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Experimental evidence is presented for demonstrating frequency-preserved non-reciprocal acoustic
propagation in a lower frequency range. A 23-bead granular chain and a conical rod are combined
to realize this phenomenon. The conical rod is used to amplify the amplitude of the incident wave.
Because of the inherent nonlinearity, this granular system offers an ideal testing platform that can
provide an amplitude-dependent bandgap. By carefully tuning the taper ratio of the conical rod, a
strong non-reciprocal acoustic propagation is observed. Moreover, such a phenomenon does not
change the frequency of the incident wave due to the weak nonlinearity, which is different from
previous studies. The result represents an advance in acoustic metamaterial systems using simple
materials and paves the way for practical applications. Published by AIP Publishing.
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The invention and development of electric diodes led to a
ground-breaking revolution in technology. Rectification has
been a key building block in modern electronics. Captivated
by this specific characteristic, several researchers have trans-
planted this feature of the electric diode to other fields, such as
thermodynamics and optics.'™ Compared with electrical cur-
rent, vibrational and acoustic waves are ubiquitous carriers of
energy in our environment. Very recently, an acoustic element-
acoustic diode was invented and proved to be a smart way for
acoustic energy manipulations. Some advanced acoustic ele-
ments, such as acoustic transistors’~’ and logic elements,8 were
developed and experimentally verified. However, realizing an
acoustic rectifier in a practical system has been a tough chal-
lenge, which needs to break the reciprocity. Reciprocity is a
fundamental principle in wave-based systems, which requires
that the response of a transmission channel is symmetric when
the source and observing point are interchanged. Breaking the
reciprocity has recently become a thriving research topic.” >

Earlier attempts used nonlinear media to control the
acoustic one-way propagation.’ ®'*% This strategy depends
highly on the nonlinear medium'>""7 but provided a crucial
step to achieve the goal. Among these studies, however, the
frequencies of the driving signal changed and reshaped
the waveform during propagation. Therefore, any acoustic
information conveyed in the frequency spectrum information
was changed or lost."®* To tackle this problem, Gao er al.
developed an acoustic diode model that can preserve the
frequencies of the incident wave.> In their theoretical study,
a nonlinear spring-mass system is used to generate an
amplitude-dependent bandgap. However, this method had
not been verified by experiments to date as there is an inher-
ent difficulty in fabricating such cubic-nonlinearity in a
nonlinear system. In this letter, we present the experimental
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evidence of a frequency-preservation, low-frequency, easy-
to-make acoustic diode by using a granular chain, which is
not realized to date. This may inspire an alternative design of
a one-way sound wall, in which the frequency information
will not be changed or lost.

In this letter, we provide a simple, practically realizable
example in a granular chain to achieve frequency-preserved
acoustic non-reciprocal propagation, as shown in Fig. 1(a).
The granular chains have been extensively studied in recent
years,>**? as they provide an inherent platform to support
nonlinear phenomena. A conical rod is attached to one end of
the chain for modulating the incident wave amplitude. The
force-displacement relationship between two solid spheres
was proved to follow a nonlinear Hertzian contact law>°
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FIG. 1. Schematic and conceptual diagrams. (a) Schematic of the proposed
granular device. (b) Bandgap of the granular chain; A denotes the amplitude of
the input signal of the forward configuration. (c) Bandgap of the chain with a
conical rod; A’ denotes the amplitude of the input signal of the backward config-
uration. The conical rod is designed to modulate the range of forbidden bands.
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dFr 3
= 5Aag/z, (1)

where F denotes the compression force, ¢ and J, denote the
deformation and the static pre-deformation, and A is a coeffi-
cient depending on the materials. The stiffness is seen to be
a nonlinear function of Jy, which generates an amplitude-
dependent bandgap in a chain; it is a key element in the
design of the acoustic diode. In contrast, a linear periodic
structure has a fixed bandgap.

The equation of motion of a vibrating chain can be
expressed as a set of second-order differential equations based
on the Hertz interaction law.>*?' The displacement from the
equilibrium position u; is

it; = pi’} — pn;", @)
where 17, =90 + u;_; — u; (n; > 0 else 1, =0). Here, i takes val-
ues from 2 to N — 1. In addition, considering the differences
in boundary conditions, the equations for the first and last
beads are expressed as

/2 3/2

. 3 . 3/2
Uy = Pactly  — PNy "5 UN :pnN/,l — Fo, 3)

where 19 = J,¢ + Bcos(2nft) — uy, with 17o>0 else 179y=0.
Here, Bcos(2nft) denotes the excitation of the granular
acoustic diode, B the driving amplitude, and f the driving
frequency. In Egs. (2) and (3), p:E\/ﬁ/B(l—vz)m] and
Pact=V2p denote the coefficients in the Hertz interaction
law. In this paper, E is the Young’s modulus, R the bead
radius, v Poisson’s ratio, and m the mass of the bead. 0, and
d are defined by Hertz’s law d,., = [Fo/(mp)]*” and d = [Fy/
(mp)]z/ 3, with Fy, the initial compression force.

Figures 1(b) and 1(c) show the mechanism of the
amplitude-dependent bandgap. Here, we specify the forward
direction for the case where the shaker is placed on the left
side. In this direction, the amplitude and frequency of the
incident wave (A, f) is initially modulated by the conical rod
and the wave amplitude is converted to A’, which may fall
out of the forbidden band, thus the wave can pass through
the chain. In contrast, if the same wave is excited from the
backward direction with amplitude A, the converted wave
may fall in of the forbidden band and be blocked.

Such an amplitude-dependent bandgap provided the
inspiration to use the bandgap as an on-off switch by care-
fully tuning the amplitude of incident waves, inducing non-
reciprocal wave propagation behavior. In our study, we use a
conical rod to modulate the incident amplitude. Furthermore,
the frequency of the propagating wave is not changed
because of weak nonlinearity in the chain. The conical rod is
a linear system, which also ensures frequency preservation.
It is noted that the governing equation of the conical rod is
not under consideration because, in the forward configura-
tion, the conical rod just amplifies the input wave and thus
behaves as an inputting device. In the backward configura-
tion, the bandgap of the chain forbids wave propagation, and
therefore, the rod does not vibrate.

A granular chain of finite length can support typical
wave propagation behavior. We simulated our system and
found that 23 beads were sufficiently accurate to realize the
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dynamic feature. Narisetti et al* used a perturbative
approach and obtained an analytical dispersion relation for
the amplitude-dependent bandgap between 1352Hz and
1439 Hz, which is plotted in Fig. 2(a). The analytical predic-
tion suggests that acoustic rectification may occur within this
bandgap, and we used direct numerical simulation to confirm
this prediction, as shown in Fig. 2(b). It is seen that they are
in good agreements.

The proposed theoretical design is validated next. We
fabricated a one-dimensional monoatomic granular chain
using 23 beads made of polypropylene with elastic modulus
E =0.986 GPa, Poisson’s ratio v =0.35, radius R =0.016 m,
and density p=1500Kg/m>. A spring with tunable spring
force is used to produce the initial force. It is known that
the granular system is highly tunable between strongly and
weakly nonlinear regimes, depending on the initial pre-
compression. In our case, we applied a spring force as 9.6 N,
which ensures the weak nonlinearity condition B/d,. < 1.
As shown in Fig. 2 and the experiment section, we controlled
0.01 < B/d4: < 0.08.

For the experimental setup (Fig. 3), a conical rod having
diameters D;=0.056m and D,=0.028m and length
L=0.07m was fabricated using a 3D printer. We used a
shaker (left-hand side of the figure) to provide the input
vibration. The forward/backward configuration is shown in
Figs. 3(a) and 3(b). Moreover, we restrict the motion in the
other directions. In experiments, two accelerometers were
placed on the ends of the chain to measure the input and out-
put signals. We also placed a force sensor to monitor and
control the level of excitation. In addition, we also performed
experiments without the conical rod for reference.

Both the input and output signals were recorded using a
dynamic signal analyzer (LMS SCADAS), which also provides
the input signal to the shaker. The shaker applies a constant
low-amplitude displacement A;, =4 x 10~*m while sweeping
the frequency from 300 Hz to 2000 Hz. The normalized trans-
mission spectra of the spherical granular chains with and with-
out the conical rod are presented in Fig. 4. Note that
the normalized transmission spectrum is defined as ||Aou/Aun||,
where Aj, and Aoy are the input and output amplitudes. It
expresses the criteria for the transmission of acoustic signals in
structure, as the acoustic signal passes through the system sub-
stantially without loss when the transmission rate approaches

(a) Analytical prediction (b) Numerical simulation
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FIG. 2. Theoretical prediction of the dispersion of the granular chain. (a)
Analytical prediction of the bandgap based on Ref. 32. The solid black
and dotted blue lines represent the incident wave amplitudes B =0.010,
and 0.083, respectively. d,=2 x 10> m denotes the value of the initial
deformation. p is the dimensionless wavenumber, ranging from O to 7. (b)
Numerical confirmation of the bandgap. The blue and black lines represent
the incident wave amplitudes B =0.016, and 0.084, respectively.
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FIG. 3. Photograph of the experimental setup. (a) Experimental setup of the
forward configuration with a conical rod. (b) Experimental setup of the
backward configuration with a conical rod. A force sensor and two accelera-
tion sensors are used to measure experimental data.

1. Figure 4(a) shows the measured transmission; the black and
blue lines denote the forward and backward transmittances,
respectively. It is seen that the backward transmittance curve
has a drop between 1300 Hz and 1500 Hz, showing a clear
attenuation in the forbidden bandgap. Moreover, the forward
transmission is found to be more prominent than backward
transmission (about 10 times), indicating an obvious non-
reciprocal phenomenon for the system with the conical rod.
For comparison, Fig. 4(b) shows the transmission spectrum of
the reference chain without the conical rod. It is seen that the
forward transmission and backward transmission are nearly
identical, and no attenuation occurs in the measured fre-
quency range. We further examine this phenomenon in the
time domain. The shaker is controlled to excite at a constant
frequency f= 1400 Hz. As shown in Fig. 4(c), the magnitude
of the forward response is much larger than the backward

Appl. Phys. Lett. 112, 181904 (2018)

response (at 1400Hz), confirming the evident frequency-
preserved non-reciprocal phenomenon.

In contrast, reciprocal propagation is observed in the ref-
erence chain [see Fig. 4(d)]. The above measured data
roughly agree with theoretical prediction (Fig. 2). This recti-
fication frequency range is much lower than that in Ref. §,
indicating a promising application in low-frequency vibra-
tion isolation, noise control, and enhanced sound sensing.

To quantify the asymmetric transmission, here we use
the contrast ratio to characterize the system, defined as
R. = %;;[f% where subscripts L and R signify the transmis-
sion of the input signal transmitting from left-to-right and its
reverse, respectively. From Fig. 5(a), the rectification ratio is
calculated over the bandgap. The averaging contrast ratio is
about 0.9 within the bandgap, confirming that the acoustic
transmission is non-reciprocal (for reciprocal propagation,
R.~0). Finally, to further confirm our experimental evi-
dence, we calculated the energy level of the last bead as a
function of the driving amplitude. Three different frequen-
cies were chosen in the simulation using the Runge—Kutta
method. From Fig. 5(b), an abrupt energy jump takes place
at 1400 Hz, corresponding to the predicted bandgap. In con-
trast, no jump is observed outside the bandgap, and thus, the
results of the simulation align with those of experiment.

It is noted that our work is distinctly different from Ref.
8. First, the frequency of the propagating wave is preserved
in this work; in contrast, the frequency is changed in Ref. 8.
Second, we have realized a low-frequency (~1400Hz) non-
reciprocal system, which is much lower than the working fre-
quency (~10.5 KHz) in Ref. 8. Third, in Ref. 8, a defect
chain was used, whereas we used 23 identical beads. Finally,
our work and that in Ref. 8 are based on different principles.
Ref. 8 presents an acoustic rectification at a bifurcation point.
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In contrast, we realized non-reciprocal behavior through
carefully tuning the incident wave amplitude.

In conclusion, we have presented experimental evidence
of non-reciprocal acoustic propagation in a simple 1D granu-
lar chain. The inherent nonlinearity of the chain exhibits
amplitude-dependent bandgaps. A conical rod is used to
change the input amplitude, thereby switching the bandgap
on and off. We have shown that it is possible to break reci-
procity in a simple granular system, realizing vastly different
output response under excitation from different sides. Due to
the weakly nonlinearity, the granular system can rectify the
incident wave without converting its frequency. Moreover,
such a system does not require a precise design and fabrica-
tion, which may lead to an alternative acoustic metamaterial
design in a simple style. It is noted that the operating fre-
quency regime falls within the audible range (around
1400 Hz), and this may inspire an alternative design of a
one-way sound wall, which will not lose or change the infor-
mation of the sound carries.
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