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ABSTRACT
Understanding the performance of resonators introduced in elastic and/or acoustic circuits is important for conceiving complex and efficient
guiding structures. In this work, we reported upon the experimental characterization of hollow pillars in different waveguides with 90○ corners
by measuring the displacement on top of hollow pillars. The air-coupled method, laser ultrasonic technique and the newly developed method
based on polypropylene (PP) piezoelectret film have been adopted during this process. In such way, we experimentally show the quadrupolar
resonance of hollow pillars that corresponds well to the whispering-gallery modes in numerical results in several types of waveguides for
guiding Lamb wave.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5109690., s

I. INTRODUCTION

It is acknowledged that phonon works as a kind of quasiparti-
cle after electron and photon.1 Inspired by the significant progress
of controlling of electrons in semiconductor or photons in photonic
crystals, the controlling of mechanical waves has attracted growing
interest based on many structures. Among them, phononic crys-
tals (PCs) are the artificially periodic structures used to manipulate
the propagation of acoustic/elastic waves, which can provide much
functionality beyond traditional materials,2–5 such as acoustic cloak-
ing,2,3 superlensing4 and subwavelength imaging.5 As a result, PCs
based structures have broad prospective applications in many fields
such as sensors6 and acoustics lens.7

Recently, with the development of on-chip technology and the
demand for integrated devices, PC based waveguides have obtained
much attention for their importance to the acoustic circuits.

Generally, these waveguides are constructed by removing scatter-
ers along a straight line or other designed routes from perfect PCs.
However, this kind of waveguide can have a broad band over a
large part of the stop band, or encounter transmission dips because
of the occurrence of sharp corners in route lines.8–10 Inspired by
the whispering gallery modes (WGMs) and their applications in
optical fields,11–13 there have been growing works on implement-
ing WGMs into the acoustic circuits. Back in 2003 and 2004, a
group of researchers studied numerically the propagation and guid-
ing of acoustic waves in two-dimensional PCs composed of hol-
low scatterers in fluid.14,15 Later, they noticed that utilizing hol-
low pillars can give rise to waveguides for selected frequency,
which shall be attributed to the occurrence of WGMs in hollow
pillars.16

Quite recently, Yuan et al reported the experimental evidences
of compact waveguide17 and the rainbow guiding phenomenon18
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for the lowest-order antisymmetric Lamb (A0) wave based on the
quadrupolar WGMs in hollow pillars in different waveguides. Wang
et al also constructed waveguides by engraving hollow pillars into
the triangle-latticed perfect PCs, and demonstrated the energy local-
ization at the foot of hollow pillars.19 The acoustic transmission
through the waveguides has been characterized in these works.
Indeed, the high-order multi-polar resonances in hollow pillars,
e.g. quadrupolar WGMs, bring additional degree for controlling
phonons since they can carry even more information. Such effect
has been observed when using WGMs to control the propagation of
acoustic/elastic waves and the energy distribution after the waveg-
uides.17 Therefore, the WGMs are potential for conceiving complex
and efficient integrated acoustic circuits. To this end, the fine regu-
lation of vibration in resonators is a prerequisite in order to make
full utilization of WGMs. The direct experimental characterization
of displacement field on top of hollow pillars can be helpful for
understanding the performance and mechanism of these resonators,
which is however still lacking in previous works. In some other
works, researchers have measured the distribution of displacement
on top of solid pillars and studied the coupling between propagative
modes in the substrate and the monopolar or dipolar resonance in
pillars.20,21 This confirms possibility of measuring the out-of-plane
displacement on top of pillars.

In this work, we built different waveguides for A0 wave in
reconfigurable manners based on the WGMs in hollow pillars. We
investigated both numerically and experimentally the displacement
field on top of the hollow pillars in these structures, and we show
the direct experimental evidence of the quadrupolar WGMs in hol-
low pillars. This paper is organized as follows. Section II describes
the sample details and the dispersion curves of unit cells, while
Section III presents the experimental configuration. After that, the
presentation and analysis of both the numerical and experimen-
tal results are given in Section IV followed by the Conclusions in
Section V.

II. SAMPLE DETAILS AND DISPERSION CURVES
We constructed different waveguides by inserting hollow pil-

lars in between arrays of square-latticed solid pillars along three

designated paths including the i) straight waveguide (see Fig. 3(a)),
ii) Z-shaped waveguide with two 90○ corners (see Fig. 6(a)), and
iii) π-shaped waveguide with three 90○ corners (see Fig. 9(a)). Both
the hollow and solid pillars were made of steel and were cemented
by the epoxy adhesive to one side of the aluminum plate. For the
convenience of analysis, we built a square-latticed unit cell that
combined a cap hollow steel pillar, a middle epoxy resin pillar and
a bottom aluminum plate. The height, outer diameter and inner
diameter of the cap steel pillars are hp, d1, d2, respectively. The
middle epoxy resin layer was assumed featuring the same outer
and inner diameters as the cap steel pillar with a different height
hg . The lattice constant is a, and the thickness of aluminum sub-
strate is e. We set the geometrical parameters (in mm) d1 = 5, a
= 6, e = 1.5, and hg = 0.135.17,18,21 Regarding the material proper-
ties, we used the Young’s modulus 199 GPa, Possion’s ratio 0.25,
and mass density 7850 kg/m3 for the Q304 steel; 5.1 GPa, 0.38,
1200 kg/m3 for the epoxy resin; 67.7 GPa, 0.35, 2700 kg/m3 for the
aluminum.

We then calculated the dispersion of PC plate with either the
hollow pillar (hollow PC) or solid pillar (solid PC) by using the
finite-element method (FEM). The blue circle lines in Figs. 1(a)
and 1(b) show the dispersion curves of the solid PC plate when
hp = 5 mm and d2 = 0, magnifying a complete stop band in between
163 kHz and 243 kHz. The dispersion curves of the hollow PC
are given by the dotted lines in Fig. 1(a) when hp = 2.5 mm and
d2 = 2.56 mm or in Fig. 1(b) when hp = 2.5 mm and d2 = 2.7 mm.
In contrast to the case of solid PC plate, two new branches that
belong to the hollow PC plate appear in between 188 and 201 kHz in
Fig. 1(a), or in a lower frequency range between 177 and 189 kHz in
Fig. 1(b). Figures 1(c) and 1(d) show the normalized total displace-
ment ut and the deformation at point X of Brillouin zone (BZ) on the
green (187.9 kHz) or red line (186.6 kHz) in Fig. 1(b), respectively.
Obviously, the hollow pillar in Fig. 1(c) shows the quadrupolar pat-
tern and two polarized axes in parallel to x and y axes, as indicated
by the black arrows. We call this mode WGM 1 hereafter. The hol-
low pillar in Fig. 1(d) has two polarized axes featuring angle ±45○ to
x or y axis, which we called as WGM 2. The same model shapes can
be found at X of BZ in Fig. 1(a) when d2 = 2.56 mm at the green or
red line.

FIG. 1. Band structures of the hollow PC plate (black dot-
ted lines) wherein the (in mm) a = 6, e = 1.5, hg = 0.135,
hp = 2.5, d1 = 5, (a) d2 = 2.56 or (b) d2 = 2.7, and the coun-
terparts of the solid PC plate (d2 = 0) when hp = 5 (blue
circle lines). In both figures, the green and red lines rep-
resent the branches of WGM 1 and WGM 2, respectively,
for which the normalized distribution of total displacement
ut and the modal shapes are given in (c) and (d) in order,
retrieved at X of BZ in Fig. 1(b).
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FIG. 2. Photograph of (a) the air-coupled transducer or (b)
PP piezoelectret film. (c) Normalized amplitude of Fourier
transformation (FFT) coefficient of measured uz when using
the ACT (blue dashed line) or PP piezoelectret film (red
solid line) with exciting frequency f = 200 kHz.

III. EXPERIMENTAL SETUPS
In experimental setup, we used two configurations to excite

the zero-order flexural Lamb (A0) wave in front of the waveguides
according to the frequency requirement. The first was based on the
air-coupled method.22 In this case, an unfocused air-coupled trans-
ducer (ACT) (see Fig. 2(a)) was used as the emitter to issue ultrasonic
pulses to the aluminum plate in front of the waveguide. By care-
fully regulating the incident angle of ultrasonic pulses versus the
aluminum plate,22 A0 wave was generated on the substrate plate with
the transverse amplitude following the Gaussian profile. In the sec-
ond case, we adopted a polypropylene (PP) piezoelectret film,23,24 as
shown in Fig. 2(b), as the emitter that occupied the area (electrode
size) 60 mm × 10 mm. This 70 μm thick PP piezoelectret film fea-
tures a basic resonant frequency about 400 kHz when two sides are
free, or about 200 kHz when one side of the PP piezoelectret film is
clamped to the substrate, e.g. aluminum plate here, while the other
one is free.23,24 The PP piezoelectret film shall set the aluminum plate
into vibration to generate A0 wave, upon the excitation of the elec-
tric signals, just in a way similar to the classic piezoelectric disk. It is
noteworthy that the electro-acoustic devices based on PP piezoelec-
tret film have the advantages such as low price, light weight, simple
structure, high sensitivity and low impedance.

Concerning the measurement, we used a laser ultrasonic tech-
nique based on laser Doppler vibrometer (LDV, Polytec vibrome-
ter OFV 2570) to record the out-of-plane displacement uz at the
points on top of pillars or the aluminum plate.21,22 Notice that the
LDV was fixed to a platform that can be moved freely to allow for

the precise selection of measuring points both on top of the pillar
and the aluminum plate. Figure 2(c) shows the normalized Fourier
transformation coefficient of the signal recorded on the 1.5 mm
aluminum plate at a distance 10 mm away from the emitter, by
the air-coupled method (blue dashed line) or the PP piezoelectret
film (red solid line), both under the excitation signal centered at
200 kHz. The blue dashed line features the peak value at about f0
= 155 kHz, while the red line magnifies the maximum amplitude at
around 200 kHz. The two signals together feature a broad range that
cover the interested frequencies for the investigation of waveguides
based on WGMs.

IV. NUMERICAL SIMULATION AND EXPERIMENTAL
RESULTS

Figure 3(a) shows the photograph of the straight waveguide that
consists of two hollow pillars in between solid pillars, wherein the
inner diameter of hollow pillars is d2 = 2.7 mm. Note that the hol-
low pillars are all 2.5 mm high in this work, because of the strong
coupling between WGMs in hollow pillars and propagative modes
in aluminum plate, whereas the height of solid pillars is 5 mm all
the same for the better confinement of wave energy in the desig-
nated route paths.17 We then built the numerical model whereby
the geometric parameters of waveguide are in accordance with the
experimental sample, and investigated the performance of the hol-
low pillars upon the incidence of A0 wave from the left side by FEM.
The numerical model was built up in a same way as those in Ref. 17.

FIG. 3. (a) Top view of straight waveguide with the inner
diameter of hollow pillars d2 = 2.7 mm. (b) Calculated distri-
bution of uz normalized to the amplitude of incident wave at
f = 189 kHz. (c) Calculated and (d) measured average |uz |
on top surface of P2.
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FIG. 4. Polar diagram of computed |uz | normalized to the amplitude of incident
wave at 189 kHz in frequency domain (blue dashed line), in time domain (green
solid line) and the measured |uz | at 188 kHz (red solid line) at points on top of P2
as shown by the yellow symbols in inset.

We labeled the hollow pillar at the outlet as P2 (see Fig. 3(a)).
Fig. 3(b) shows the distribution of uz normalized to the ampli-
tude of incident wave at selected frequency f = 189 kHz, wherein
the P2 features two polar axes (black dashed arrows) along the x
and y axes as what happens to the WGM 1 in Figs. 1(c) and 1(d).
Figures 3(c) and 3(d) show both numerically and experimentally the
average amplitude of |uz| retrieved from eight points (see yellow dots
in inset in Fig. 4) on top of P2 versus the amplitude of incident wave.
Figure 3(c) shows a peak value at 189 kHz that corresponds well to
frequency of WGMs, whereas Fig. 3(d) presents the peak at 188 kHz
in good agreement with Fig. 3(c).

We then chose eight points on top of P2 at almost the outer
brim with angle 0○, 45○, 90○, 135○, 180○, 225○, 270○, and 315○ to
the direction of x axis in order, as shown by yellow dots in the inset
of Fig. 4. Blue dashed line (labeled as Simulation 1) in Fig. 4 shows

the calculated polar diagram of normalized |uz| versus the ampli-
tude of incident wave when f = 189 kHz in frequency domain and
magnifies four maximum poles at θ = 0○, 90○, 180○, and 270○, which
indicates the occurrence of the quadrupolar WGM 1. By adopting
the air-coupled method and laser ultrasonic technique, we measured
the normalized |uz| at these points as shown by the red solid line
(labeled as Experiment) in Fig. 4 when f = 188 kHz. This experi-
mental profile of |uz| shows almost the same shape as the numerical
counterpart, i.e. three obvious poles at θ = 0○, 90○, and 270○, and
another pole at θ = 180○ for the large amplitude in comparison
to the adjacent nodes at 135○ and 215○. Note that the experimen-
tal result in this polar diagram for the peaks at 0○, 90○ and 270○

are only approximately a third of the amplitude of Simulation 1,
also that the experimental amplitude at 180○ is much smaller than
those at 0○, 90○, 270○. To get a better understanding of the exper-
imental result, we calculated the uz in time domain and show the
result as green solid line (labeled as Simulation 2) in Fig. 4. It is
clear that the amplitudes at 0○, 90○, 180○ and 270○ of Simulation
2 are approximately 2/3 times of those of Simulation 1. The exper-
imental results are about 1/2 times of those of Simulation 2. The
inset in Fig. 5(a) shows the profile of the excited source in the time
domain, i.e. the five-cycle sinusoidal acoustic pulses with the central
frequency f = 189 kHz, which is in accordance with the experimental
source.

We show the calculated |uz| in the time domain in Fig. 5(a).
Note that in Fig. 5(a), we show the raw signals retrieved from P2.
The results show four poles at θ = 0○, 90○, 180○, and 270○. The exper-
imentally measured raw signals on P2 are shown in Fig. 5(b). This
map has four parts separated by three dips along 45○, 135○, and 225○,
giving rise to four poles in a way similar to the numerical results in
Fig. 5(a). The rough surface of the top of the steel pillar P2, as com-
pared to the aluminum plate where the source signals are measured,
account for the smaller experimental amplitude. Besides, one must
consider the experimental imperfection when locating the measured
points as a consequence of the rough surface condition. Neverthe-
less, the experimental polar diagram and map in time domain of
|uz| gives the direct proof of the existence of quadrupolar WGMs
in hollow pillars.

In the next, we turn to the Z-shaped waveguide for which the
route line of hollow pillars features two 90○ corners. Figure 6(a)

FIG. 5. (a) Map of calculated |uz | on P2 in time domain. (b) Map of measured |uz | on P2.
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FIG. 6. (a) Top view of Z-shaped waveg-
uide with the d2 = 2.56 mm. (b) Numer-
ical distribution of normalized uz at
f = 201 kHz. (c) Calculated and (d)
measured average |uz | on top of P1
and P7.

shows the top view of the experimental sample whose geometric
parameters are the same as the straight waveguide except for the
inner diameter of hollow pillars d2 = 2.56 mm. The incident A0 wave
impinges the sample from left side. The inlet and outlet hollow pil-
lars are labeled as P1 and P7, respectively. We then performed the
numerical simulation by FEM. Figure 6(b) shows the computed dis-
tribution of normalized uz versus the amplitude of incident wave
when f = 201 kHz, wherein the wave energy is guided forward in
the designed route line through the quadrupolar oscillation of the
hollow pillars. We also measured the uz on top of hollow pillars by
using the PP piezoelectret film and the laser ultrasonic technique.
Figures 6(c) and 6(d) show the calculated and measured average |uz|
on top of P1 (blue dashed line) and P7 (red solid line), respectively,
derived from the eight points the same as before. From these two
figures, the calculated maximum |uz| of both P1 and P7 appears
around 201 kHz, corresponding well to WGMs, and the measured
peak appears around 203 kHz in good agreement with the numerical
results.

Figure 7(a) shows the experimental polar diagram of |uz| at
f = 203 kHz by the red solid line. One can see that the red line has
approximately four convex poles located at θ = 0○, 90○, 180○, and
270○ as before, which agrees with the numerical counterpart calcu-
lated in frequency domain as shown by the blue dashed line when
f = 201 kHz. However, the node at 315○ is almost of equal amplitude
to the peak at 180○. The polar diagram of |uz| at 201 kHz calculated

in time domain is shown as green solid line in Fig. 7(a). The result
shows that the amplitudes of Simulation 2 are much smaller than
Simulation 1, except that the peaks 180○ and 270○ has almost the
same amplitude of experiment. It is noteworthy that the exper-
imental result has the similar characteristic as the Simulation 2:
large amplitude at nodes 135○, 225○ and 315○, small amplitude at
node 45○.

Furthermore, Fig. 7(b) shows the numerical (blue dashed line,
frequency domain; green solid line, time domain) and experimental
(red solid line) polar diagrams of |uz| at the eight points on top of
P7, respectively. The calculated |uz| at f = 200 kHz in both the fre-
quency domain and time domain feature four spots near θ = 0○, 90○,
180○, and 270○, indicating the occurrence of quadrupolar WGMs,
whereas the experimental polar diagram of |uz| features no more
clear quadrupolar pattern on P7. Despite the unavoidable sample
imperfection, this discrepancy can be understood from the follow-
ing points of view. When comparing the experimental results with
Simulation 2, the experimental peak at 0○ is half the amplitude as
Simulation 2, being similar to the case for the straight waveguide in
Fig. 4. The peak at 270○ can also be recognized as one pole for its
larger amplitude in comparison to the two adjacent nodes at 225○

and 315○. The largest peak amplitude at 180○ is due to the reso-
nance and enhancement of two adjacent pillars, the same reason for
the appearance of peak at 0○ in Fig. 7(a). So that the experimental
polar diagram in Fig. 7(b) shows at least three poles. Despite the

FIG. 7. Polar diagram of computed |uz |
at 201 kHz in frequency domain (blue
dashed line), in time domain (green solid
line) and measured |uz | at 203 kHz (red
solid line) on top of (a) P1 and (b) P7.
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FIG. 8. Map of calculated |uz | on (a) P1 and (b) P7 in time domain.

FIG. 9. (a) Top view of π-shaped waveg-
uide whereby the d2 = 2.56 mm, and (b)
computed distribution of normalized uz

when f = 200 kHz. (c) Calculated and (d)
measured average |uz | on top of P1 (blue
dashed line), P7 (red solid line) and P11
(black dot-dashed line), respectively.

unavoidable imperfection in experimentation, the experimental
proof of the existence of quadrupolar in P7 is given above, taking
no account of small peak at 90○ in Fig. 7(b).

We show the calculated map of |uz| in time domain in Fig. 8(a)
for P1 and in Fig. 8(b) for P7. Figure 8(a) shows clearly four poles
at θ = 0○, 90○, 180○, and 270○. Figure 8(b) shows that the first four
maximum amplitudes appear at 45○, 135○, 225○ and 315○ when
P7 vibrates, and that another four poles appear at 0○, 90○, 180○,
and 270○. This map illustrates that P7 resonates after a long time
and the position of maximum amplitudes have a shift. During the
experiment, the signals received by LDV don’t contain so long time
as Simulation 2. Therefore, one can see the discrepancies between
experimental and numerical results for P7, besides the unavoidable
sample imperfections in experiment.

After that, we built the π-shaped waveguide whereby the route
line of hollow pillars features three 90○ corners as shown in Fig. 9(a).
The pillars have the same geometrical parameters as those in the Z-
shaped waveguide. Figure 9(b) shows the distribution of normalized
uz at a selected frequency f = 200 kHz whereby the hollow pillars
exhibit quadrupolar WGMs. We repeat the experimental character-
ization by using the PP piezoelectret film and LDV, and measured
the uz on top of hollow pillars. Figures 9(c) and 9(d) show the cal-
culated and measured average amplitude of |uz| on top of P1 (blue
dashed line), P7 (red solid line) and P11 (black dot-dashed line),
respectively. In Fig. 9(c), the maxima of |uz| on top of P1, P7 and P11
appear around 200 kHz that corresponds well to frequency position

of WGMs in Fig. 1(a), while in Fig. 9(d) the measured counterparts
of |uz| occur around 203 kHz, in good agreement with the experi-
mental result. In Fig. 9(d), one can also see a relatively high value
for |uz| at around 192 kHz on top of P1, P7, and P11, which is
unexpected from the numerical results in Fig. 9(c). We attribute this
phenomenon to the broad frequency range of the wave source and
the imperfection of samples, which allows possible mode conver-
sion or interference between forward and scattered waves inside the
waveguide, with the occurrence of 90○ corners. However, the waves
are guided forward from P1 to P11 through the WGMs although the
amplitude decreases a little bit from P1 to P11 due to the reflections
inside the waveguide.

V. CONCLUSIONS
In summary, we built three different waveguides by adding

hollow pillars along the gradually complicated route paths, i.e. the
straight waveguide, Z-shaped waveguide and π-shaped waveguide.
We experimentally investigated the performance of hollow pillars
in these waveguides by measuring the displacement on top of pil-
lar through the combination of air-coupled method, laser ultrasonic
technique, and another approach based on PP piezoelectret film.
The quadrupolar pattern was experimentally observed for the dis-
placement on top of hollow pillars in both the straight and Z-shaped
waveguides, in good agreement with the numerical results. In addi-
tion, the efficiency of waveguides with gradually more 90○ corners is

AIP Advances 9, 085032 (2019); doi: 10.1063/1.5109690 9, 085032-6

© Author(s) 2019

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

confirmed and is helpful for designing complex waveguides whose
route line is in any path. This work revealed the actual performance
of hollow pillars in PCs based waveguides in an experimental way,
which is helpful for fine regulation of vibration in resonators and
the optimization of acoustic circuits.
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