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broadband unidirectional transmission. The designed tunnel can isolate acoustic wave incidence from
opposite directions and substance like the fluids or objects can exchange freely by employing acoustic
gradient metasurface. The underlying mechanism is due to apparent negative reflection in ultra-
broadband frequency range when the incoming angle impinging on the metasurface is over the critical
incidence. The numerical results keep a good agreement with the theoretical analyses. The proposed
design could be employed to generate various situations, like broadband noise control, architectural
acoustics and ultrasound imaging.

Researching acoustic diode (AD) technology has become an interesting and challenging problem in both scien-
tific and engineering communities since sound has been thought to propagate easily along two opposite direc-
tions in any path. Acoustic diode can realize unidirectional sound manipulation in a subwavelength space and
possesses many potential applications'®. Although researchers have achieved remarkable progresses in both
linear and non-linear regimes by using various structures, such as grating structures”®, phononic crystals®!® or
metamaterials®!!, the resulting ADs are only designed to have a narrow and limited asymmetric transmission
bandwidth. A broader asymmetric transmission bandwidth is particularly favorable so as to realize one-way wave
steering in a wide frequency range for AD applications. Recently gradient metasurface has attracted considerable
interests owning to the unusual ability to steer waves arbitrarily with a planar subwavelength structure'?-?!. Cheng
et al. demonstrate a four-body periodic Helmholtz resonator array to realize one-way sound propagation in a
broadband range by employing acoustic metasurfaces?’. However, the designed structure is relatively complex
for AD applications. Wang et al. propose a wideband sound one-way device with impedance-matched sound
metasurfaces?. However, the design has an obstacle to complexity in experimental realization. Apparently a new
mechanism is required to explore effectively to how to broaden the work frequency bandwidth.

Based on the generalized refractive and reflective law, a critical condition that the abnormal refraction and
reflection can occur?*-%, and the incoming wave would be converted into the surface wave along the metasurface.
Recent studies report the result of surface negative refraction and negative reflection when the incoming angle
impinging on the metasurface is over the critical incidence*?. Jiang et al. investigate the surface negative reflec-
tive property that happens when the incoming angle impinging on the metasurface is over the critical incidence,
in which no diffractive order reflects owning to the generalized reflective law, can be implemented by a reflec-
tive periodic phase-modulating metasurface?. Therefore, it may offer an effective approach to design acoustic
one-way devices by combining abnormal reflection and surface negative reflective performance of acoustic meta-
surface®*-*2, However, previous work only reveals the influence of the incident angle on the reflective performance
of acoustic metasurface?. The influence of incident frequency on negative reflection is still absent so far when the
incoming wave impinging on the metasurface over the critical angle.

In this present work, ultra-broadband asymmetric transmission in open bend tunnel by apparent negative
reflective metasurface is theoretically designed and numerically demonstrated. Meantime, according to joining
periodic phase-steering structure factor into the generalized reflective law?, negative reflection will take place in
a broadband frequency range. The theoretical research indicates that the apparent negative reflection can occur
in a broadband frequency range beyond the critical angle domain. The numerical results have a good agreement
with the theoretical analyses. The extraordinary character from negative reflective metasurface has immense wave
manipulation capability in a broadband frequency range and could offer a new way to design one- way sound
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Figure 1. (a) Sketch of sound one-way gradient acoustic metasurface tunnel. (b) Sketch of the unique
transmission of the designed model. For rigid boundaries, there is a normal reflector. However, the apparent
negative reflective metasurface plays the crucial role that finally results in the asymmetric propagation.

steering devices, and possess potential applications in various situations, such as broadband noise control, archi-
tectural acoustics and ultrasound imaging.

Results

The simple model is used to realize an acoustic one-way device, as the two-dimensional (2D) schematic diagrams
shown in Fig. 1(a). The model is a combination of the gradient acoustic metasurface and rigid boundaries. In this
paper, unblocked direction (UD) is defined as the direction that the incident plane wave is allowed to pass the
bend tunnel, represented by blue arrows in Fig. 1(a). The incident plane wave direction of blocked passageway
(red arrows) is called blocked direction (BD). The width of tunnel is a, the length of the acoustic metasurface is
~[2a , and the bending angle is 135°. When a plane acoustic wave incident from the left port, the propagated wave
impinges on the rigid boundaries with normal reflection and passes the bend tunnel freely because the width of
tunnel is much larger than the work wavelength, as the blue arrows illustrate. Instead, for right incidence, the
transmitted beam will be reflected due to negative reflective metasurface, like showed in the red arrows. Gradient
acoustic metasurface plays a crucial role in reflection wave-steering capability, which is employed against the
conversion symmetry between incident waves and reflection waves on the surface. As shown in Fig. 1(b), the
incident wave is reflected normally for a rigid boundary. However, the transmitted acoustic wave is directly
reflected to the incoming port by negative reflection of acoustic metasurface and forbidden to pass.

To obtain the desired negative reflection, the full 21t range has been covered on the interface of the reflection
phase response. The gradient acoustic metasurface is designed with finite thick solid plates to separate the adja-
cent grooves®>. When plane wave is normally incident on the unit at the designed frequency of f,= 8575 Hz, the
relationship between the phase shifts at the interface and the depths of the grooves is simply determined by the
wave path, Vo = %’rh, as shown in Fig. 2(b). The numerical results keep a good agreement with the theoretical
predictions. As shown in Fig. 2(a), a supercell of acoustic metasurface consists of eight units with the gradient
depths h ranging from 0 to 7A/16 with step of A/16 (X is the work wavelength). Based on the generalized reflective
law, the acoustic wave will change path in the subwavelength thickness tubes. We can realize the expected phase
gradient metasurface with a suitable period of the supercell (/= 8d,). Here, the period of unit is d, = 10 mm, the
width of the groove is d,=8 mm, the period of supercell is /=80 mm. When the oblique —45° plane acoustic wave
incidents on the metasurface, according to formula (2), the reflection angle 6,, is 52.4°, as shown in Fig. 2(a),
corresponding to n; = —4,d, = A/4. The width of metasurface array consisting of six supercells is 480 mm of
/2, the width of bend waveguide in Fig. 2(a) is much larger than the practical wavelength in the frequency.

The reflective metasurface offers a discontinues phase-steering covering 2« range in a supercell period (1), and
this phase gradient term follows § = 0% = azl—’T, o =1 or —1, which indicates the direction of the surface
phase gradient, % is phase gradient on tldmxe metasurface along x-axis. The metasurface’s reflected performance on

the premise that the incident waves are plane waves is described as the generalized law of reflection'
(sinf,, — sinf)k, = & (1)

where 0, is incident angle, §,, is reflected angle, £ is phase gradient along the direction of the surface, k, = 27 s

wave number in the air, \ is wavelength. Here, the incident critical angles 6, = sgn({)arcsin(1 — |k|) of the
generalized reflective law could be solved theoretically, k, = ki denotes the reduced surface gradient. When the
0
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Figure 2. (a) The reflection pressure field distribution for the oblique —45° plane acoustic wave incident on the
acoustic metasurface with finite length 6 at 8575 Hz and the schematic of an individual period. (b) The ideal
phase shifts (red line) and the discrete phase gradient provided by acoustic metasurface (black dots) of the
grooves as a function of h/ X at 8575 Hz.

incoming angle impinging on the metasurface is over the critical incidence, high-order waves would be excited
owing to periodicity of the structure instead of being converted to surface wave as predicted by Equation (1). To
theoretical prediction about full-angle incident item, the generalized reflective law could be expressed as?*

(sinf,, — sin€)k, = (1 + ng)é 2)
where 1 indicates the corresponding diffraction order. In this work, the phase gradient is setas¢ = — ZT”, the
incident critical angles §. = —arcsin(1 — % could be determined theoretically. For the classical diffraction the-

ory, when incoming angle is below the critical incidence, n; =0. When the incoming angle impinging on the
metasurface is over the critical incidence, the incident frequency is a key factor in reflected behaviors of the reflec-
tion phase gradient metasurfaces for the formula (2). The generalized reflective law could be expressed as

sinf,, — sinf, = (1 + nG)kSE
f 3)

where fis the incident frequency, f, is the designed frequency of phase gradient metasurface. As an analogue of
the incident critical angle, the incident critical frequency f e = %k Jf, can be deduced mathematically by
formula (3). The critical frequency and angle defines together the domain that satisfies the momentum matching
condition and the non-local effect along the metasurface. According to formula (2), when incoming angle is out-
side the incident critical angles range, n; would support the equation with a corresponding frequency. In this
case, by selecting a proper reflected gradient metasurface, desired broadband negative reflection can be achieved.
We investigate the influence of incident frequency on negative reflective performance of metasurface in a
broadband range when the incoming angle impinging on the metasurface is over the critical incidence. The
acoustic metasurface consists of 6 supercells in this simulation. Owing to the wave vector component of the
incoming wave along the surface of metasurface k= % sin @, is incoming angle and frequency dependent, the

value of n; would be frequency dependent when the incoming angle is invariant. When the incident frequency is
beyond the critical frequency from the formula (3), the value of n;; follows the ‘jump-up’ rule®. Previous research
of the gradient metasurface shows that the corresponding diftraction order|n is —4, for surface phase gradient
—0.5 ko, when incident angle is §;= —45°*°. Figure 3 shows the reflective performance of the metasurface when
phase gradient is —0.5 k,, in the frequency range from 2000 Hz to 19000 Hz. In this case, the critical frequency

fC . of the two adjacent reflection states is 2511.6 Hz, 5023.1 Hz, 7534.7 Hz, 10046.2 Hz, 12557.8 Hz, 15069.4 Hz,

" (1+ng) . . . .
can be calculated by f e = ﬁk Jf;» corresponding seven possible reflection states |ng):|—1),[—2),|—3),

|—4),|—5),|—6) and | -7). When f< 2511.6 Hz, the reflected angle can be calculated by 6,, = 6, the reflection
states n; is —1, as the purple solid line shown in Fig. 3(a). Similarly, when 2511.6 Hz < f < 5023.1 Hz,
5023.1 Hz < f<7534.7 Hz,7534.7 Hz < f < 10046.2 Hz, 10046.2 Hz < f < 12557.8 Hz, 12557.8 Hz < f < 15069.4 Hz,
15069.4 Hz < f < 19000 Hz and the corresponding reflective angle can be achieved by
0., = arcsin[sinf;, + (1 + nG)ksé]. Figure 3(a) shows the relationship between reflected angle and incident fre-
quency. The corresponding diffraction orders of incident frequency have a good agreement with the numerical
results by Equation (3). The simulated reflective acoustic pressure field of different incoming frequencies is as
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Figure 3. The reflective behaviors when the wave incident at oblique —45° on the metasurface of phase gradient
—0.5k,. (a) The influence of incoming frequency on reflected angle. (b) Calculated scattered acoustic field of
different incident frequency at 2200 Hz, 4700 Hz, 6060 Hz, 6860 Hz, 9100 Hz, 12120 Hz, 14000 Hz, 17140 Hz,
18500 Hz the beam reflect at —45°, 12°, 45°, 33°, 45°, 45°, 55°, 52°and 43°, correspondingly.
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Figure 4. (a) The numerical analyses of propagation spectra for unblocked direction and blocked direction
cases. The spatial acoustic intensity field distributions for (b) unblocked direction and (c) blocked direction
cases at 8575 Hz, respectively. Red arrows indicate the propagation directions of the incident waves.

shown in Fig. 3(b). When the incident plane sound wave frequency is 2200 Hz, 4700 Hz, 6060 Hz, 6860 Hz,
9100 Hz, 12120 Hz, 14000 Hz, 17140 Hz and 18500 Hz respectively, the beam reflects at —45°, 12°, 45°, 33°, 45°,
45°, 55°,52° and 43°, correspondingly. The results agree with the theoretical reflected angle of —45°, 11.8°, 45.1°,
32.9°,44.9°,45.1°,55.5° 52.5° and 43.1°. The simulation results demonstrate that negative reflection can be main-
tained in an ultra-broadband frequency range and the typical results will be presented as follows by the acoustic
metasurface, which plays an important role in the acoustic one-way device to realize the AD effect. (Detailed
discussion about the influence of the different phase gradients of acoustic gradient metasurface on the negative
reflection behaviors is presented in Supplementary Information).

To verify the bandwidth performance of the designed device, the transmission for UD and BD cases is calcu-
lated from 4500 Hz to 20000 Hz and shown in Fig. 4. The transmission is simulated by calculating acoustic power
along the cross-section of bend tunnel. As shown in Fig. 4(a), the remarkable AD effect is shown for comparison
from 5300 Hz to19000 Hz. When the incident frequency ranges from 4500 Hz to 20000 Hz, the transmitted coef-
ficient is more than 90% in the UD case and the transmitted coefficient is less than 30% for the BD case. Gradient
acoustic metasurface can perform isolating effect of the incident acoustic wave from opposite directions. The
Fig. 4(b,c) shows the AD effect of the designed model at 8575 Hz. In the UD case, the incident acoustic wave
impinges on the tunnel with normal reflection, the reflected acoustic wave passes the bend tunnel, as shown in
Fig. 4(b). In the case of BD, the acoustic wave impinges on the gradient acoustic metasurface, which can be held
back by the negative reflection to the incident port. The gradient acoustic metasurface made of repeating super-
cells offers a crucial effect with the capacity of yielding broadband negative reflection.
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Discussion

In summary, this paper demonstrates an acoustic unidirectional open bend tunnel capable of realizing an acoustic
analogy of electrical diode effect. The excellent characteristics results from a distinctly different mechanism of
negative reflection by using acoustic gradient metasurface. We have designed an acoustic metasurface with the
ability of negative reflection in an ultra-broadband frequency range and investigated the influence of incident
frequency on negative reflection when the incoming angle impinging on the metasurface is over the critical
incidence. Therefore, the reflective acoustic waves can be manipulated freely in a broadband frequency range by
the mechanism. The proposed acoustic unidirectional bend tunnel has extraordinary properties, such as simple
structure, high efficiency and ultra-broad operation bandwidth of range from 5300 Hz to 19000 Hz. This work
provides a new design methodology for sound manipulation and promotes the potential applications of acoustic
one-way devices such as brandband noise control, architectural acoustics and ultrasonic therapy.

Methods

In this paper, the numerical simulation is conducted using COMSOL Multiphysics software. The steel of the
model material is located in the air. The mass density and sound speed of steel are 7850 kg/m? and 5100 m/s,
respectively. The mass density and sound speed of air are 1.29 kg/m® and 343 m/s. Perfect matched layers (PMLs)
are chosen as the outer boundaries to eliminate the reflective waves.

Data Availability
All the data about this present work can reasonably be requested from Q.X.L. (liangqx728@xjtu.edu.cn).

References
1. Esfahlani, H., Karkar, S., Lissek, H. & Mosig, J. R. Acoustic carpet cloak based on an ultrathin metasurface. Phys. rev. b 94, 014302
(2016).
2. Faure, C,, Richoux, O., Félix, S. & Pagneux, V. Experiments on metasurface carpet cloaking for audible acoustics. Appl. Phy. Lett. 108,
977 (2016).
3. Li, Y, Liang, B., Gu, Z., Zou, X. & Cheng, J. Unidirectional acoustic transmission through a prism with near-zero refractive index.
Appl. Phy. Lett. 103,053505 (2013).
4. Liang, B., Guo, X. S, Tu, J., Zhang, D. & Cheng, ]. C. An acoustic rectifier. Nat. Mater. 9, 989 (2010).
5. Jia, H., Ke, M. Z,, Li, C. H,, Qiu, C. Y. & Liu, Z. Y. Unidirectional transmission of acoustic waves based on asymmetric excitation of
Lamb waves. Appl. Phy. Lett. 102, 4 (2013).
6. Chen, J.J., Han, X. & Li, G.Y. Asymmetric Lamb wave propagation in phononic crystal slabs with graded grating. J. Appl. Phys. 113,
184506 (2013).
7. He, Z. et al. Asymmetric acoustic gratings. Appl. Phy. Lett. 98, 083505 (2011).
8. Li, Y. et al. Unidirectional acoustic transmission based on source pattern reconstruction. J. Appl. Phys. 112, 064504 (2012).
9. Li, X. F et al. Tunable Unidirectional Sound Propagation through a Sonic-Crystal-Based Acoustic Diode. Phys. Rev. Lett. 106, 4
(2011).
10. Oh, J. H,, Kim, H. W,, Ma, P. S,, Seung, H. M. & Kim, Y. Y. Inverted bi-prism phononic crystals for one-sided elastic wave
transmission applications. Appl. Phy. Lett. 100, 213503 (2012).
11. Jiang, X. et al. Acoustic one-way metasurfaces: Asymmetric Phase Modulation of Sound by Subwavelength Layer. Sci. Rep. 6, 28023
(2016).
12. Li, Y., Liang, B., Gu, Z. M., Zou, X. Y. & Cheng, J. C. Reflected wavefront manipulation based on ultrathin planar acoustic
metasurfaces. Sci. Rep. 3, 2546 (2013).
13. Ma, G,, Yang, M., Xiao, S., Yang, Z. & Sheng, P. Acoustic metasurface with hybrid resonances. Nat. Mater. 13, 873-878 (2014).
14. Tang, K. et al. Making acoustic half-Bessel beams with metasurfaces. Jpn. J. Appl. Phys. 55(110302), 110302 (2016).
15. Ye, L. et al. Making sound vortices by metasurfaces. AIP Adv. 6, 1734-1337 (2016).
16. Jiang, X., Li, Y., Liang, B., Cheng, J. C. & Zhang, L. Convert Acoustic Resonances to Orbital Angular Momentum. Phys.rev.lett 117,
034301 (2016).
17. Li, Y. et al. Experimental realizations of full control of reflected waves with subwavelength acoustic metasurface. Phys. Rev. Appl. 2,
064002 (2014).
18. Lan, ], Li, Y., Xu, Y. & Liu, X. Manipulation of acoustic wavefront by gradient metasurface based on Helmholtz Resonators. Sci. Rep.
7,10587 (2017).
19. Tang, K. et al. Anomalous refraction of airborne sound through ultrathin metasurfaces. Sci. Rep. 4(6517), 06517 (2014).
20. Li, Y. et al. Tunable Asymmetric Transmission via Lossy Acoustic Metasurfaces. Phys.rev.lett 119(035501), 035501 (2017).
21. Tang, K., Qiu, C,, Lu, J., Ke, M. & Liu, Z. Focusing and directional beaming effects of airborne sound through a planar lens with
zigzag slits. . Appl. Phys. 117, 023902 (2015).
22. Zhu, Y. E, Zou, X. Y, Liang, B. & Cheng, J. C. Broadband unidirectional transmission of sound in unblocked channel. Appl. Phy. Lett.
106, 104301 (2015).
23. Wang, X. P,, Wan, L. L., Chen, T. N,, Liang, Q. X. & Song, A. L. Broadband acoustic diode by using two structured impedance-
matched acoustic metasurfaces. Appl. Phy. Lett. 109, R13411 (2016).
24. Sun, S. et al. Gradient-index meta-surfaces as a bridge linking propagating waves and surface waves. Nat. Mater. 11, 426-431 (2012).
25. Xu, Y., Fu, Y. & Chen, H. Steering light by a sub-wavelength metallic grating from transformation optics. Sci. Rep. 5, 12219 (2015).
26. Ma, G. & Sheng, P. Acoustic metamaterials: From local resonances to broad horizons. Sci. Adv. 2, 1501595 (2016).
27. Xie, Y. B. et al. Wavefront modulation and subwavelength diffractive acoustics with an acoustic metasurface. Nat. Commun. 5
(2014).
28. Liu, B., Zhao, J., Xu, X., Zhao, W. & Jiang, Y. All-angle Negative Reflection with An Ultrathin Acoustic Gradient Metasurface:
Floquet-Bloch Modes Perspective and Experimental Verification. Sci. Rep. 7, 13852 (2017).
29. Liu, B., Zhao, W. & Jiang, Y. Apparent Negative Reflection with the Gradient Acoustic Metasurface by Integrating Supercell
Periodicity into the Generalized Law of Reflection. Sci. Rep. 6, 38314 (2016).
30. Smith, D. R. & Larouche, S. Reconciliation of generalized refraction with diffraction theory. Opt. Lett. 37,2391-2393 (2012).
31. Zhang, L, Li, Y, Jiang, X., Liang, B. & Cheng, ]. Metascreen-based acoustic passive phased array with sub-wavelength resolution. J.
Acous. Soc. Am. 138, 1752-1752 (2015).
32. Chen, X, Liu, P,, Hou, Z. & Pei, Y. Implementation of acoustic demultiplexing with membrane-type metasurface in low frequency
range. Appl. Phy. Lett. 110,410 (2017).
33. Zhu, Y. E. et al. Dispersionless Manipulation of Reflected Acoustic Wavefront by Subwavelength Corrugated Surface. Sci. Rep. 5,
10966 (2015).

SCIENTIFIC REPORTS |

(2018) 8:16089 | DOI:10.1038/s41598-018-34314-w 5



www.nature.com/scientificreports/

Acknowledgements

We acknowledge financial support from National Natural Science Foundation of China (Grant No. 51575431),
China Postdoctoral Science Foundation funded project (Grant Nos 2014M550485 and 2015T81019), the
Fundamental Research Funds for the Central Universities (Grant No. xjj2015098) and Shaanxi Province
Postdoctoral Science Foundation funded project.

Author Contributions
Q.X.L. and Y.C. proposed the idea and prepared this manuscript; Y.C., J.H. and J.K.C. carried out the theoretical
and simulated work. T.N.C. and D.C.L. contributed in the analysis. All authors contributed to the discussions.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34314-w.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS|  (2018)8:16089 | DOI:10.1038/s41598-018-34314-w 6


http://dx.doi.org/10.1038/s41598-018-34314-w
http://creativecommons.org/licenses/by/4.0/

	Ultra-Broadband Acoustic Diode in Open Bend Tunnel by Negative Reflective Metasurface

	Results

	Discussion

	Methods

	Acknowledgements

	Figure 1 (a) Sketch of sound one-way gradient acoustic metasurface tunnel.
	Figure 2 (a) The reflection pressure field distribution for the oblique −45° plane acoustic wave incident on the acoustic metasurface with finite length 6 l at 8575 Hz and the schematic of an individual period.
	Figure 3 The reflective behaviors when the wave incident at oblique −45° on the metasurface of phase gradient .
	Figure 4 (a) The numerical analyses of propagation spectra for unblocked direction and blocked direction cases.




