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The use of acoustic metamaterials with novel phenomena to design acoustic waveguides with special
properties has obvious potential application value. Here, we propose a virtual soft boundary (VSB)
model with high reflectivity and half cycle phase loss, which consists of an acoustic propagation layer
and an acoustic metamaterial layer with tube arrays. Then the waveguide designed by the VSB is
presented, and the numerical and experimental results show that it can separate acoustic waves at
different frequencies without affecting the continuity and the flow of the medium in the space. The VSB
waveguide can enrich the functions of acoustic waveguides and provide more application prospects.

Acoustic metamaterials and metasurfaces are essentially the artificial structures with extraordinary acoustic
properties. In general, these structures are placed in the open spaces of the incident acoustic fields to obtain the
reflected and transmitted acoustic fields as required for different functions, such as broadband absorption with
subwavelength structures!=, high sound transmission®$, phase modulation for focusing, deflection, cloaking
vortexing and self-bending beams®-'4, acoustic holographic imaging'>-'”. On the other hand, many works are
aimed to manipulate acoustic waves through acoustic waveguides whose boundaries are constructed by uncon-
ventional acoustic structures. These approaches replace the conventional acoustic hard boundaries by the imped-
ance boundaries with acoustic structures on the waveguide boundary. Such acoustic boundaries can be composed
of phononic crystals to achieve waveguide function in the defect area'®-?'. By arranging different acoustic imped-
ance structures on the waveguide boundary, functions such as acoustic insulation, acoustic absorption, and
acoustic wave asymmetric transmission can be realized**-2*. When applying piezoelectric materials with acoustic
and electrical coupling property as the waveguide boundary, the external passive circuit can be used to freely con-
trol the dispersion of acoustic waves in the medium?®. By arranging gradient changing acoustic metamaterials on
the boundaries of the medium, acoustic rainbow trapping can also be achieved?®. By arranging acoustic metasur-
faces with acoustic wave deflection characteristics on both sides of the waveguide, it is possible to reflect acoustic
waves twice at the upper and lower boundaries to achieve acoustic insulation in the pipe?’.

As mentioned above, the novel features of acoustic metamaterials have been used to construct waveguides
with special functions. Nevertheless, these methods always encounter two problems: the acoustic structures
placed in the space will hinder the exchange of medium between the waveguide and the external space; these
structural units often become an acoustic hard boundary and lose the ability to control acoustic fields for the
non-operating frequencies. Here, inspired by the previous methods and problems, we put forward a type of vir-
tual soft boundary (VSB) based on an acoustic metamaterial layer consisted of the resonance tube unit array.
Similar to the hard boundary, waves will be reflected at the soft boundary. But the difference is that the reflected
waves will have a half cycle phase loss at the soft boundary. This phenomenon usually occurs when a wave enters
a high refractive index medium from a low refractive index medium. This will cause the acoustic field distribu-
tion at the soft boundary to be different from the hard boundary. The most significant feature is that the acoustic
pressure at the soft boundary is zero. The VSB model separates the space into two layers: the acoustic propagation
layer (APL) in blue and acoustic metamaterial layer (AML) in yellow as shown in Fig. 1(a). Then a type of acoustic
waveguide with the VSBs consisted of the different resonance tube unit arrays is presented. Since there is no phys-
ical boundaries in the APL of the VSB waveguide, it can separate acoustic waves at different frequencies without
affecting the flow of the medium.
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Figure 1. Schematic diagram of the VSB model. (a) The space is divided into the APL in blue and the AML
in yellow. The acoustic waves in APL can be manipulated by the tube array in the AML. (b) The amplitude
distribution of the acoustic field in the APL. A standing wave field is established on the reflection side, and a
dark region is formed on the transmission side.

Results

The schematic diagram of the VSB model is shown in Fig. 1. The bottom boundary of APL is directly connected
with the AML, and the AML consists of the tube array as a scattering array. One end of each tube is open to the
APL and the other end is closed. As we known, when the acoustic wavelength is 4 times the length of the short
tube, the first-order resonance will occur in the short tube. Based on the lumped element model, the impedance
of this short tube can be written as?®%:

X
Z, =R, — ]OTO cot(k,l), )

where R, is the acoustic resistance of the tube, (pyc, / S)cot(kl) is the acoustic reactance of the tube, py, ¢, S, k, and
I are the air density, acoustic velocity, the cross-sectional area of the tube, the wave number and the tube length,
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Figure 2. (a) Amplitude distribution of acoustic field for the 30° incident situation. (b) Amplitude distribution
of acoustic field for the 60° incident situation.

respectively. The acoustic damping of the short tube R, is usually related to their cross-sectional area and length,
and it can be calculated at different frequencies by different theories®®*!. So it can be found that the damping can
be controlled by adjusting the cross-sectional area of the small tube when the length of the tube is determined,
and the impedance that determines the resonant frequency can be controlled by adjusting the length. As shown
in Fig. 1(a), the thickness of APL is H, the medium in APL is fully continuous. AML is a functional layer designed
by a scattering array consisted of short tube units, the distance between two adjacent tubes is d. The tube units
in the AML will not affect the integrity and continuity of the medium in the APL, but can efficiently control the
propagation of acoustic waves in the APL. For an infinitely long straight array, it can be divided into exactly the
same parts, as shown in the magnified view in Fig. 1(a). The periodic unit can be treated as a simple lumped
element in our model, and the corresponding acoustic field can be obtained. The incident acoustic pressure, the
scattered acoustic pressure and the total acoustic pressure are defined as P,, P, and P, respectively. P; , and P, , are
the corresponding acoustic pressure amplitudes. When the resonance occurs, the scattered acoustic pressure is:

_ Poo p piGkortwn),
: 2R, dH + pey Q)
It can be found that the phase of scattered acoustic pressure is always opposite to the incident acoustic pres-
sure, and the scattered acoustic pressure amplitude is related to the tube damping, the distance between the
tubes, and the thickness of the APL. On the reflection side, since the direction of the scattered wave and the
direction of incident wave are opposite, the k, of the scattered wave has a positive sign. The total acoustic pressure
is P,=P;+ P,, so a standing wave field is established on the reflection side. On the transmission side, a negative
sign is taken before k, then the scattered wave and the incident wave have the same propagation direction, and
P, can be obtained as:

_ Poo

Pt —-p |1 - —T00 ej(—k0x+wt).
2R,dH + pyc,

3)

It can be found that the acoustic waves on the transmission side is a superposition of two columns of acoustic
waves that have opposite phases and propagate in the same direction. Then, by adjusting the parameters to obtain
the condition 2R, dH < Pfor P,=0 can be achieved. At this time, an acoustic boundary that can reflect acoustic
waves efficiently with a half cycle phase loss without affecting the continuity and integrity of the medium has been
formed. So far, the tube array in the AML can be regarded as the VSB for the APL.

In the numerical simulations with COMSOL Multiphysics and experiments, we take the specific param-
eters as: the tube length [ = 18 mm, the tube section radius a =2 mm, the dynamic viscosity coefficient
v=15.6 X 107%m?/s, the air density p,= 1.21kg/m?, the acoustic speed c,= 343m/s?, the distance d =6 mm, and
the thickness H= 10 mm. So R,dH =~ p,c,/10 can be obtained in the model. Then the amplitude distribution of the
acoustic field in the APL with the normal incident situation is shown in Fig. 1(b). It can be found that the incident
wave and the scattered wave are superimposed to form a standing wave field on the reflection side of the VSB,
and to form a dark region on the transmission side of the VSB. For the other non-resonant frequencies, the wave
will not be completely reflected at the VSB. At this situation, the VSB should be regard as an impedance boundary
but not a soft boundary. So, when the non-resonant frequency waves pass through the impedance boundary, one
part will be reflected and another part of the wave will transmit. The reflect wave and transmit wave will have a
specific amplitude and phase based on the parameter of the impedance boundary. Nevertheless, it is clear that the
resonant frequency wave will be totally reflected at the VSB, and this is the focus of our work.

In order to further verify the validity of the VSB, we also study the corresponding models of the 30° and
60°incident situation. Figure 2 shows the acoustic field when the incident angle is 30° and 60°. Similar to the nor-
mal incidence, the significant interference fringes can be seen on the reflection side, while the transmission side
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Figure 3. Schematic diagram and the experiment setting of the VSB waveguide. Acoustic waves are emitted
into the waveguide by the left two speakers, and are separated into three channels corresponding to 4550 Hz,
6500 Hz and 9450 Hz, respectively. The red, green and blue squares are the measurement areas for the three
frequencies, respectively. Two microphones are used to measure the acoustic pressure distribution in the
corresponding areas.

is still a dark region. This shows that the VSB still works well for the oblique incidence situation as long as the
condition of 2R, dH < pc, is satisfied.

So far, an efficient VSB model to control acoustic waves is established. Then we construct a type waveguide
with the VSBs that can separate acoustic waves at different frequencies. As shown in Fig. 3, the VSB waveguide
consists of three acoustic channels corresponding to three different frequencies. Each channel is built by two VSBs
with tube arrays in the AML. The tubes belonging to different channels have different lengths corresponding to
the resonant frequencies. As described above, the VSB only works at the resonant frequency of the scattering tube
array in the AML, and does not affect the propagation of acoustic waves in the APL for non-resonant frequencies.
It means that the three channels controlling acoustic waves of different frequencies can overlap with each other
spatially without affecting with each other. In the VSB waveguide, the three channels coincide at the beginning
and gradually separate into independent channels as the acoustic waves propagate. Here, we define the x as the
direction of propagation and the y as the direction in which the standing wave is established for each channel.
Thereupon, in the two-dimensional air layer, the acoustic pressure in the APL of each channel can be obtained as:

P = [A cos(k,y) + B sin(kyy)]ej(“”fk*"), (4)

where A and B are the undetermined coefhicients, k, and ky are wavenumbers in the two directions. As the previ-
ous analysis, the scattered wave on the VSB and the incident wave have the opposite phases. So, for a channel with
width L, the boundary conditions at the upper and lower boundaries are P\FO = P| y—1 = 0. Then the acoustic
pressure in one channel will be:

P = B sin

%y]ej(w‘f—kxx), H=0,1,

)

Moreover, the width of the waveguide needs to be satisfied with L > (n\/2) to obtaink, > 0.

The experiment schematic of the waveguide to separate acoustic waves at three different frequencies is given
in Fig. 3. The experiment was carried out in a thin air layer with the thickness of 10 mm. The upper and lower
boundaries of the APL are composed of plexiglass and resin materials, respectively. The upper plexiglass plate has
hundreds of holes for the microphone to measure the acoustic field, and the lower resin material plate (AML) is
realized by 3D printing. In order to prevent reflections from the surrounding acoustic leakage, the cusp-shaped
acoustic absorbing cotton is used to achieve the free field. The three channels of the VSB waveguide are composed
of the scattering tube arrays with the tube lengths asl;, = 8mm,l, = 12mmandl; = 18mm, respectively. The cross
section of the tube is a square with a side length of 4 mm. In the experiment, the resonant frequencies for the three
different tube arrays are 9450 Hz, 6500 Hz and 4550 Hz, respectively. In order to satisfy the propagation condi-
tions, the widths of the three channels for the three frequencies are: L, = 80mm, L, = 92mm and L, = 104mm,
respectively.

Figure 4 shows the numerical simulation and experimental results in each channel of the VSB waveguide at
different frequencies. The parameter settings in the simulation are the same as in the experiment. In the finite
element simulation, we consider the thermal viscous effect of air in the numerical simulation. At the same time,
three measuring regions of 4550 Hz, 6500 Hz and 9450 Hz in the Fig. 3 are marked in red, green and blue box
regions. Figure 4(a—c) show the propagation of the first order symmetrical waves of the three frequencies in
the VSB waveguide, respectively. The simulation and experimental results verified that the every channel of the
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Figure 4. The numerical simulation and experimental results of the VSB waveguide. (a) The speaker emits

4550 Hz acoustic waves, the symmetrical wave propagates to the right along a given channel. (b,c) give the
results for 6500 Hz and 9550 Hz, respectively. (d) Antisymmetric propagating wave is created by exciting the two
speaker with opposite phase signal, and it propagates alone the established channel.
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Figure 5. The numerical results of acoustic intensity at the exits of three channels with non-monochromatic
incident.

waveguide based on the VSBs can efficiently control the acoustic waves at the pre-set frequency without affect-
ing other frequencies. In Fig. 5, We calculated the acoustic intensity at the exits of the three channels after the
non-monochromatic signals entered the waveguide. The three color curves represent the acoustic intensity at
the different exits. It is obviously to find the separation of different frequencies. In order to further verify the
robustness of the waveguide, the first-order antisymmetric mode of 9450 Hz is also studied and the correspond-
ing results are shown in Fig. 4(d). According to the Eq. (5), the first-order antisymmetric mode can be achieved
by the two opposite phase signals which can be excited by the two speakers. It is worth pointing out that the
antisymmetric wavefront which have a dipole form has a stronger tendency to leak than the symmetric mode in
polar axis direction, but the result shows that it can also spread over a long distance in the VSB waveguide. So the
above results show that the VSB waveguide has a wide applicability and can control different modes of acoustic
waves efficiently.
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Discussion

In summary, the VSB model based on the acoustic metamaterials with tube arrays is established to control acous-
tic waves. The VSB can reflect acoustic waves efficiently with a half cycle loss. Compared with the traditional
acoustic boundaries, the structure constituting the VSB is outside the wave propagation layer, thus the medium
continuity in the propagation layer is not interfered by the VSB. Since the VSB consists of a periodically arranged
resonant structures, it is only “visible” at the designed resonant frequency, and is “invisible” for other frequencies.
We numerically and experimentally study the waveguide with VSB design, which can separate acoustic waves at
different frequencies without affecting the flowing of the medium in the propagation layer. Based on the efficient
and stable performance in simulation and experiment results for the symmetrical mode and the antisymmetric
mode, we believe that VSB can provide a solution for constructing acoustic soft boundaries and implementing
complex functional acoustic waveguides, and the VSB waveguide can enrich the functions of acoustic waveguides
and provide more application prospects, such as constructing an visual acoustic wall in microfluidic systems.

Methods

Numerical simulations. Throughout the paper, the numerical simulations are conducted by the finite ele-
ment method based on commercial software COMSOL Multiphysics. The background medium is air whose mass
density, dynamic viscosity and sound speed are p, = 1.21kg/m’,v = 15.6 x 10 °m*/sandc, = 343m/s, respec-
tively. The viscous effect in air at narrow area provided by the thermoacoustics module in the COMSOL
Multphysics.

Acoustic measurements. The measurement is performed in the anechoic chamber in order to eliminate
the undesired reflected waves. Two 1/4-inch microphone is used for measuring the acoustic field in three meas-
urement field which marked red, green and blue. Two individually controlled loud speakers for exciting symmet-
rical and antisymmetric modes acoustic waves. Acoustic absorbing foams are also set around the experimental
area. Mechanical parameters of AML which consist of ABS plastic are mass density p, = 1180kg/ m’ and sound
speedc, = 2700m/s.
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