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The acoustic surface waves supported by hard surfaces patterned with repeat-period, meandering

grooves are explored. The single, continuous groove forms a glide-symmetric surface, inhibiting

the formation of a bandgap at the first Brillouin-zone boundary. Consequently, the acoustic surface

waves exhibit an almost constant, sub-speed-of-sound, group velocity over a broad frequency band.

Such slow, broadband modes may have applications in controlling the flow of noise over surfaces.
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I. INTRODUCTION

The patterning of surfaces to control sound propagation

has been the topic of many studies with increasing interest

over recent years. This includes structuring surfaces to manip-

ulate acoustic surface waves (ASWs) (Kelders et al., 1998a;

Kelders et al., 1998b; Tizianel et al., 1998) leading to, for

example, increased acoustic transmission (Christensen et al.,
2007), or scattering from arrays of elastic scatterers to create

sonic crystals that attenuate transmission (Garc�ıa-Chocano

et al., 2012; Mart�ınez-Sala et al., 1995; S�anchez-P�erez et al.,
1998). A number of works have shown that it is possible to

control the propagation of sound waves using arrays of subwa-

velength elements (phononic crystals) as first proposed by

Kock and Harvey (Kock, 1949), or more recently the study of

labyrinthine structures (Frenzel et al., 2013; Xie et al., 2013)

Recently Liang and Li (2012) demonstrated that, by using

curled perforations to coil up space, large effective refractive

indices (n) can be achieved. This allows the potential to spa-

tially engineer n and create arrays of such structures of various

different acoustic path lengths to control phase-gradients

allowing for the focusing, absorption, and directing of acoustic

waves, as well as “doubly negative” material properties and an

effective “density” near zero. Other structured surfaces have

been used to control waves, such as a subwavelength corru-

gated surface demonstrated by Zhu et al. (2015) where, by

manipulating the dispersionless phase fronts, ultra-broadband

extraordinary reflection could be obtained. Fan et al. (2018)

found that by enclosing a monopole sound source in a structure

comprised of various space-coiled element allows for the

device to be 1/10 the size of the wavelength emitted.

While being able to reduce the velocity of propagation

of acoustic energy over a surface is itself interesting and

undoubtedly useful, for some applications one may require

this to be maintained over a broad frequency band. In gen-

eral, this is difficult to achieve with a periodically patterned

or resonant surface because of diffraction and mode-

hybridisation, the former being particularly dominant on

approach to the first Brillouin zone boundary. Glide symmet-

ric structures (Crepeau and McIsaac, 1964; Hessel et al.,
1973) offer an opportunity to maintain low-group-velocity

ASWs, as has been demonstrated in electromagnetism

(Mitchell-Thomas et al., 2017). They are comprised of a

geometry that has reflection symmetry about a mirror plane

when the unit cell is displaced by half a period. In this way,

these structures do not present a bandgap due to two degen-

erate energy states existing at the first Brillouin-zone

boundary(Camacho et al., 2017; Quesada, 2014), resulting in

a near-linear dispersion across a broad bandwidth.

Here, ASWs propagating over various finite-depth peri-

odic meandering channels that have glide symmetry in

acoustically-rigid materials are investigated.

II. THEORY

The dispersion of the bound surface modes has been

characterised by measuring their propagation across the sur-

face via near-field excitation and detection. To the authors’

knowledge this is the first time that ASWs above such space-

coiled structures have been measured and characterised.

A meander channel of depth d, and width w, as illus-

trated in Fig. 1(a) is explored. The channel is space-coiled in

a glide-symmetric unit cell with repeat period of kg along the

direction of propagation. By taking a simple geometrical

approach, a wave following the channel across one unit cell

will propagate along a path-length of

lp ¼ 2ðpr þ hÞ; (1)

where r is the radius of the curved channel sections and h is the

length of the straight sections of the channels. This increase in

path length in relation to the unit cell can be thought of as creat-

ing an effective waveguide index, given by

nwg ¼
lp
kg

; (2)

if the power propagation is confined to the grooves, then this

is directly related to the group index. A simple dispersiona)Electronic mail: jgb206@exeter.ac.uk
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relation for such a structure can be established since, to first

order, the wavevector in the vertical direction (depth of

grooves) is given by the quarter wavelength resonator condi-

tion kz ¼ 2p=4d [ignoring end effect corrections (Kinsler

et al., 1999)]. With the wavevector in the propagation direc-

tion given by kx it follows that the dispersion relation is

simply

f ¼ v

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kx

nwg

� �2

þ 2p
4d

� �2
s

: (3)

The effect of varying h on the dispersion is considerable, as

seen in Fig. 1(b). Here, we show the approximate analytic

dispersion from Eq. (3), together with the predictions of

finite element method (FEM) modeling using Comsol

Multiphysics (COMSOL AB). Since the simple analytic

model neglects any interactions with free-space sound modes

and diffractive coupling between adjacent grooves there is a

significant disagreement between the two models at wave-

vectors within and close to the sound line. However, at val-

ues of kx> k0 [where k2
0 ¼ ð2pf=cÞ2 ¼ k2

x þ k2
z ], the mode

becomes more confined to the surface and therefore the

channel, and hence Eq. (3) provides a good approximation.

Of course, Eq. (3) does not include any diffraction effects,

but it is clear from the FEM model that the modes have a lin-

ear dispersion (and uniform group velocity) approaching the

first Brillouin zone boundary (kg/2)—a consequence of the

glide symmetry of the system (Hessel et al., 1973).

III. METHOD

To experimentally determine the dispersion of the

ASWs, a loudspeaker with a sound-launching conical

attachment was positioned so that the sound emitted was

angled onto the surface (Fig. 2). The narrow exit hole of the

cone and close proximity to the surface leads to strong dif-

fraction and enables near-field coupling to the ASW. One

of the main difficulties with obtaining results was to the

signal from the surface mode being dominated by free radi-

ation. To achieve this, the needle microphone (Br€uel &

Kjær Probe Microphone type 4182, Br€uel & Kjær, Nærum,

Denmark) with its tip about 0.5 mm from the surface was

then raster-scanned over the sample to detect the near-

fields with a resolution of 1 mm and a total scan length (x)

of 300 mm. The signature of free radiation appears on the dis-

persion along the sound line (kx¼ k0). This signal eventually

dominates at high kx when the surface modes become pro-

gressively more confined and their intensity is very low. At

each microphone position, a 30 kHz near-single-cycle

Gaussian-envelope (broadband) sound pulse was emitted

from the loudspeaker and subsequently detected by the micro-

phone. For each spatial position an average of three pulses

was taken to improve the signal to noise. Subsequently a tem-

poral Fourier transform was performed to obtain the ampli-

tude and phase for each frequency at each spatial position,

resulting in a spatial field-map for each frequency. A two-

dimensional Fast Fourier Transform (FFT) was then per-

formed on each of the spatial field maps. By plotting the

Fourier amplitudes as a function of wavevector from each of

these two-dimensional FFTs for each frequency one obtains a

representation of dispersion diagram of the ASWs supported

(Beadle et al., 2018). As the group velocity (vg ¼ dx=dk,

where x is the angular frequency) is the gradient of the

mode, it was calculated by fitting a straight line to the near-

linear region of the surface mode.

Five aluminum samples have been characterized, each

600 mm in length (x): three samples comprised of 150 unit

cells, each with kg¼ 4 mm, w¼ 1 mm, and straight line sec-

tions of h¼ 0 mm (i), 5 mm (ii), 10 mm (iii); a further sample

(iv) (100 unit cells) has kg¼ 6 mm, w¼ 2 mm, and h¼ 5 mm.

A fifth sample (v) is a modified version of (ii) with tape

placed over part of the meander [as in Fig. 3(b)] to remove

the glide symmetry.

FIG. 1. (a) Schematic of the surface of a unit cell used in this investigation,

comprised of an air-filled channel (blue line) of depth d¼ 5 mm in an

acoustically-rigid material (gray line). The depth is in the negative z direc-

tion, and the ASW propagates in the positive x-direction. Here, kg¼ 4 mm,

w¼ r¼ 1 mm, and h¼ 5 mm. (b) Waveguide approximation from Eq. (3)

(non-solid, coloured lines) and finite element model (solid lines) dispersion

for different values of h. The solid black line corresponds to the maximum

wavevector of an incident plane wave. Modes beyond this limit are trapped

at the surface (ASWs) since they are unable to couple into plane waves.

FIG. 2. Schematic of the experimental setup. A loudspeaker with conical

attachment emits a broadband-pulse that excites the ASW. This then propa-

gates over the surface and the arriving pulse is recorded using a near-field

probe that is raster scanned over the surface.

J. Acoust. Soc. Am. 145 (5), May 2019 Beadle et al. 3191



IV. DISCUSSION

Figure 3(a) shows a typical experimentally determined

dispersion plot for the kg¼ 4 mm and h¼ 5 mm surface.

Below 10 kHz the mode is essentially non-dispersive and

propagates as a grazing mode at the speed of sound. From 10

to 14 kHz there is strong frequency dependence of both the

phase and group velocity as the mode moves from being a

lightly-bound surface wave to being more like a waveguide

mode confined to the channel. Then, at higher frequencies

FIG. 3. (a)–(e) Two-dimensional FFT of the experimental field data recorded at a height of 0.5 mm across the surface, illustrating the dispersion of the surface

mode supported by each of the investigated structures: (a) h¼ 5 mm, w¼ 1 mm, also shown are predictions from the FEM model (symbols), (b) h¼ 5 mm,

w¼ 1 mm, but with the glide-symmetry broken. (c) h¼ 0 mm, w¼ 1 mm. (d) h¼ 10 mm, w¼ 1 mm. (e) h¼ 5 mm, w¼ 2 mm. Note the different x axis extent

in (c) and (d). (f) Decay length as a function of frequency for the two different widths and h¼ 5 mm samples. The vertical dashed line indicates the diffraction

edge (kx¼ kg - k0) for the h¼ 5 mm, w¼ 2 mm sample.
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up to 21 kHz, the mode has a nearly constant gradient, corre-

sponding to a constant group velocity, but a changing phase

velocity (vp). For this particular sample in the vicinity of

20 kHz the group velocity is vg¼ 55.6 (64.1) ms�1, a reduc-

tion by a factor of 6 below that of the speed of sound in air.

Note that the FEM model predicts vg¼ 57.1 ms�1 which is

in excellent agreement with the experimental data.

The frequency range for which a near constant group

velocity is observed is extended in kx due to the absence of a

bandgap at the first Brillouin zone boundary in comparison

to the non-glide case, a consequence of the glide symmetry

of the structure. This glide symmetry condition may be read-

ily broken by applying a tight membrane over part of the

meander sample. This was done using parcel tape with the

tape edge aligned parallel to the propagation direction with

the tape covering �20% of the meander of the h¼ 5 mm

sample, as seen in the inset of Fig. 3(b). The resulting ASW

is now very different; no longer does the mode have a con-

stant group velocity over a wide bandwidth, instead a large

bandgap has opened between 16 and 18 kHz resulting in the

mode becoming dispersive.

The effect of changing lp on the dispersion of the ASW

is seen in Figs. 3(c) and 3(d). Using the simple analytic Eq.

(3) we predict that nwg at high kx has values of 1.57 and 8.14

for the h¼ 0 and 10 mm samples, respectively. For the h¼ 0

sample the analytical result compares favourably with those

from the full modeling shown in Fig. 1(b) which give 1.76.

For the 10 mm sample the full model value of 10.70 agrees

less well since the analytic treatment neglects end effects as

well as interactions with the free-space sound. For these two

surfaces vg has been measured and values of 192.4 ( 615.1)

ms�1 and 33.4 (63.1) ms�1 were found, respectively, giving

values for nwg of 1.78 (60.14) and 10.28 (60.96). Both val-

ues are in close agreement with the Comsol model.

It is also of interest to explore the propagation length of

the ASW in the x-direction over the meander surface.

Attenuation will occur due to the thermal and viscous bound-

ary layers within the structure. The thermal boundary layer

arises from the isothermal boundary condition between the

rigid wall and the air-filled cavity. Because of this a tempera-

ture gradient exists where heat is transferred into the wall of

the cavity acting as a dissipative process. The viscous bound-

ary layer exists due to a no-slip boundary layer between the

solid and air-filled cavity. A gradient in the parallel compo-

nent of the particle velocity now arises within the air, result-

ing in lost energy due to momentum transfer. One may

describe the decay of the ASW as the distance over which

the amplitude of the absolute pressure field decays to 1/e.

This decay length was measured as a function of frequency.

To further investigate the decay length, one sample (v) with

a wider channel (w¼ 2 mm) was fabricated. The dispersion

plot for the ASW on this sample is shown in Fig. 3(f) with

the inset showing a section of the sample. Notice that the dis-

persion of the mode curves away from the sound line more

slowly before becoming linear. This arises from diffractive

coupling between adjacent grooves. Similar coupling has

been described by Zhu et al. (2013) for the case of isolated

cavities supporting zero-velocity (trapped) modes, however,

the coupling in the presented structure becomes dominated

by the direct propagation along the groove as the mode

becomes more strongly confined at higher frequency. This

results in the dispersion curve for the channel with the larg-

est h having the least linear region. Figure 3(f) shows the

decay lengths as a function of frequency for the two different

width h¼ 5 mm samples. As the channel width decreases,

the attenuation of the surface waves increases; this is

expected as the thermal and viscous boundary layers now

occupy a larger proportion of the channel. In addition, the

decay of the ASW for the w¼ 2 mm sample shows a second,

steeper, decay beyond 17 kHz. At these frequencies the fields

are becoming more strongly localised in the curved ends of

the channels. With the fields in the transverse direction fall-

ing to zero over a distance of about 5 mm (the channel length

in the transverse direction) then the characteristic wave

dimension in the transverse direction is of order 20 mm.

Thus these localised strong fields may now give rise to free

radiation of this wavelength. This extra loss channel appears

to come in at about 17 kHz. Up until that frequency once the

dispersion has deviated from the sound line the decay length

in the wider channel is more than twice that in the narrower

channel.

V. CONCLUSIONS

In this study, glide-symmetric metasurfaces composed

of space-coiled (meandering) cavities have been studied and

show a broadband reduction in the group velocity of the sup-

ported ASWs. We have shown that as the length of the

meander is increased, the group velocity decreases, with val-

ues of 192.4 (615.1) ms�1, 55.6 (64.1) ms�1, and 33.4

(63.1) ms�1 obtained for different length channels. An

increase in the channel width also results in a decreased

attenuation of the ASWs due to the thermoviscous boundary

layers occupying a smaller proportion of the channel. This

work may lead to a novel structure for controlling the propa-

gation of acoustic power over such surfaces.
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