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Dirac points in the band structure of acoustic systems are essential features affording classical
analogues of quantum condensed matter states. We show that measured dispersion curves near
and at the Dirac point of an acoustic graphene analogue can be suppressed by strong variations
in the impedance boundary between free field and surface wave regimes under certain conditions.
Increased Rayleigh scattering and diffractive excitation are shown to increase the dispersed surface
wave pressure amplitude, circumventing the impedance-based wave suppression. The improved
excitation and scattering conditions for observing acoustic Dirac points for two samples with two
distinct operational frequency ranges are reported.

I. INTRODUCTION

Acoustic analogues of condensed-matter systems [1, 2]
provide a unique opportunity to conduct experimental
studies of various phenomena without the difficulty of
working with atomic-scale components, the limitations
manifested by inter-particle interactions, or the difficulty
of obtaining certain experimental parameters, such as ex-
treme external pressure [3]. These acoustic systems have
served as adequate platforms for studying acoustic ver-
sions of Landau quantization [4], Klein tunneling [5], Zit-
terbewegung (trembling motion)[6, 7], topologically dis-
ordered states [4], and extremal transmission [7]. The-
oretical studies of multilayer acoustic systems governed
by Dirac and Moiré physics [8–10] show promise in the
development of acoustic analogues of novel phases of mat-
ter such as two-dimensional (2D) superconductivity[11],
correlated insulators [12], and non-disorder driven local-
ization [13]. Recent efforts have demonstrated an acous-
tic analogue of graphene through direct band structure
measurements and first principle modeling of acoustic
surface waves (ASW) propagating across hexagonal ar-
rays of scatterers [1, 2, 14–16]. Such systems can have
strongly varying boundary conditions, in particular the
complex acoustic impedance between the free field and
ASW regimes above the lattice elements; the influence
of such strongly varying boundary conditions on ASW
propagation and measured dispersion relations is not un-
derstood.

In this Article, we investigate both experimentally and
numerically the influence of strongly varying boundary
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conditions on the measured dispersion of an acoustic
graphene analogue consisting of a hexagonal lattice of
half-open cylindrical cavities, and demonstrate that in
certain circumstances the boundary conditions can sup-
press ASW excitation (i.e., the amount of energy trans-
ferred to the ASW regime does not promote measurable
dispersion at certain frequencies). The same graphene
analogue is studied with two samples consisting of dif-
ferent cavity depths, which only affects the operational
frequency band of the ASW (the band structure remains
the same). This enables direct analysis of the frequency-
dependent aspects of ASW measurements. The oper-
ational frequency band of an ASW extends to the free-
space sound line at frequencies above and below the Dirac
frequency.

Using a grazing incidence ASW excitation method [1]
combined with a line-scan measurement technique, we
find that for certain operational frequency bands ASW
suppression occurs near and at the Dirac frequency,
which a finite element model shows is the result of a four
order of magnitude variation in the complex impedance
boundary condition between the free field and ASW
regimes across the lattice’s unit cell. Performing the same
experiment on a sample where the cavity resonance fre-
quency fr is a factor of 1.7 higher shifts the operational
frequency band to higher frequencies. The corresponding
increase in the cavity scattering parameter kr (where k
is the wavenumber and r is the cavity radius), and the
level of Rayleigh scattering (acoustic wavelength λ is at
least a factor of 10 greater than r), results in greater
dispersed ASW pressure amplitude and circumvents the
ASW suppression observed in the lower fr sample. This
supports the conclusion that the observed ASW suppres-
sion is driven by the strongly varying impedance bound-
ary condition targeted by the grazing incidence excitation
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method, and not specifically the method itself.
We further contrast these results to experiments uti-

lizing a diffraction-based excitation method [2], which
couples the incident energy to the ASW via a smoothly
varying impedance boundary within a single cavity, and
we demonstrate that this method circumvents the ob-
served ASW suppression at all frequencies considered in
our experiments. We note that changing the ASW ex-
citation method allows us to systematically target each
boundary condition existing between the free field and
ASW regimes, allowing us to elucidate the previously un-
reported effect of the ASW boundary conditions on the
measured dispersion curves. We further contrast these re-
sults to a phase delay measurement technique [1], which
we find fails to provide access to the Dirac point and al-
lows us to thoroughly describe the most appropriate ex-
perimental conditions (excitation method and measure-
ment technique) for observing the Dirac point across op-
erational frequency bands. These findings provide novel
and relevant information necessary for advancing the bur-
geoning field of “acoustic twistronics” [9, 10].

II. MATERIALS AND METHODS

A. Acoustic graphene analogue samples

Two samples were 3D printed from an acoustically
rigid thermoplastic; an image of one of the samples is
shown in Fig. 1a. The samples were fixed to precision
ground aluminum plates in order to keep the surface of
interest as flat as possible throughout the experiments.
The opening of each cavity is partially baffled due to the
proximity of the adjacent cavities, however, we find that
fr is well approximated by assuming the cavities are fully
baffled. Given a cylindrical cavity, closed on one end, and
fully baffled on the open end, fr is calculated with end
corrections as follows [17]:

fr =
n

4

c

L+ (8/3π) r
, (1)

where c = 342 m/s is the measured free field sound speed,
L is the cavity depth of the sample of interest, r =
1.473 mm is the cavity radius, and n = 1 corresponds
to the fundamental cavity resonance frequency. The cav-
ity depths used in our experiments, specifically L = 2.83
mm and L = 5.65 mm, correspond to cavity resonance
frequencies fr = 20.9 kHz and fr = 12.4 kHz, respec-
tively; henceforth, the samples will be identified by their
cavity resonance frequencies. Both r and the lattice vec-
tor magnitude |a1| = |a2| = 5.78 mm (Fig. 1a) are the
same for each sample.

FIG. 1. Sample, experimental setup, and excitation details.
(a) Photograph of the 3D printed hexagonal lattice. The lat-
tice unit cell is indicated by the dotted yellow lines and the
lattice vectors a1 and a2. The direction of microphone dis-
placement used for the line scan measurement technique is
indicated by the unit vector x̂ and the dashed yellow arrow.
The dark, circular regions are the half-open cylindrical cav-
ities. (b) Photograph of the sample with a cavity resonance
frequency fr = 20.9 kHz. The measurement microphone is
suspended vertically above the sample. The source, config-
ured for the grazing incidence excitation method, is shown
behind the sample. (c) Photograph of the 3D printed cone
(white) coupled to the source cavity used for the diffractively
coupled excitation method as depicted in the cross sectional
image shown in (d). (d) Cross sectional schematic of the
diffractively coupled excitation method. Here, sample dimen-
sions are provided for the sample with fr = 20.9 kHz. The
source cavity (L = 7.06 mm) is open on both ends, and has a
resonance frequency (fr = 20.9 kHz) equal to the resonance
frequency of the half-open cylindrical cavities (L = 2.83 mm)
comprising the hexagonal lattice.

B. Experimental

Each sample was held in place with a kinematic lo-
cating system, which ensured repeatability in sample
placement relative to the source and receiver through-
out the experiments. The band structures were experi-
mentally measured by exciting ASWs across the sample
and recording the time series at n = 20 discrete locations
spaced ∆x = 1 mm apart along the sample’s centerline
direction x̂ (yellow arrow in Fig. 1a) at a height h =
1.00 mm above the sample’s surface. This process was
automated by fixing the receiver to a precision 3-axis
translational platform capable of stepwise displacements
as low as ∆x = 0.01 mm. Dispersion information was ob-
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tained via the 2D spatial fast Fourier transform (FFT) of
this line scan and compared to an FEM eigenfrequency
study. The ASWs were excited at both grazing incidence
(Fig. 1b) [1] and by diffractively coupling the source to
the bottom of a single cavity open on both sides (Fig. 1c
& d) [2]. For each sample, the length of the source cav-
ity for the diffractively coupled excitation method was
designed such that its resonance frequency matches that
of the half-open cavities, minimizing any interruption of
the lattice’s periodicity; Fig. 1d depicts a source cavity
depth of L = 7.06 mm for the fr = 20.9 kHz sample. We
also evaluate dispersion curves obtained by measuring
the phase delay of signals [1] recorded at two locations
x1 and x2 where x12 = 86.45 mm is the distance between
the two microphone locations. Additional experimental
information can be found in Appendices A & B.

III. BAND STRUCTURE SIMULATIONS

Finite element modeling (FEM) simulations of the unit
cell depicted in Fig. 1a were performed using COMSOL
Multiphysics v 5.6 to predict the ASW band structure
for each sample (Fig. 2). Most of the air in the cavi-
ties and above the surface was modeled using the mod-
ules “Pressure Acoustics” and “Frequency Domain” with
“thermally conducting” and “viscous losses” included.
To more accurately approximate for the experimental
boundary conditions near the solid surfaces, the Thermo-
viscous Acoustics, Frequency Domain, module was used
to apply “No slip” and “Isothermal” boundary conditions
at walls (i.e., solid surface and cavity surfaces); this re-
gion extended approximately 9.2 viscous boundary lay-
ers from the walls. The Dirac frequency fD was chosen
to calculate the viscous boundary layer thickness. The
air region above the surface extended 13 mm above the
thermoviscous layer and was terminated with user de-
fined Port boundary conditions to model a semi-infinite
fluid domain above the surface. The periodic boundary
conditions were modeled using Floquet periodicity. The
Eigenfrequency study used the Region search method,
11-25 kHz and 6-14 kHz, for the samples with fr = 20.9
kHz and fr = 12.4 kHz, respectively. To calculate the
band structure eigenfrequencies, wavenumber pairs (kx,
ky) were swept along a path outlining an irreducible Bril-
louin zone, Γ-K-M-Γ (see the Fig. 2 inset). The K point
was on the kx axis (θ = 0◦) and the M point was π/6
radians above the kx axis. The calculated eigenfrequen-
cies and wavenumber pairs were exported to MATLAB
for post-processing and plotting.

Figure 2 depicts the FEM-predicted band structures
for fr = 20.9 kHz (solid black line) and fr = 12.4 kHz
(dotted blue line). Note, the regions of the predicted
band structures highlighted in magenta indicate the re-
gions of the band structures targeted by our experiments;
these highlighted predictions are shown as magenta dots
in Fig.’s 3, 5, and 8. For each fr, FEM predicts a Dirac
point where the upper and lower branches of each band

FIG. 2. FEM-predicted band structures and sound lines for
the two samples with cavity resonance frequencies fr = 20.9
kHz (solid black line) and fr = 12.4 kHz (dotted blue line),
which correspond to Dirac frequencies fD = 22.8 kHz and fD
= 13.0 kHz (dot-dash purple lines), respectively. The regions
of each band structure highlighted in magenta are the regions
targeted by our experiments; these highlighted predications
are shown as magenta dots in Fig.’s 3, 5, and 8 for comparison
to the experimental data. The dashed green lines are the
predicted sound lines (SLP)using c = 342 m/s as the air wave
speed (note, the measured sound lines (SLM) are shown as
solid green lines in Fig.’s 3, 5, and 8). Inset: the red arrows
indicate the path around the irreducible Brillouin zone taken
by sweeping the values of wavenumber pairs kx, ky during the
band structure eigenfrequency computation.

structure cross at the K point at the edge of first Brillouin
zone (Fig. 2 inset). The Dirac frequencies corresponding
to each Dirac point fD = 22.8 kHz (fr = 20.9 kHz) and fD
= 13.0 kHz (fr = 12.4 kHz) are indicated with dash-dot
purple lines in Fig. 2. The theoretical sound line corre-
sponding to non-dispersed wave propagation through air
at a wave speed c = 342 m/s is shown as a dashed green
line. The FEM-predicted band structures shown in Fig.
2 are in qualitative agreement with previous analagous
band structure predictions [1, 2].

IV. RESULTS AND DISCUSSION

A. Measured dispersion curves

Figure 3a – d depicts the dispersion curves measured
by exciting the samples with Gaussian first derivative
pulses centered at fc = 24 kHz (Fig. 3a & b) and
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fc = 16 kHz (Fig. 3c & d); these short time excita-
tions were chosen because their center frequencies and
wide bandwidth ensures that both fr and the predicted
fD are within the experimental frequency bands. Here,
PN = Prms/Pmax where Prms is the FFT pressure mag-
nitude, and Pmax is the maximum FFT pressure mag-
nitude obtained for a given frequency. Figure 3a shows
the dispersion curve measured using the fr = 20.9 kHz
sample with the grazing incidence excitation method and
the line scan measurement technique. The experimen-
tally obtained wavenumber (grayscale) for energy near-
est to the predicted Dirac point is kx = 723 m−1 ± 5
m−1, which agrees with the theoretical (magenta) kx
= 4

3π (|−→a1|)−1
= 724 m−1 and occurs at f = 22.7 kHz

(predicted fD = 22.8 kHz) where the upper and lower
branches of the band structure touch at the edge of the
first Brillouin zone (BZ). Deviation from the measured
sound line (SLM), which is plotted as a solid green line,
indicates that the Dirac point is also represented by the
slowest traveling surface wave frequency constituent, and
we observe a Dirac point phase velocity ν = 197 m/s ± 2
m/s, which is equivalent to the FEM prediction of νD =
198 m/s. When the measurement band is lowered by de-
creasing fr (Fig. 3c), we measure a maximum wavenum-
ber kx = 541 m−1 ± 5 m−1 and minimum phase velocity
ν = 145 m/s ± 2 m/s, and these values disagree with the
theoretical maximum wavenumber kx = 724 m−1 and
corresponding Dirac point phase velocity νD = 113 m/s.
Thus, we conclude that grazing incidence does not excite
a fully dispersing ASW in the fr = 12.4 kHz frequency
band, and does not allow for measurement of the Dirac
point.

By using a 3D printed rigid cone to couple the source
to the bottom of a single cavity open on both sides, we
can excite ASWs via diffraction from the cavity opening
at the surface. For the fr = 20.9 kHz sample, exciting
the ASW with this technique (Fig. 3b) yields an exper-
imentally obtained Dirac point wavenumber (grayscale)
kx = 723 m−1 ± 5 m−1 in agreement with the FEM (ma-
genta) predicted kx = 724 m−1. Likewise, these values
of kx and ν (198 m/s ± 2 m/s) are observed at f = 22.8
kHz (predicted fD = 22.8 kHz) where the upper and lower
branches meet, indicating successful measurement of the
Dirac point. For the fr = 12.4 kHz sample, this excita-
tion technique yields a Dirac point wavenumber kx = 725
m−1 ± 5 m−1 and minimum Dirac point phase velocity
ν = 114 m/s ± 1 m/s in agreement with the prediction
(Fig. 3d). These values indicate successful observation
of the Dirac point at f = 13.1 kHz (predicted fD = 13.0
kHz) is achieved in this frequency band with the diffrac-
tively coupled excitation method despite the failure of
the grazing incidence excitation method to excite a fully
dispersed ASW in this same frequency band. Note, the
pressure amplitude observed in Fig. 3b & d near the
sound line and for f > fD is associated with wavenum-
bers in the second Brillouin zone, and is discussed later
in more detail. Additionally, the complete absence of the
upper branch in Fig. 3a & c and the partial resolution

FIG. 3. Frequency dependent surface wave suppression near
and at the Dirac point. All dispersion curves (grayscale) are
obtained via the line scan measurement technique. The green
lines represent the measured sound line (SLM) and the ma-
genta dots are the FEM predicted band structure along the x̂
direction (a) Cavity resonance fr = 20.9 kHz excited with the
grazing incidence excitation method. (b) Cavity resonance fr
= 20.9 kHz excited with the diffractively coupled excitation
method. (c) Cavity resonance fr = 12.4 kHz excited with the
grazing incidence excitation method. (d) Cavity resonance fr
= 12.4 kHz excited with the diffractively coupled excitation
method.

of the upper branch in Fig. 3b & d has been observed in
both sound-based [2] and microwave-based [18] graphene
analogues, and results from a vanishing Fourier trans-
form integral due to asymmetric pressure distributions
above the lattice cavities.

B. Cavity impedance predictions

The failure of grazing incidence to excite ASW modes
near and at the Dirac point in the lower frequency
band (Fig. 3c) is explained through a combination of
the effects of the impedance boundary condition tar-
geted by this excitation method, and reduced dispersion
due to frequency-dependent Rayleigh scattering. Using
FEM, we have computed the complex specific acoustic
impedance Z in and above the cavity’s unit cell up to
h = 3.00 mm (a factor of three greater than the micro-
phone height used in the line scans). Figure 4 depicts
the real part of the FEM-predicted normalized acoustic
impedance magnitude ZN = Z/Z0 where Z0 = 418 Pa ·
s / m is the characteristic impedance of air (FEM pre-
dictions for the imaginary part of the normalized specific
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FIG. 4. FEM predictions of the real part of the normalized
specific acoustic impedance ZN = Z/Z0 (colorscale) in and
above unit cell cavities. (a) impedance prediction for cavity
resonance fr = 20.9 kHz at f = 20.2 kHz. (b) impedance
prediction for cavity resonance fr = 20.9 kHz at the Dirac
frequency fD = 22.8 kHz. (c) impedance prediction for cavity
resonance fr = 12.4 kHz at f = 12.1 kHz. (d) impedance
prediction for cavity resonance fr = 12.4 kHz at the Dirac
frequency fD = 13.0 kHz.

impedance can be found in Appendix C). The logarith-
mic colormaps in Fig. 4a & c plot ZN at f = 20.2 kHz
and f = 12.1 kHz for fr = 20.9 kHz and fr = 12.4 kHz,
respectively (well below fD for each sample). These col-
ormaps show that grazing acoustic waves are impedance
matched to ASW modes at these frequencies because
log10 (Re{ZN}) is very close to zero across the unit cell.
This explains why an accurate dispersion curve is ob-
tained when f is sufficiently less than fD, yet still within
the measurement frequency band. Contrarily, the loga-
rithmic colormaps in Fig. 4b & d predict a four order
of magnitude variation in the complex impedance mag-
nitude across the unit cell at f = fD. This supports the
conclusion that the absence of the Dirac point and nearby
portions of the lower branch of the dispersion curve in
Fig. 3d is the result of the strongly varying impedance
boundary condition across the unit cell at f = fD, which
is targeted by the grazing incidence excitation method.

Despite poor impedance coupling between the free field
and ASW regimes under the grazing incidence excitation
method, the successful measurement of the entire lower
branch up to and including the Dirac point with this ex-
citation method for fr = 20.9 kHz (Fig. 3a) is explained
by a larger cavity scattering parameter kr occurring in
this higher measurement frequency band, which scatters
more of the incident energy into the ASW regime. The
cavity radius r = 1.473 mm is the same for both the fr
= 20.9 kHz and fr = 12.4 kHz samples. Given that fr
influences fD and the measurement band, we obtain kr

= 0.617 and kr = 0.349 at each sample’s respective fD;
note, both values of kr are within the Rayleigh scattering
regime because λ is at least a factor of 10 greater than r.
For the fr = 20.9 kHz sample, the relatively higher scat-
tering parameter kr = 0.617 suggests more energy will
be scattered into the ASW regime resulting in an ASW
pressure amplitude sufficient for measuring a dispersion
curve up to and including the Dirac point; this explains
our ability to observe the Dirac point under grazing inci-
dence excitation in the higher frequency band (Fig. 3a)
despite the failure of the excitation method to excite a
fully dispersed ASW in the lower frequency band (Fig.
3c) due to the varying impedance boundary condition.
For fr = 12.4 kHz, kr = 0.349 indicates a scattering pa-
rameter that is 43.4% less than that of the fr = 20.9 kHz
sample. This relatively lower kr is enough to prevent a
fully dispersed ASW mode from being excited when cou-
pled with the strongly varying impedance boundary con-
dition under grazing incidence excitation as not enough
energy is scattered into the ASW regime, and remains
in the free field. These results establish the grazing in-
cidence excitation method as a viable excitation method
only when fr, fD, and thus the measurement band dic-
tate a sufficiently large cavity scattering parameter.

As shown in Fig. 4, the diffractively coupled excitation
method targets a smoothly-varying boundary condition
between the free field and ASW regimes because it tar-
gets the air within a single cavity. The colormaps depict
a smooth impedance transition from ZN = 100 at the bot-
tom of the cavity (red) to approaching Z0 at the ASW
side of the cavity. By coupling the source to the bottom
of a single, open-ended cavity using a gradually tapered
cone we minimize the effect of any abrupt impedance
transition between the free field and ASW regimes, which
maximizes the amount of energy transmitted through the
cavity opening and into the ASW regime. As demon-
strated by the data shown in Fig. 3d, the diffractively
coupled excitation method yields a successful measure-
ment of the lower branch up to and including the Dirac
point for fr = 12.4 kHz, circumventing the suppression of
the ASW mode that occurs when the grazing incidence
excitation method is used. Successful measurements of
the entire lower branch including the Dirac point across
frequency bands establishes the diffractively coupled ex-
citation method as a more reliable excitation method for
studying ASW propagation over an acoustic graphene
analogue.

C. Comparing line scan and phase delay
measurement techniques

Previous studies [1] have attempted to measure an
ASW dispersion curve (up to and including the Dirac
point) by means of a phase delay measurement of the
ASW at two locations. Here, having demonstrated Dirac
point access in both frequency bands using the diffrac-
tively coupled excitation method, we use this method to



6

compare dispersion curves obtained with a phase delay
measurement technique to those obtained via a line scan
measurement technique. We also highlight that certain
experimental conditions could prevent a line scan mea-
surement from being performed (specifically in the case
of multi-layer acoustic systems with only a rotational de-
gree of freedom) and thus a phase delay measurement
could be warranted in certain experiments, which mo-
tivates the comparison between the line scan and phase
delay techniques for measuring an acoustic graphene ana-
logue’s band structure. Figure 5a compares the line scan
data and FEM prediction shown in Fig. 3b to the results
of a two-point phase delay measurement (orange) for the
fr = 20.9 kHz sample. The values of kx for the two-point
phase delay measurement are calculated as follows [1]:

kx =
|∆φ|
x12

, (2)

where ∆φ is the measured unwrapped phase delay be-
tween the two measurement locations, x12 = 86.45 mm
is the distance between the two measurement locations,
and cos(θ) = 1. With the phase delay measurement tech-
nique, we calculate kx = 703.0 m−1 ± 0.1 m−1 at fD =
22.8 kHz (the predicted Dirac frequency), which is 2.77%
less than kx = 723 m−1 ± 5 m−1 measured with a line
scan and verified with FEM. The largest wavenumber
measured with the phase delay measurement technique
is kx = 737.0 m−1 ± 0.1 m−1, which occurs at a fre-
quency slightly higher (f = 23.2 kHz) than the predicted
fD.

Similar observations are made with the fr = 12.4 kHz
sample. Figure 5b shows that we measure kx = 628.0
m−1 ± 0.1 m−1 at fD = 13.0 kHz (the predicted Dirac fre-
quency) with the phase delay technique, which is 9.66%
less than the line scan results where kx = 725 m−1 ± 5
m−1. If we consider the maximum observed wavenumber
from the phase delay measurement kx = 655.0 m−1 ±
0.1 m−1 to represent the Dirac point, then the frequency
at which this maximum occurs (13.3 kHz) disagrees with
the Dirac frequency fD = 13.0 kHz, which was predicted
with FEM and confirmed with the line scan measure-
ment technique. The results of these phase delay mea-
surements demonstrate the inherent limitations of using
this measurement technique to accurately measure ASW
dispersion information for frequencies near and at fD in
both operational frequency bands considered. A direct
comparison to the results obtained in Ref. 1, which uses
a grazing incidence excitation method and a phase delay
measurement technique, can be found in Appendix D.

Additionally, it is important to note that two-point
phase delay measurements are inherently susceptible to
arbitrary phase shifts in multiples of 2π. Dispersion
curves measured with a phase delay-based approach
could require a phase shift to be applied in post pro-
cessing so that the dispersion information is presented
and interpreted correctly. For this reason, a measured
reference (in our case the sound line) is always required

FIG. 5. Comparison of the line scan and phase delay measure-
ment techniques, and higher Brillouin zone FEM predictions.
The diffractively coupled excitation method is used in each
case. Dispersion curves obtained with a line scan are shown
in grayscale, and these are the same datasets shown in Fig’s
3b & d. Dispersion curves obtained with the two point phase
delay measurement technique are indicated by the dotted or-
ange line. The green lines represent the measured sound line
(SLM). The magenta dots are the FEM predicted band struc-
ture along the x̂ direction (θ = 0◦), and these are the same
predictions shown in Fig’s 3b & d. The yellow squares are
the FEM predicted band structure for θ = ±60◦ with respect
to x̂. (a) Dispersion curves obtained for the fr = 20.9 kHz
sample. A phase shift of −6π is required for the phase delay
measurement. (b) Dispersion curves obtained for the fr =
12.4 kHz sample. A phase shift of −4π is required for the
phase delay measurement.

to ensure the correct phase shift is being applied. In the
case of the phase delay measurements shown in Fig. 5,
phase shifts of −6π (fr = 20.9 kHz) and −4π (fr = 12.4
kHz) were applied to the orange curves in Fig. 5a and
Fig. 5b, respectively, in order to directly and accurately
compare them to both the dispersion curves obtained by
the FEM simulation and those measured with the line
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scan technique. Also, it has been shown that attenua-
tion of the ASW can yield a poor signal to noise ratio
for frequencies at and above fD [2], which can lead to
non-trivial errors in the phase unwrapping; such unwrap-
ping errors will require different phase shifts to be applied
within each narrow frequency band in order to obtain the
most accurate dispersion information. This necessitates
an accurate reference for each frequency band requiring
its own phase shift if band structures obtained with the
two-point phase delay measurement technique are to be
accurately interpreted.

D. Energy in higher order Brillouin zones

Lastly, we compare the portions of the measured dis-
persion curves in Fig. 5 for f > fD and close to the sound
line (in Fig. 5a this energy appears to cross the sound
line), which extends from kx ∼ 315 m−1 ± 5 m−1 to kx ∼
435 m−1 ± 5 m−1, to the FEM predicted upper branch
in the second BZ along a vector at an angle θ = ±60◦

with respect to x̂ (solid yellow squares). The agreement
between the FEM prediction and the data at these fre-
quencies indicates the measurement of an x̂ component
of a higher order BZ band structure along the θ = ±60◦

direction (corresponding to the branch between the M
and K critical points). The measured data in this fre-
quency range is ultimately a superposition of multiple
higher order BZ x̂ components, however, we have pro-
vided the FEM prediction for a single angle (θ = ±60◦)
to illustrate that portions of the band structure in higher
order BZs are observable with the diffractively coupled
excitation method and the line scan measurement tech-
nique. This excitation method excites an ASW uniformly
in all directions, affording observation of portions of the
band structure along different angles due to the tracing
of these components to the x̂ direction. Contrarily, these
portions of the band structure are not observable with
an excitation at grazing incidence (confirmed in Fig. 3a
& c) as the source is oriented along x̂, and thus excites
an ASW predominantly in this direction.

V. CONCLUSION

We have studied the effects of strongly varying
impedance boundary conditions on ASW dispersion in
an acoustic graphene analogue, and have found that the
effects are non-negligible and can suppress ASW excita-
tion in certain frequency bands under certain experimen-
tal conditions. Our results demonstrate that increased
Rayleigh scattering can circumvent the observed ASW
suppression, which is accomplished in our experiments
when the frequency band is increased. Ultimately, our re-
sults show that a diffractively coupled excitation method,
which targets a smoothly varying boundary condition be-
tween the free field and ASW regimes, combined with a
line scan measurement technique is the most reliable ex-

perimental platform for measuring the ASW dispersion
curve. Further, our results advance the state-of-the-art
in acoustic analogues of condensed matter systems by
providing a deeper understanding of boundary condition-
driven energy loss, which is pivotal for the realization and
characterization of multi-layer acoustic analogues of con-
densed matter physics systems.

Appendix A: Experimental Setup Details

The ASWs were excited using a Beston round ribbon
tweeter loudspeaker of diameter ds = 25.4 mm as the
source for both the grazing incidence and diffractively
coupled excitation methods. The receiver is a precision
measurement condenser microphone of capsule diameter
dr = 6.35 mm, and calibrated to f = 100 kHz. Before
digitization, measured signals were amplified and filtered
using an Ithaco 1201 low-noise preamplifier with a gain
of 20 and a passband of 3 kHz < f < 100 kHz. For
the grazing incidence excitation method (Fig. 3a & c),
the source is positioned x = 64.30 mm away from the
sample’s leading edge, and aligned such that it’s center
axis corresponds to the sample’s centerline along the vec-
tor x̂ (Fig. 1a), which is the direction along which the
line scan and phase delay measurements were performed.
Positioning the source in this manner compensates for
the non-uniform directivity pattern that arises when op-
erating in the frequency ranges of our experiments, and
ensures sufficient energy is transmitted to the receiver.

For the diffractively coupled excitation method (Figs.
3b & d), a counterbore is made through the aluminum
plate, and the bottom of a cavity is opened such that the
total cavity length is L = 7.06 mm for the fr = 20.9 kHz
sample, and L = 12.7 mm for the fr = 12.4 kHz sample.
The source was mated to the bottom of this cavity via
a 3D printed tapered cone, which smoothly transitions
from a diameter of d = 97.68 mm to d = 6.40 mm.

Appendix B: Excitation waveforms

Figure 6 depicts the measured spectral content of each
excitation signal. The insets are the measured amplitude
normalized time series which have been windowed with
a cosine-tapered window in order to minimize spectral
leakage. Note that the higher sound pressure level (SPL)
in the spectrum corresponding to fc = 16 kHz (Fig. 6b)
is due to an enhanced speaker response at sub ultrasonic
frequencies. Despite this, both the fc = 24 kHz and fc
= 16 kHz waveforms provide signal amplitude sufficient
to excite ASWs across the samples with both the grazing
incidence and diffractively coupled excitation methods.
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FIG. 6. Measured spectral content of Gaussian first derivative
waveforms used to excite the ASWs. (a) Waveform centered
at fc = 24 kHz. Inset: Amplitude normalized time series of
the waveform where PN = P/Pmax. (b) Waveform centered
at fc = 16 kHz. Inset: measured amplitude normalized time
series of the waveform where PN = P/Pmax.

Appendix C: Imaginary part of predicted
Impedance (FEM)

Figure 7 depicts the imaginary part of the FEM-
predicted normalized specific acoustic impedance mag-
nitude ZN = Z/Z0 where Z0 = 418 Pa · s / m is the
characteristic impedance of air (the real part of ZN is
shown in Fig. 4 in the main text). A four order of magni-
tude variation in the imaginary part of ZN is observed in
the logarithmic colormaps, which supports the conclusion
drawn in the main text that Z varies significantly across
the boundary between the free field and ASW regimes.

Appendix D: Phase delay measurement technique
with grazing incidence excitation

Prior state-of-the-art measurements in acoustic
graphene analogue research utilized a grazing inci-
dence excitation method with a two-point phase delay
measurement technique to obtain ASW dispersion
information [1]. After establishing the diffractively
coupled excitation method as applicable to multiple
frequency bands, we used this method to compare the
line scan measurement technique to the two-point phase
delay measurement technique. In order to compare our
experimental line scan results to the results of Ref. 1 we
performed additional measurements using the grazing
incidence excitation method (the only excitation method
used in Ref. 1) in combination with a two-point phase
delay measurement technique (the only measurement

FIG. 7. FEM predictions of the imaginary part of the normal-
ized specific acoustic impedance ZN = Z/Z0 (colorscale) in
and above unit cell cavities. (a) impedance prediction for cav-
ity resonance fr = 20.9 kHz at f = 20.2 kHz. (b) impedance
prediction for cavity resonance fr = 20.9 kHz at the Dirac
frequency fD = 22.8 kHz. (c) impedance prediction for cavity
resonance fr = 12.4 kHz at f = 12.1 kHz. (d) impedance
prediction for cavity resonance fr = 12.4 kHz at the Dirac
frequency fD = 13.0 kHz.

technique used in Ref. 1). Figure 8 shows the same
grayscale data (diffractively coupled excitation method
with the line scan measurement technique) and FEM
predictions (magenta dots) shown in Fig. 3b & d of
the main text along with the new results using grazing
incidence excitation with a two-point phase delay
measurement technique (dotted cyan lines); note, the
sound lines are the same as those in the main text.

With the grazing incidence excitation method and the
phase delay measurement technique, based upon equa-
tion 2 we calculate kx = 653.8 m−1 ± 0.1 m−1 at fD
= 22.8 kHz (the predicted Dirac frequency), which is
9.57% less than kx = 723 m−1 ± 5 m−1 measured with
the diffractively coupled excitation method and the line
scan technique, and verified with FEM (Fig. 8a). This
discrepancy between kx measured with the grazing inci-
dence excitation method and the phase delay measure-
ment technique and kx measured with the diffractively
coupled excitation method and the line scan technique
becomes more severe with the fr = 12.4 kHz sample (Fig.
8b). These results suggest that the combination of graz-
ing incidence excitation with a phase delay measurement
does not promote observation of the Dirac point.
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ment.
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