,b, respectively. We can observe that, when the designed AMs are stuck 

(denoted as “AM3+AM4”, “AM5+AM6” and “AM7+AM8”), the sound energy can 

pass through AMs, and form the transmitted acoustic holographic images of the letters 

“U”, “J”, and “S” (Figure 7a). Additionally, for the separated AMs, most energy is 

reflected by a single AM3, AM5 and AM7 separately, and thus the transmitted 

holographic images are converted into the reflected images of the letters “S”, “C”, and 
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“I” (Figure 7b). The corresponding measured intensity distributions are presented in the 

bottom insets of Figure 7a,b, which match well with the simulated ones, showing the 

feasibility of the conversion between transmitted and reflected acoustic holography by 

using the dual-layer aperiodic AMs. Here, to quantify the quality of acoustic holograms, 

we introduce a peak signal-to-noise ratio (PSNR). As examples, we calculate PSNR of 

the simulated and measured transmitted and reflected holographic images of the letters 

“U” and “S” at 5716 Hz. The values of PSNR for the holographic images “U” and “S” 

can reach about 22.89 dB and 25.86 dB in the simulation, and 16.96 dB and 16.33 dB 

in the measurment, respectively. The simulated values of PSNR are slightly larger than 

that of a transmitted hologram generated by an acoustic metasurface,[31] indicating a 

high quality of our acoustic holograms (see the Supporting Information). 

 

Figure 7. Measured and simulated 2D a) transmitted total intensity distributions of holographic 

images of the letters “U”, “J” and “S”, and b) reflected ones of the letters “S”, “C” and “I” on the 

corresponding holographic planes for the stuck and separated AM3 and AM4, AM5 and AM6, AM7 

and AM8. 
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Finally, to quantify the working bandwidth of acoustic holography, we further measure 

and simulate the total and reflected intensity distributions on the holographic planes at 

5466, 5616 and 5766 Hz, which are shown in Figure 8a-c, respectively. We can observe 

that the conversions between the transmitted holographic images of letters “U”, “J” and 

“S” and the reflected images of letters “S”, “C” and “I” still exist obviously at the 3 

frequencies.  

 

Figure 8. Measured and simulated transmitted total and reflected intensity distributions on the 

corresponding holographic planes at a) 5466 Hz, b) 5616 Hz and c) 5766 Hz for the stuck and 

separated AM3 and AM4, AM5 and AM6, AM7 and AM8. 

Moreover, to discuss the influence of viscous loss on the performance of the AMs, we 

simulate the holographic images generated by the stuck and separated structures of 

AM3 and AM4 with the viscous loss of air at 5716 Hz, and both edge frequencies 5350 

and 6200 Hz, (see the Supporting Information). The simulated results show that, by 
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introducing the viscous loss, the sound instensity of holographic images decreases 

slightly, and the images still exist at 3 selected frequencies, indicating the robustness of 

the holographic images generated by the dual-layer AMs to the viscous loss. Therefore, 

the simulated and measured fractional bandwidths (the ratio of the bandwidth to the 

center frequency) for the reversal of both functions of transmitted and reflected 

holography generated by the 2D dual-layer aperiodic AMs can reach about 0.15 and 

0.14, respectively, which is slightly lower than those type of metasurface structures 

with a single function of transmitted holography.[28,31] Additionally, to further 

demonstrate the working bandwidth of acoustic holograms, we measure the intensity 

distributions on both holographic planes at the edge frequencies (see the Supporting 

Information). We observe that the measured holographic images exist at 5280 and 6070 

Hz, Therefore, the edge frequencies of the measurement are 5280 and 6070 Hz, and the 

measured fractional bandwidth is about 0.14, which is close to that of the simulation 

(about 0.15). The minor difference between both working bands may arise from the 

temperature of air, and the structure error of the samples in 3D printing. 

In conclusion, we have theoretically proposed the GSL extension in 3D space, and 

experimentally designed a series of 2D dual-layer aperiodic AMs. Based on phase 

gradient aperiodic AMs, we realize sound abnormal refraction and reflection beyond 

the critical ranges for the GSL, which can be theoretically predicted by the GSL 

extension. Furthermore, the proposed 2D dual-layer aperiodic AMs have the ability to 

switch transmitted and reflected complex sound manipulations in 3D space. The 

measured results show that, under the excitation of a cylindrical sound source, the 

reversal of the sound abnormal refraction and the reflected holographic image of the 

curve can be realized by stucking and separating AM1 and AM2. Additionally, based 

on AM3-AM8, we can realize the conversion between the transmitted and reflected 

holograms of different letters, and the simulated and measured fractional bandwidths 

for both functions can reach about 0.15 and 0.14, respectively. The GSL extension in 

3D space and its associated 2D aperiodic AMs provide a theoretical framework of 

complex wavefront manipulations in 3D space, and pave the way for designing 
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multifunctional 3D sound devices in practice. 

Experimental Section 

Sample Fabrication: The samples AM1-AM8 are made of epoxy resin (Lasty-R, 

density 1.15 g/cm3, Poisson’s ratio 0.43, Yang’s modulus 2688 MPa), and are fabricated 

by using 3D printing based on the technology of liquid epoxy resin 

photopolymerization. The models of the samples AM1-AM8 are designed by the 

software of COMSOL Multiphysics, and are discretized into a series of curve 

trajectories by a layered software. The photocurable 3D printer (UnionTech type-

SLALite600, 0.1 mm in precision) controls the ultraviolet laser beam to scan along 

these motion trajectories on the surface of the liquid epoxy resin. The liquid epoxy resin 

can undergo photocurable crosslinking along these trajectories, and finally the samples 

AM1-AM8 are printed. The sizes of the samples are 40cm×40cm×4cm for AM1 and 

AM2, and 70cm×70cm×4cm for AM3-AM8. The photographs of these samples are 

presented in Figure S17 (see the Supporting Information). 

Experimental Set-up: The experimental set-up for measuring sound transmission and 

reflection are presented in Figure S18 (see the Supporting Information). The sound-

absorbing foams placed at the platform are adopted to avoid sound reflection. A 

loudspeaker driven by a power amplifier is used to generate incident cylindrical wave. 

Two microphones (Brüel&Kjær type-4954) are used to measure pressure distributions. 

The microphone1 can be moved flexibly with a step of 1 cm by a set of 2D motorized 

linear stage to measure sound signals in the scanning regions. The microphone 2 is fixed 

toward the loudspeaker to measure a reference signal.  

Statistical Analysis: By using the software PULSE Labshop (Brüel&Kjær 3160-A-022), 

the transmitted pressure distributions in the scanning regions can be recorded and 

analyzed, and the reflected ones can be obtained by subtracting the measured pressure 

distributions with and without the sample. In the measurement, the detected sound 

signals at each position are averaged out of 30 measurements to reduce noise. 

Supporting Information 
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Supporting Information is available from the Wiley Online Library or from the author. 
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