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Tunable elastic wave transmission and resonance
in a periodically aligned tube-block structure

Akira Sasaki, Naoki Mori,? (% and Takahiro Hayashi
Department of Mechanical Engineering, Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka, Japan

ABSTRACT:

A tube-block structure is proposed to realize tunable elastic wave transmission and resonance, consisting of periodi-
cally aligned circular tubes sandwiched and joined by two blocks. Finite element simulations for a unit structure are
carried out to reveal the frequency dependence of the transmission behavior for the normal incidence of longitudinal
and transverse waves in the tube-block structure. As a result, the transmission ratios are found to take multiple local
maxima at different peak frequencies. Eigenfrequency analysis shows that the local resonances of the tube and the
block surfaces occur at the peak frequencies in the transmission ratios. The peak frequencies originating from the
local resonance of the tube depend on its radius and thickness, while those from the resonance on the block surfaces
are in good agreement with the theoretical relation between the interval of the periodically aligned tubes and the
wavelength of the Rayleigh wave. Furthermore, when the tube-block structure is subjected to compressive loading,
the deformation shifts the peak frequencies of the transmission ratio corresponding to the local resonance of the
tube. This result implies that the proposed structure has the potential to serve as a tunable meta-interface between

solid blocks. © 2024 Acoustical Society of America. https://doi.org/10.1121/10.0026462
(Received 14 January 2024; revised 3 June 2024; accepted 5 June 2024; published online 1 July 2024)

[Editor: Steffen Marburg]

I. INTRODUCTION

Control of elastic wave propagation has gained much
attention in recent decades. This technology is not only of
academic interest but also plays promising roles in acoustic
devices, energy harvesting, etc. Closed-loop resonators,
such as ring-type resonators, are one of the widespread com-
ponents in the design of wave devices. Originally, ring reso-
nators were developed and investigated in optics,'™ and
their knowledge has been incorporated into acoustics and
phononics.”™® Robertson e al.® created a cylindrical wave-
guide made from polyvinyl chloride (PVC) pipes, showing
its application as an add-drop filter for audible acoustic
waves. Fu et al.’ fabricated gallium nitride (GaN) strips on
sapphire substrates as a ring-shaped waveguide, which can
confine and control phonons. In general, to efficiently
induce wave interference, the operating wave mode is
designed to be single, and the propagation path in a closed-
loop waveguide is set sufficiently longer than the wave-
length at the operating frequency.

Acoustic metamaterials enable wave control, direction,
and manipulation with subwavelength structures, which can-
not be observed in natural materials. Numerous studies were
reported in the area of the acoustic metamaterials. For exam-
ple, phononic crystals have periodic or partially periodic
structures, which lead to multiple scattering and local reso-
nance. This brings unique features, such as stopbands and
waveguiding of acoustic waves.®*™'* Kaya et al.® incorpo-
rated a one-dimensional phononic crystal into a ring-type
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resonator and applied it to gas sensing. Another approach in
the design of acoustic metamaterials is to create local reso-
nant structures at subwavelength scales, which are not nec-
essarily  periodic."*'®  Basically, many  acoustic
metamaterials show inherent characteristics in accordance
with input waves.

Nowadays, tunable acoustic metamaterials are exten-
sively investigated to realize variable features in response to
input waves. In previous studies, various tuning mechanisms
and accompanying metamaterials were proposed, including
the use of mechanical,zo*27 piezoelectric,zg*31 and heat>23*
phenomena. In particular, when some metamaterials
undergo deformation, different wave propagation character-
istics can appear due to the change in the shapes of the local
structures. Babaee ef al.** designed an array of elastomeric
helices stretched by two plates, which can be used for an
acoustic switch controlled by the deformation. Zhou ez al.**
proposed an elastic membrane with bonded metal particles
for a membrane-type soft acoustic metamaterial. They
showed numerically that its band structure depends on the
applied deformation. These ideas seem applicable to acous-
tic closed-loop resonators. However, to the authors’ knowl-
edge, this possibility has not been explored yet.

The present study aims to realize tunable transmission
and resonance of elastic waves incorporating the concept of
closed-loop resonators and local resonances. To this pur-
pose, a periodically aligned tube structure sandwiched and
joined by solid blocks, called a tube-block structure, is
proposed in the present paper. The transmission characteris-
tics of the elastic waves across the tube-block structure
are analyzed by finite element (FE) simulations. Eigenfrequency

© 2024 Acoustical Society of America
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analysis is also performed to relate the wave transmission
behavior to the local resonances in the structure. Subsequently,
mechanical loading is considered in the proposed model to
show the tunability of the resonance characteristics. If the tun-
ability is confirmed, the proposed structure would have some
possible applications. For example, if some of the resonance fre-
quencies of the proposed structure are affected by compressive
loading, it has the potential to be a sensing device that quantifies
applied loads by measuring the changes in the resonance fre-
quencies. Furthermore, the variable resonance characteristics
could be utilized for a tunable elastic wave filter.

This paper is structured as follows. In Sec. II, the peri-
odic tube-block structure is proposed and described in detail.
In Sec. III, the numerical model and method for the elastic
wave propagation analysis are explained. The numerical
results are presented in Sec. IV. The mechanism of the wave
resonance is examined based on the eigenfrequency analy-
sis. Finally, it is shown that some resonance peaks can be
shifted by preloads applied to the structure.

Il. DESCRIPTION OF STRUCTURE

As shown in Fig. 1(a), a structure consisting of semi-
infinite blocks and infinite circular tubes is considered in the
Cartesian xyz coordinates. The tubes are periodically aligned
in the x direction, sandwiched by the two blocks. The nor-
mal lines of the block surfaces are set parallel to the y axis,
and the z axis corresponds to the axial direction of the tubes.
Figure 1(b) shows the two-dimensional (2D) model under
the plane strain condition in the xy plane. The outer radius
and thickness of the circular tubes are denoted by R and h,
respectively, and their interval is given as W. The whole
structure is modeled as a homogeneous, isotropic, and linear
elastic material of mass density p, longitudinal wave

(@)

/Block
— Tube
‘\\/":/’fc/ __~Block
Y,
i/va
w
(b) (c) Q| | Absorption
I area

Periodic
boundary

| I
Unit structure

FIG. 1. (Color online) Schematics of (a) the periodic structure consisting of
solid blocks and tubes, (b) the 2D structure under the plane-strain condition,
(c) its unit structure for the numerical simulation. Circular tubes are aligned
periodically with an interval of W in the x direction and sandwiched
between two solid blocks.
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velocity cp, and transverse wave velocity c¢t. The tubes and
blocks are joined with a width of 2a, where the displacement
and stress components are assumed to be continuous. The
normal approach of the tubes 1is calculated as
On = R — VR? — &%, which is minute compared to the tube
radius R. The distance between the surfaces of the two
blocks is expressed as Hrg =2(R — Jy). Namely, when the
upper surface of the bottom block is set as y =0, the lower
surface of the top block is located at y = Hrg. When a plane
elastic wave propagating in the y direction is incident on the
tubes, analogous behavior to layer resonance®? is expected
to occur.

If the wavefront of the incident wave has an infinite
width in the x direction, the numerical model can be simpli-
fied by a periodic boundary condition. Figure 1(c) shows a
unit structure containing a single tube between the two
blocks. The displacement and traction components are set to
be equal at the left and right edges of the blocks, denoted as
x=0 and W, respectively. The other surfaces of the blocks
and the tube are set to be traction-free. In Sec. III, the
numerical model and method for the proposed structure are
described in detail.

lll. NUMERICAL MODEL AND METHOD

The wave propagation behavior in the periodic tube-
block structure obeys the 2D Navier’s equation in the fre-
quency domain,38 i.e.,

0 (Ou, Ou 0?07
@ - ae (Gt 52) + & gt g 1w =~

0 (Ou, Ouy ?*  0?
(Cf—c%)—< = +&> +or @Jra—yz Uy = —uy,

6]

where @ =2nf is angular frequency, and u, and u, are the
displacement components in the x and y directions, respec-
tively. It is noted that the displacement components are
expressed in the frequency domain. The time-dependent
terms are represented as exp(iw?), where i = v/—1 and 7 is
time.

The finite element method (FEM) was employed to
examine the elastic wave propagation in the structure of Fig.
1(c). The whole structure was approximated as the assembly
of finite elements. To model the semi-infinite blocks in the y
direction, absorbing regions were arranged on the outer
sides of the elastic blocks with a height of Hpg, ie., y
< —Hpgy, and y > Htg + Hgr. The height of the absorbing
regions is denoted by Hag. The absorbing regions have
material properties with non-zero imaginary parts and
exhibit a wave-damping effect that gradually increases
toward the upper and lower edges, as proposed in Ref. 39.
These regions can eliminate the edge reflections in the y
direction. Either purely longitudinal (L) or transverse (T)
plane wave is incident on the tube-block structure, excited
by applying the stress components at y =—Hpgy. In the case
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of the L wave incidence, the normal stress component o, is
prescribed uniformly at y=-Hpg;, while the shear stress
component T, is uniformly applied to excite the T wave.

The transmission behavior of the elastic waves across
the tube is quantified by the time-averaged energy flux in
the y direction a,

w (¥
Eq = 5 Jo Im (If,yux + a;uy)dx, 2)

calculated along the cross section at y=Hrg + Hpgy, where
the superscript * represents the complex conjugate. The
transmission ratio is defined as

o ETr

T__7
Ey

3)

where E is the time-averaged energy flux for a single block
of height Hrg + 2Hpp sandwiched by absorbing regions.
The time-averaged energy flux E is calculated by Eq. (2),
similarly to E1,. The numerical simulation described above
was carried out in the frequency range of f=10-100 kHz
with a frequency increment of 0.2 kHz.

A commercial FE analysis software COMSOL
Multiphysics (COMSOL Inc., Stockholm, Sweden) was
used to numerically solve Eq. (1). The tube-block structure
was assumed to be made from aluminum alloy with the
wave velocities ¢; =6.40km/s and ct=3.17km/s and the
mass density p=2.70 x 10° kg/m’. Second-order Lagrange
elements were employed in the discretization of the struc-
ture. Basically, the element size should be set sufficiently
small compared to the minimum wavelength in the fre-
quency range of interest, i.e., the wavelength of the T wave
Ar=31.7mm at f=100kHz. However, this setting can be
insufficient for joints between the tube and the blocks,
which are characterized as the joint width 2a. Accordingly,
the element size at the joints was set as 0.3a to guarantee the
calculation accuracy, while the remaining part was discre-
tized by elements whose size was smaller than 0.1/4t.

IV. RESULTS AND DISCUSSIONS
A. Frequency dependence of transmission ratios

Wave propagation analysis was performed for the tube-
block structure with dimensions of W=W;=40mm,
R=Ry=10mm, h=hy=2.0mm, and 2a =2a¢=0.1 mm.
The transmission ratio T was calculated for each incident
frequency by Eq. (3). Figure 2 shows the frequency depen-
dence of the transmission ratios for the incidence of the L
and T waves. Both transmission ratios take six peaks, but
their peak behavior is found to be different. The peaks in the
transmission ratios of the L and T waves are labeled as
L1-L6 and T1-T6, respectively. For the L wave incidence,
the peaks of L1-L6 look separated from each other. On the
other hand, for the T wave incidence, the three peaks of
T2-T4 are overlapped, while the other peaks appear individ-
ually. It is expected that the dimensions of the structure and
the incident wave mode affect the peak locations.
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FIG. 2. (Color online) Variation of the transmission ratios with frequency
for the incidence of L and T waves, calculated at fixed dimensions W =W,
R =Ry, h=hy, and 2a =2a,.

The effects of the tube radius R and the tube thickness 4
on the transmission ratio are first examined for the L wave
incidence. The tube interval W and the joint width 2a are
fixed at W =W, and 2a = 2a,, respectively. Figures 3(a) and
3(b) show the transmission ratios obtained for different tube
radii R and tube thicknesses #, respectively. The tube thick-
ness is fixed at h=hg in Fig. 3(a), while the tube radius is
R =R, in Fig. 3(b). For the L wave incidence, it is shown in
Fig. 3(a) that as the tube radius R increases, the frequencies
of the peaks except for L4 tend to decrease. These peaks
shift rightward as the tube thickness / increases, as shown in
Fig. 3(b). On the other hand, the changes in the tube radius
R and the tube thickness /& do not give rise to a clear shift of
the peak L4.

Different trends appear in the transmission ratio for the
T wave incidence. Figures 3(c) and 3(d) show the transmis-
sion ratios of the T wave for different tube radii R and tube
thicknesses A, respectively. In Fig. 3(c), the peak frequen-
cies of T1-T4 and T6 decrease with increasing tube radius
R, but the peak T5 looks unshifted. This behavior is analo-
gous to the variation of the L wave transmission ratio shown
in Fig. 3(a). However, the effects of the tube thickness / on
the peak frequencies are more complex. In Fig. 3(d), the
increase in the tube thickness / leads to the increase in the
peak frequencies of T1, T3, and T6 but to the decrease in
the peak frequencies of T4. The variation of the peak fre-
quency T2 appears to be nonmonotonic. Regarding the peak
TS, its frequency is 75.2 kHz at 7= 1.8 mm and 75.0 kHz at
h=2.0mm and 2.2 mm, which implies that the location of
the peak TS5 is nominally invariant with the tube thickness %
and show similar dependence on the tube radius R. These
features are further examined in Sec. IV B, based on the
vibration characteristics of the structure at each peak
frequency.

The transmission ratios were calculated for different
tube intervals W. Figures 4(a) and 4(b) show the frequency
dependence of the transmission ratios for the L and T wave
incidence, respectively. The other dimensions were fixed at
R =Ry, h=hy, and 2a =2a,. For the L wave incidence, as
shown in Fig. 4(a), the peak frequencies of L3-L5 decrease

Sasaki et al.
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FIG. 3. (Color online) Variation of the transmission ratios with frequency for the L wave incidence, calculated for different (a) tube radii R at 1 = h, and (b)
tube thicknesses /& at R =R,. (c¢) and (d) show the transmission ratios for the T wave incidence, obtained for different tube radii R and tube thicknesses #,
respectively. The tube interval W and the joint width 2a are fixed at W =W, and 2a = 2a,), respectively.

as the tube interval W increases, while the shifts of the other
peaks are trivial. A similar tendency can be observed for the
T wave incidence in Fig. 4(b). Namely, only the peak T5
shifts leftward as the tube interval W increases.

The effects of the joint width 2a on the transmission
ratios are examined for the incidence of the L and T waves
in Figs. 5(a) and 5(b), respectively. The variation of the joint
width in 0.05 mm < 2a < 0.15 mm affects some of the peak
locations. The peak frequencies of L2, L3, and L5 in Fig.
5(a) and T2 and T4 in Fig. 5(b) tend to increase as the joint
width 2a increases. It is noted that the joint width is far
shorter than the minimum wavelength in the frequency
range of interest, i.e., Ar=31.7mm at f=100 kHz. The
dependence of the peak frequencies on different structure
dimensions is discussed in Secs. IVB and IV C. Hereafter,
the joint width is fixed at 2a = 0.1 mm for simplicity.

B. Mechanism of peak appearance

It has been shown in Sec. IV A that the transmission
ratios for the tube-block structure have peaks at multiple fre-
quencies. Some peak frequencies depend on the tube radius
R and the tube thickness /, but the others remain unshifted.
In this section, the wavefield at each peak frequency is
investigated to clarify the peak behavior of the transmission
ratios.

For the L wave incidence, the distributions of the dis-
placement magnitude in the vicinity of the tube at the peak
frequencies of L1-L4 are shown in Figs. 6(a)-6(d),

J. Acoust. Soc. Am. 156 (1), July 2024

respectively. In Figs. 6(a) and 6(b), i.e., at the peak frequen-
cies of L1 and L2, the vibrations appear localized at the
tube. This feature was also seen at the peak frequency of L6.
On the other hand, at the peak frequency of L4, the vibration
localized on the surfaces of the blocks is relatively domi-
nant, as shown in Fig. 6(d). The wavefield at the peak fre-
quency of L3 in Fig. 6(c) is similar to Figs. 6(a) and 6(b),
but the vibration is also confirmed on the block surfaces.
These results correspond to different dependence of the
peak frequencies on the structure dimensions. It has been
shown in Figs. 3(a) and 3(b) that the peak frequencies of L1
and L2 are affected by the dimensions of the tube, i.e., R
and &, while the peak frequency of L4 is nominally invariant
with R and h. Since the vibrations at the peak frequency of
L3 can be seen at the tube and on the block surfaces, its
peak location in the transmission ratio depends on the tube
interval W, as well as the tube dimensions R and /.

The displacement distributions at the peak frequencies
are also examined for the T wave incidence. Figures
6(e)-6(g) show the wavefields at the peak frequencies of
T1-T3, respectively. The displacement fields show localized
distributions at the tube, which have the same tendency as
the case for the L wave incidence, i.e., Figs. 6(a) and 6(b).
This behavior was also observed at the peak frequencies of
T4 and T6. These peak frequencies depend on the tube
radius R and the tube thickness /, as shown in Figs. 3(c) and
3(d). At the peak frequency of T3, the displacement distribu-
tion is localized on the surface of the upper block, as shown
in Fig. 6(h). It is noted that the peak frequency of T3 is not

Sasakietal. 47
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FIG. 4. (Color online) Variation of the transmission ratios with frequency
for the (a) L wave and (b) T wave incidence, calculated for different tube
intervals W at fixed tube dimensions R = R, h = hy and 2a = 2a,.

affected by the tube radius R and the tube thickness /4, which
has been shown in Figs. 3(c) and 3(d). In Sec. IV A, the
peak frequencies of the transmission ratios show different
dependence on the tube radius R and the tube thickness 4.
This feature is discussed in Sec. IV C.

The displacement distributions at the peak frequencies
of L4 and T35, shown in Figs. 6(d) and 6(h), respectively,
imply that these peaks are closely associated with the
Rayleigh waves propagating along the block surfaces. At
fixed tube dimensions, i.e., R=R, and h = hg, numerical
simulations were performed for different tube intervals W,
and the peak frequencies of L4 and TS were extracted from
the transmission ratios. Figure 7 shows the variation of the
two peak frequencies with the tube interval W. The obtained
peak frequencies decrease monotonically with increasing
the tube interval W.

If the Rayleigh wave resonance results in the peak
behavior of the transmission ratios, its wavelength /g is
expressed as Ag = W due to the periodicity of the tube align-
ment. Namely, the corresponding peak frequency fr is theo-
retically predicted as
CR
fr= W’ “)
where cy is the velocity of the Rayleigh wave, which is well
approximated by>®

_0.87 + 1.120

cr = m(K)cr = T, &)
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FIG. 5. (Color online) Effects of the joint width 2a on the frequency depen-
dence of the transmission ratios for the incidence of the (a) L and (b) T
waves. The other dimensions are fixed at W =Wy, R =R, h = hy.

where v = (k>-2)/2(k*-1) is Poisson’s ratio, and m() is the
function of the wave velocity ratio k = ¢ /ct. The theoretical
relation of Eq. (4) is plotted together in Fig. 7, showing
good agreement with the peak frequencies obtained by the
FE simulation. The above discussion indicates that the peaks
L4 and TS5 in the transmission ratios appear due to the
Rayleigh wave resonance, which results from the periodic
arrangement of the tubes. This consequence is consistent
with the fact that the effect of the tube dimensions on the
peak frequencies of L4 and T5 is insignificant.

When the wavefields are localized in the tube, the vibra-
tion characteristics of the tube affect the peaks of the trans-
mission ratios. To further examine the mechanism of the
peak appearance, eigenfrequency analysis was performed in
the frequency range of 10—100 kHz for the tube-block struc-
ture at dimensions of W=W,, R=R,, and h=h,. Figure
8 shows the eigenfrequencies corresponding to the peaks in
the transmission ratios, plotted with the data shown in Fig.
2. As a result, relative errors between the eigenfrequencies
and the peak frequencies obtained by the wave propagation
analysis were lower than 1.14%, which shows that the reso-
nance of the structure leads to the peak behavior of the
transmission ratios.

The mode distributions at the eight eigenfrequencies are
shown in Figs. 9(a)-9(h), corresponding to the peak frequen-
cies obtained by the wave propagation analysis in Figs.
6(a)-6(h), respectively. In Figs. 9(a), 9(b), and 9(e)-9(g),
the vibrations are localized at the tube and are similar to the

Sasaki et al.
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(a) L1 (b) L2
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FIG. 6. (Color online) Displacement distributions at the peak frequencies of (a) L1, (b) L2, (c) L3, (d) L4 for the L wave incidence, (e) T1, (f) T2, (g) T3,
and (h) TS for the T wave incidence. The dimensions of the structure are set as W =W, R =R, h = hy. The color represents the magnitude of the displace-

ment vector.

displacement distributions in Figs. 6(a), 6(b), and 6(e)—6(g),
respectively. This agreement shows that the transmitted
wave across the tube is amplified when the incident wave
induces the local resonance of the tube. If the vibration of
the tube overwhelms that of the blocks, the resonance
behavior depends mainly on the vibration characteristics of
a single tube, not on the tube interval W. This feature seems
true of the peak frequencies L1, L2, and T1-T3. On the
other hand, the vibration of the block surfaces is non-
negligible in Fig. 9(c), which corresponds to the peak fre-
quency of L3. For this reason, the location of the peak L3
would be affected not only by the tube dimensions R and &
but also by the tube interval W. It is noted that the eigenfre-
quencies corresponding to the peaks L4 and T5, which are

120

—_
O L4
T5

—~ 110

100

90

8ol \

60| T T—a

50 1 I I I 1
25 30 35 40 45 50 55

W (mm)

Peak frequency (kHz

FIG. 7. (Color online) Variation of the peak frequencies of L4 and T5 with
the tube interval W, together with the theoretical prediction based on the
Rayleigh wave resonance on the block surfaces.
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related to the Rayleigh wave resonance, can also be obtained
by this analysis, as shown in Figs. 9(d) and 9(h).

The mode distributions can also be used to discuss the
effects of the joint width 2a on the peak frequencies shown
in Figs. 5(a) and 5(b). For example, the location of the peak
L1 looks unshifted if the joint width 2a varies. The vibration
pattern of the tube at the peak frequency of L1, i.e., Fig.
9(a), shows that the joints between the tube and the blocks
correspond to nodes. This feature would lead to the insensi-
tivity of the peak frequency L1 to the joint width 2a. In the
case of the peak frequency L4, the locations of the joints
correspond to anti-nodes in Fig. 9(d). Nevertheless, the
effect of the joint width 2a on the peak frequency L4 is
insignificant probably because this phenomenon is

1.2

— Lwave
-=-- Twave
----- Eigenfreq.

10F |

08} :
~ 06|

0.4

10 20 30 40 50 60 70
Frequency (kHz)

FIG. 8. (Color online) Comparison of the peak frequencies in the transmis-
sion ratios for the L and T wave incidence to the eigenfrequencies corre-
sponding to the vibration modes.
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Dﬁ

FIG. 9. (Color online) Mode distributions at (a) 23.5, (b) 42.9, (c) 68.7, and (d) 74.4 kHz corresponding to the peaks L1-L4, respectively, and (e) 15.2, (f)
40.4, (g) 45.3, and (h) 74.7 kHz for the peaks T1-T3 and TS5, respectively, obtained by eigenfrequency analysis for the structure at W =W, R =R, and
h = hy. The color represents the magnitude of the displacement vector in each figure.

dominated by the Rayleigh wave resonance. Namely, the
tube interval W serves as a source of the Rayleigh wave,
which is not significantly affected by the joint width 2a.
Similar discussions can be made for the other peak frequen-
cies in the transmission ratios.

The above numerical analyses have shown that the
transmission ratios for the normal wave incidence take
peaks at frequencies related to the local resonance of the
tube and the Rayleigh wave resonance in the proposed struc-
ture. Similar behavior is expected in the oblique wave inci-
dence on the tube array, but the effect of the incident angle
on the wave resonance is not explored in the present study.

C. Normalization for rearrangement of FE results

As shown in Sec. IV B, the peaks of the transmission
ratios for the tube-block structure result from the two differ-
ent phenomena, i.e., the Rayleigh wave resonance in the
tube alignment direction and the local resonance of the tube.
Thus, the theoretical knowledge about the two phenomena
is expected to be applicable to rearrange and summarize the
numerical results of the peak frequencies in the normalized
form. This representation would be useful when designing
the dimensions of the structure for given resonance
frequencies.

Regarding the peaks originating from the Rayleigh
wave resonance, their peak frequencies are well approxi-
mated by Eq. (4). This equation can be rewritten in a non-
dimensional form as

Cr = —-m(x), (6)
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where &g = 2nfgR/cy is the normalized peak frequency, and
y=W/R is the normalized tube interval. The radius of the
tube R is used as a representative length in the
normalization.

A similar treatment is applied to the peak frequencies
derived from the local resonance of the tube. Gazis*® ana-
lyzed the free vibration of a cylindrical tube with the inner
and outer surfaces traction-free, expressing the characteristic

equation by using four non-dimensional quantities as
F(l’l, 57 K, éTB) = 07 (7)

where n is the mode order, 6 = /R is the thickness-radius
ratio, &g =2nfrgR/ct is the normalized eigenfrequency,
and frp is the eigenfrequency of the tube. This formula cor-
responds to the circumferential resonance of the guided
wave modes in cylindrical pipes.*' The boundary condition
of the tube in the present study, i.e., cylindrical tubes sand-
wiched by the solid blocks, is not identical to Gazis’s
model,** but the theoretical background seems similar.
Based on the above formulations, the numerical results
of the transmission ratios are rearranged. The wave velocity
ratio is fixed at k =2.02, which corresponds to the material
property of aluminum alloy. Figure 10(a) shows the trans-
mission ratios for the L wave incidence as functions of the
normalized frequency ¢=2nfR/ct, which were calculated
for different tube radii R at fixed thickness-radius ratio
0 =h/R =0.2 and normalized tube interval y = W/R =4.0. It
is found in this figure that the peaks in the transmission ratio
are overlapped even if the value of R changes. The transmis-
sion ratio for the T wave incidence shows a similar trend in

Sasaki et al.

9z:6¥:€Z ¥20Z AINF L0


https://doi.org/10.1121/10.0026462

(@)

1.2
R (mm)
1.0F , === 9
! — 10
0.8 o
~ 0.6
041
4 A
0

0 0.5 1.0 1.5 2.0

1.2
R (mm)
1.0F -9

— 10
0.8 --n
~ 0.6
0.4
0.2

o
e

@ 1.2 :

1.0
0.8
~ 0.6

20

FIG. 10. (Color online) Variation of the transmission ratios for the incidence of the (a) L wave and (b) T wave with the normalized frequency, calculated for
different tube radii R at fixed thickness-radius ratio 6 = 0.2 and normalized tube interval y = W/R =4.0. (c) and (d) show the transmission ratios for the inci-
dence of the L and T waves, respectively, obtained for different thickness-radius ratios ¢ at a fixed tube interval y =4.0.

Fig. 10(b). Namely, at fixed thickness-radius ratio ¢ and nor-
malized tube interval ), the normalized peak frequencies
Erp are unchanged if the tube radius R is changed. This
result seems consistent with the above theoretical consider-
ation that the normalized resonance frequencies of the tube
&rp are determined by n, 0, and k, as suggested in Eq. (7). If
the boundary conditions are modified in the theoretical
modal analysis following the tube-block structure, the char-
acteristic equation for the local resonance frequencies of the
tube could be derived instead of Eq. (7). However, this con-
sideration is not further pursued in the present study.

The numerical analysis is carried out for different
thickness-radius ratios 6 at a fixed tube interval y=4.0.
Figures 10(c) and 10(d) show the transmission ratios as
functions of the normalized frequency ¢ for the L and T
wave incidence, respectively. In both figures, the normalized
peak frequencies corresponding to the local resonance of the
tube increase with increasing o. It has been mentioned in
Secs. IV A and IV B that the peak frequencies of the trans-
mission ratios vary with the tube radius R and the tube thick-
ness £ in different manners. In the case of a single tube, Ref.
40 theoretically shows the effects on the natural frequencies,
which bring monotonic or nonmonotonic variation depend-
ing on the vibration modes. For the tube-block structure, the
variation of the peak frequencies can be similarly rearranged
by the normalized quantities. The results obtained in this
section show that the normalization procedure is useful for
expressing the characteristics of the elastic wave resonance
in the tube-block structure.
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D. Shift of peak frequency by tube deformation

Section IV B presented that some peaks in the transmis-
sion ratio for the L wave incidence result from the local res-
onance of the tube. This implies that the peak locations can
move if the vibration characteristics of the tube are varied
somehow, e.g., by its deformation. In order to consider this
possibility, the tube-block structure subjected to vertical
compressive loading is considered in the present section, as
shown in Fig. 11. The geometries of the structure are the
same as that in Fig. 1, but a distributed load p is applied uni-
formly on the end of the upper absorbing region y = Hryg
+ Hpp + Hag. The displacement components on the end of
the lower absorbing region are constrained to zero to avoid
rigid translation. It is mentioned here again that the structure
is linear elastic. In other words, its response to the compressive
loading is assumed to be within linear elastic deformation.

Acoustoelastic analysis*>*® was carried out to investi-
gate the effects of the static loading on the transmission
characteristics of the elastic waves across the tube-block
structure. First, the static deformation was analyzed to
obtain the displacement and stress fields induced by the
compressive load. Then, elastic wave propagation behavior
was examined for the prestressed structure in a similar man-
ner to Sec. III. For the incidence of a plane L wave, the
transmission ratio across the tube was calculated in the fre-
quency domain.

The above analyses were performed for several differ-
ent compressive loads. Figures 12(a) and 12(b) show the
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FIG. 11. (Color online) Schematic of the tube-block structure subjected to
compressive loading. Displacement components at the lower end of the
absorbing region are fixed as zero.

static deformation induced by the compressive load p =0.75
MPa at two tube thicknesses of #=1.0mm and 2.0 mm,
respectively. It is noted that the deformations in these fig-
ures are enlarged by five times. The tube radius, tube inter-
val, and joint width were fixed at R =10mm, W =40 mm,
and 2a = 0.1 mm, respectively. The deformation of the tube
at h=1.0mm in Fig. 12(a) is larger than the one at
h=2.0mm in Fig. 12(b). The maximum Mieses stress in the
tube-block structures except for the joint parts was approxi-
mately 300 MPa, which is comparable to the 0.2% offset
yield stress of aluminum alloy.

Based on the results of the static deformation, the
transmission ratios were calculated for the L wave inci-
dence. Figures 13(a) and 13(b) show the frequency depen-
dence of the transmission ratios obtained for #=1.0mm

(a) (b)

FIG. 12. Static deformations of the tube-block structure for two tube thick-
nesses (a) #=1.0mm and (b) #=2.0 mm at the compressive load p =0.75
MPa. It is noted that the deformation is enlarged by five times.
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FIG. 13. (Color online) Effects of the compressive load p on the frequency
dependence of the transmission ratios for the L wave incidence, calculated
for two tube thicknesses (a) 2= 1.0mm and (b) 2 =2.0 mm at fixed dimen-
sions R = 10mm, W =40 mm, and 2¢ = 0.1 mm.

and 2.0mm, respectively. For simplicity, the normalized
quantities are not used here. In Fig. 13(a), i.e., at
h=1.0mm, it is found that some peaks in the transmission
ratio shift rightward as the compressive load p increases.
For example, a peak labeled L2 is located at 25.4 kHz on the
condition of p=0, moving to 27.2 kHz at p=0.75 MPa.
This variation corresponds to a 7.09% shift of the peak fre-
quency. The above feature implies that the periodically
aligned tubes act as a tunable meta-interface for the elastic
wave transmission between two solid blocks. On the other
hand, the frequency of a peak called L4 is unchanged at
73.6 kHz, even if the load p increases. When the tube is rel-
atively thick, i.e., at #=2.0mm in Fig. 13(b), the peak fre-
quencies of the transmission ratio are almost invariant even
if the compressive load increases from p =0 to 0.75 MPa.
As described in Sec. IV B, the peaks of the transmission
ratios appear due to the different resonance mechanisms.
This feature implies that the shift amounts of the peak fre-
quencies by the compressive load depend on the types of the
peaks. Figures 14(a) and 14(b) show the displacement distri-
butions for the L wave incidence at the two peak frequencies
of L2 and L4, respectively, indicated in Fig. 13(a). Each fig-
ure shows the displacement magnitude of the harmonic
component at p = 0. The displacement fields at the peak fre-
quencies L2 and L4 represent the local resonances of the
tube and block surfaces, respectively. This difference corre-
sponds to the result that the increase in the peak frequency
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FIG. 14. (Color online) Displacement distributions at the peak frequencies
of (a) L2 and (b) L4 for the L wave incidence at the tube thickness
h=1.0mm and the compressive load p = 0. In each figure, the color repre-
sents the magnitude of the displacement vector of the harmonic component.

L2 with increasing compressive load p is more apparent
than that of L4. Namely, the deformation of the tube affects
its own resonance characteristics, but the Rayleigh wave res-
onance on the block surfaces is unchanged.

For a relatively thick tube, i.e., at 7 =2.0 mm, the shifts
of the peak frequencies in Fig. 13(b) are not as clear as those
at h=1.0mm in Fig. 13(a) because of the static deforma-
tions shown in Figs. 12(a) and 12(b). At a fixed compressive
load, the static deformation of the tube tends to decrease as
the thickness increases because the stiffness increases.
When the local structure shows large deformation by a static
load, the shift of the peak frequencies corresponding to its
local resonance in the transmission ratio would become
significant.

In this paper, the effect of the compressive loading on
the peak frequencies of the transmission ratio has been pre-
sented only for the L wave incidence. In fact, it is confirmed
that analogous phenomena appear in the case of the T wave
incidence, which is omitted in the present paper. In actual
measurements, since the attenuation of the T wave is gener-
ally more serious than that of the L wave, the resonance
behavior for the T wave incidence could be different.

In the numerical model of the present study, the tube-
block structure consists of linear elastic material, e.g., alu-
minum alloy. In actual experiments, however, such an
assumption would sometimes be inappropriate when tuning
the resonance frequencies. As shown above, large deforma-
tion is necessary to apparently shift the peak frequencies in
the transmission ratio, requiring large static loads in the case
of metal structures. If the tube-block structure is produced
with soft materials, such as rubbers, it would show suffi-
ciently large deformation at lower loads to make the reso-
nance frequencies tunable more easily. In that case, the
model of hyperelastic materials should be used to predict
the resonance characteristics similarly to Refs. 20, 23, and
24. It would be also necessary to carefully consider the
effects of the damping properties of the materials on the res-
onance characteristics.

It is also noted that the numerical model for the static
deformation analysis is simplified in this study. If the tubes
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undergo large deformation, instabilities, such as buckling
and plastic deformation, would occur. Stress concentration
at the joints between the tubes and the blocks could be
another issue in predicting the wave resonance characteris-
tics more precisely. It is necessary to consider these effects
in the actual tuning of the resonance frequencies, but they
are not further examined in the present study. Experimental
validation for the numerical results shown in this paper
remains as future work. It would be necessary to discuss the
detailed parameters of the structure dimensions and the fre-
quency ranges through the experimental validation process.

V. CONCLUSIONS

In this study, the transmission and resonance character-
istics of elastic waves in a tube-block structure have been
investigated by FE simulations. The proposed structure con-
sists of periodically aligned tubes sandwiched and joined by
two blocks. For the normal incidence of a plane elastic
wave, the energy flux of the transmitted wave across the
tube in a unit structure has been calculated in the frequency
domain to obtain the transmission ratio. As a result, it has
been shown that the transmission ratios take peaks at multi-
ple frequencies both for the longitudinal and transverse
wave incidence. The wavefields at some peak frequencies
have been characterized by the vibrations of the tube, while
those at the other peak frequencies have shown local vibra-
tions near the block surfaces. Eigenfrequency analysis has
demonstrated that the peaks in the transmission ratios are
closely related to the local resonance of the tube and the
Rayleigh wave resonance on the block surfaces. This fact
has been consistent with the numerical results that the peak
frequencies originating from the tube resonance depend on
the tube dimensions, while the ones associated with the
Rayleigh wave resonance vary dominantly with the tube
interval. Furthermore, it has been shown that some peak fre-
quencies increase when the structure is subjected to com-
pressive loading. Their shift amounts have been associated
with the vibration patterns at the peak frequencies.
Specifically, the peak frequencies corresponding to the local
resonance of the tube have shifted more significantly than
those to the Rayleigh wave resonance.
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