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The honeycomb phononic crystal displays good performance in reducing vibration, especially at low frequency, but
there are few corresponding experiments involving this kind of phononic crystal and the influence of geometric parameters
on the bandgap is unclear. We design a honeycomb phononic crystal, which is assembled by using a chemigum plate and a
steel column, calculate the bandgaps of the phononic crystal, and analyze the vibration modes. In the experiment, we attach
a same-sized rubber plate and a phononic crystal to a steel plate separately in order to compare their vibration reduction
performances. We use 8 x 8 unit cells as a complete phononic crystal plate to imitate an infinite period structure and choose
a string suspension arrangement to support the experiment. The results show that the honeycomb phononic crystal can
reduce the vibrating plate magnitude by up to 60 dB in a frequency range of 600 Hz—900 Hz, while the rubber plate can
reduce only about 20 dB. In addition, we study the effect of the thickness of plate and the height and the radius of the
column in order to choose the most superior parameters to achieve low frequency and wide bandgap.

Keywords: honeycomb phononic crystal, reducing vibration, bandgap

PACS: 63.20.—e, 63.20.D-

1. Introduction

In modern warfare, military aircraft!!=3! play an indis-
pensable role. How to reduce low-frequency vibration from
our own equipment or enemy attack is key to measuring the
combat performance of the aircraft. However, it is difficult
to control the vibration of aircraft from the source because of
many complicated reasons.!*”! So, designing a kind of mate-
rial with a low-frequency vibration reducing characteristic is
very important.

Because there are many limitations to the practical en-
gineering applications of traditional materials, artificial com-
posite materials with special physical properties have become
the focus of attention.!®! Phononic crystal®'?! is a compos-
ite material composed of two or more materials with different
bandgaps, and its elastic constant, density and sound veloc-
ity always change periodically. Phononic crystal has many
good physics characteristics, of which the most significant and
attractive is that it can reduce vibration and noise when the
frequency of the elastic wave is at the bandgap frequency;!!3!
thus, the lower bandgap can be obtained by selecting a suitable
scatterer, substrate and cladding layer, which can be used for
controlling low-frequency vibration in mechanical equipment.

The formation of bandgaps is attributed to Bragg
scattering!!% 131 or the local resonance.!'®) When the initial fre-
quency of a bandgap is equal, the lattice constant of the local
resonance phonon crystal is 1-2 orders of magnitude smaller
than that of Bragg scattering type, which is suitable for con-
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trolling medium and low frequency noise.!!”! The idea of lo-
cal resonance phononic crystal was first described by Liu ez al.
in 2000;['8) then, a new field of phononic crystals opened up.
There have been many studies of local resonance phonon crys-
tals over the past two decades, mainly in the field of bandgap
formation mechanism and bandgap calculation method or pas-
sive and active control of bandgap width and position. Wen
et al.!"3! introduced the bandgap mechanism and characteris-
tics about Bragg scattering and the local resonance phononic
crystal; moreover, they proposed five methods to calculate the
bandgaps and studied two-dimensional (2D) phononic crys-
tal with a honeycomb structure. They chose steel as the scat-
terer and chemigum as the base; analyzing and calculating the
band structure with a concentrated mass method and obtaining
a bandgap range from 200 Hz to 270 Hz. Zhang et al.!'”! came
up with a new hybrid phononic crystal and studied the effects
of the geometrical parameters to control the wave propagation.
They used the finite element method to calculate the bandgaps,
successfully obtaining a wide gap between 247.996 Hz and
979.1 Hz. Li et al.!*! realized the active controlling of the
bandgap of an elastic beam by using piezoelectric sensors with
periodic distribution. They placed piezoelectric actuators and
piezoelectric sensors above and below the beam, respectively,
and adjusted the position and width of the bandgap through
changing the parameters of the piezoelectric material and ex-
ternal control voltages. They designed a negative proportional
feedback control method that adds an active stiffness to the
elastic beam and is more flexible than passive control, which
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focuses on changing the parameters of the phononic crystal
themselves.

However, most of the experiments on phononic crystal for
reducing the low-frequency vibration focus on the bandgap
of the crystal itself. There are few experiments on reducing
the vibrations of real objects and there are fewer compara-
tive experiments involving the honeycomb phononic crystal at
low frequency. So, although many simulations show that the
phononic crystal can reduce vibration in their bandgap, it is

211 designed

less persuasive than a concrete experiment. Sun
an experiment on an acoustic metamaterial, which had physi-
cal properties similar to those of phononic crystal and success-
fully verified that the metamaterial could reduce the vibrating
plate resonance magnitudes by up to 42 dB in its system. In
this paper, we design a honeycomb phononic crystal assem-
bled by using a chemigum plate and a steel column, analyze
its bandgap and transmission characteristics, and we attach a
same-sized rubber plate and phononic crystal separately to a
steel plate in order to make a comparison between their vi-
bration reduction performances. We performed the simulation
and its corresponding experiment to verify the physical proper-
ties in reducing vibration. We notice that this phononic crystal
has a bandgap ranging from nearly 600 Hz to 900 Hz, and it
can reduce vibration by up to 60 dB (averaging 23.32 dB). We
also study the effect of the thickness of plate and the height and
the radius of the column in order to choose the most superior
parameter to achieve a low frequency and wide bandgap.

This paper aims to verify the vibration reduction char-
acteristics experimentally and designs a most superior struc-
ture by optimizing the geometric parameters of the structure
for reducing the low-frequency vibration. The present study
provides new ideas and methods for practical application and
has profound implications for military aircraft and related re-

search.

2. Models and theoretical calculation

Phononic crystal is a periodic composite, and its structure
has elastic wave bandgaps, yet infinite periodic phononic crys-
tal is only an ideal model. In the real world, phononic crystal
only has a finite period, so we can simplify it into an orig-
inal cell with periodic boundary conditions according to the
band theory. The elastic wave propagation characteristics are
reflected by the energy band structure, and the bandgap char-
acteristics are described by the transmission characteristics of
the incident elastic wave.

Phononic crystal has a honeycomb structure, which is as-
sembled by using a chemigum plate and steel column. We use
8 x 8 unit cells as a complete phononic crystal plate to imi-
tate an infinite period structure, the unit cell and the complete
phononic crystal plate are shown in Fig. 1. The diamond side
length of the chemigum plate is a = 0.036 m, (a is also the lat-
tice constant) and the radius of the steel column is » = 0.008 m.
The thickness of the plate and the height of the column are
t =0.003 m and 4 = 0.018 mm, respectively. All the material
properties are listed in Table 1.

(a)

kx

Fig. 1. (color online) Phononic crystal model diagram, showing (a)
unit cell diagram, (b) cross section diagram of a unit cell, (c) complete
phononic crystal plate, and (d) corresponding first irreducible Brillouin
zone (shaded region).

Table 1. Material properties of the honeycomb plate.

Component Young’s modulus/GPa Poisson’s ratio Density/(kg/m?)
Inclusion of core (steel) 200.6 0.3 7780
Triangular lattice plate (chemigum) 0.0054 0.5 1300

We calculate the bandgaps of the phononic crystal by us-
ing the finite element method (FEM). The unit cell is meshed
and divided into finite elements. We can use the following
generalized elastic eigenvalue to solve the problem, which can
be written as

(K- o*M)U =0, (1)

where K and M are the stiffness and mass matrix, respec-

tively. U = [U; U2 Un]T is the displacement matrix of
the unit cell and U; = [u; v; w; ]T are the displacements at
the nodes of the elements. Based on the Bloch theorem, the

displacement vector w () has the form
w(r) = uy () e 1F7), 2)

where the wave vector k = (k,k,) is confined in the first
Brillouin zone of the unit cell, and r» = (x,y,z) and wuy ()
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are the position vector and a periodical vectorial function, re-
spectively. Periodic boundary conditions can be obtained by
Eq. (2) based on the Bloch theorem

U(r+a)=U (r)eliFe), 3)

where a is the lattice constant of the unit cell.

We take the wave vector k all over the boundary of the
Brillouin region. M, X, and I are three of the vertices. Thus,
the band structure can be calculated as shown in Fig. 2. From
the figure we can observe that the first wider bandgap is lo-
cated in a range of 600 Hz-900 Hz, which shows that elastic
wave propagation is inhibited in this frequency range, yet it
can be propagated in another frequency range without any loss.
There are also many very thin bandgaps, just like the bandgap
between 1100 Hz and 1500 Hz. Owing to the fact that the
bandgap is very narrow, and it is not very useful in practical
applications, we do not take it into consideration. The vibra-
tion modes are depicted in Fig. 3, it is easy to see that the lower
edge of the bandgap (586.58 Hz) is present as the bending vi-
bration appears at the obtuse apex of the diamond plate and
the vertical vibration occurs at the acute apex. However, the
upper edge of the bandgap (893.46 Hz) presents as the verti-
cal vibration at the obtuse apex while little vibration occurs at
the acute apex. It is the vibration difference that leads to the
generation of the bandgap.

1 Q00— |

1600
1400

1200 F= E—

1000 [™—

|

Frequency /Hz

Fig. 2. (color online) Bandgap of phononic crystal.

frequency = 586.58 Hz  frequency = 893.46 Hz

¢

Fig. 3. (color online) Vibration modes of phononic crystal, showing (a)
lower edge of the bandgap, and (b) upper edge of the bandgap.

Moreover, we do not consider the physics character in the
z direction because the periodicity only exists in the x- and

y-directions, and we use only the acceleration in one of the
directions in the x—y plane because of the symmetry. An ac-
celeration of ‘1’ is applied to the left boundary in Fig. 1(c);
its direction is perpendicular to the edge of the boundary and
the remaining boundaries are free boundaries. We also calcu-
late the transmission characteristic of the phononic crystal by
using the software Comsol for comparisons with the bandgap.
The transfer characteristic equation is defined as

Js, lan d51>

4
[y, la2] 4S5 “@

H = 10log (
where a; and ap are the acceleration of the transmitted and
incident boundary, respectively. S; and S, are the area of
the transmitted and the incident boundary, respectively. The
transmission characteristic is shown in Fig. 4. We can notice
that the response from the output terminal decreases sharply
in a range of shadows (586.58 Hz—893.46 Hz), indicating that
the vibration is attenuated obviously in this frequency range.
Thus, the effect of vibration reduction can be verified by com-

paring with the bandgap in Fig. 2.

1800
1600
1400}
1200
1000
800
600 [
400}
200}
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—TL/dB

Fig. 4. (color online) Transmission characteristic of phononic crystal.

In this section, we verify that this honeycomb phononic
crystal has a bandgap ranging from 586.58 Hz to 893.46 Hz,
which can reduce vibration and prevent wave propagation.
In the following section, we will further verify its vibration
damping characteristics through simulation and experiment.

3. Simulation

To verify the vibration damping characteristics of this
honeycomb structure more practically, we attach the phononic
crystal to a steel plate (Fig. 5(a)) and measure its frequency
response curve. mMoreover, a chemigum plate without holes
is also attached to a steel plate (Fig. 5(b)) and its frequency
response curve is measured so that we can compare the two
cases.

Two incentive points and two response points are selected
in the steel plate, as shown in Fig. 6. We apply 1 N to each of
the two incentive points and can obtain two groups of data for
each inventive point. It is easy to notice in the frequency re-
sponse function from Fig. 7, whether it is a solid line or a dash

126301-3
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line (response at point one or point two), the response rela-
tively declines when the steel plate is attached to the phononic
crystal in a frequency range from 600 Hz to 900 Hz. Con-
versely, there is little difference between the naked steel plate
and the steel + rubber plate, which verifies that the phononic
crystal with this honeycomb structure can provide a good vi-
bration damping performance in its bandgap. The result is also
consistent with the transmission diagram, which is shown in
the previous section.

(a)

Fig. 5. (color online) Models of simulation for (a) rubber-attached crys-
tal and (b) phononic-attached crystal.

response
point one

response
point two

incentive o incentive
point one point two

Fig. 6. Incentive and response points.

To show the vibration damping characteristics more
clearly, we define two variables below.

AHyyp = Hygp — Hteel,
AI'Ipho = tho — Hiteel, &)

where Hyyp, Hyteel, and Hpyo are the values of the frequency
response function (FRF) when the frequency ranges from
600 Hz to 900 Hz. The difference between the rubber and
phononic crystal is displayed in Fig. 8, where the red line
and green line represent the vibration reduction amplitude of
phononic crystal and rubber, respectively. We can also easily
notice from Figs. 8(a) and 8(b) that the red line is lower than
the green line at each frequency, no matter if it is solid line or

dash line, showing that the phononic crystal has better vibra-
tion reduction performance than rubber. When the incentive is
at point one, the phononic crystal plate can reduce the vibra-
tion magnitude by more than 40 dB at response point one, and
by nearly 60 dB at response point two (averaging 19.86 Hz
and 23.32 Hz at response point one and two, respectively).
Similarly, when the incentive is at point two, the vibration
magnitude is also reduced by up to 40 dB (averaging 20.14 Hz
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a
ol (a) |
20
2
Z 0
Iz,
= —20
[
—40 —simulation: steel4-phononic crystal -
——simulation: steel
—60} —simulation: steel4-rubber
solid line: response at point one
80 dash line: response at point two
100 300 500 700 900 1100
Frequency/Hz
60 T T T T T T T T T T T
b
10} (b)
20 b
2
~ 0 /|
£
~ —20 ]
= ‘
—40 —simulation: steel+phononic crystal -
——simulation: stee
—60}+" —simulation: steel+rubber
solid line: response at point one
dash line: response at point two
80 1 1 1

100 300 500 700 900 1100
Frequency/Hz

Fig. 7. (color online) Frequency response function for (a) incentive at point
one, (b) incentive at point two.

60 T :
——vibration reduction amplitude of phononic crystal
40 - ——vibration reduction amplitude of rubber ]
solid line: response at point one (a)
20 dash line: response at point two I
jan|
T of
5.“:
o —20
—40
—60+t ]
_88 . .
00 700 800 900
Frequency/Hz
60 - - — - ! .
——vibration reduction amplitude of phononic crystal
40+ ——vibration reduction amplitude of rubber

solid line: response at point one b) 1
dash line: response at point two

—8%00 700 800 900

Frequency/Hz

Fig. 8. (color online) Vibration magnitude reduction for (a) incentive at
point one and (b) incentive at point two.
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and 17.36 Hz at response point one and two respectively),
however, the maximum vibration magnitude reduction of rub-
ber is only 20 dB, which further shows that the phononic crys-
tal plate has a better vibration reduction performance.

4. Experimental results

We perform a corresponding experiment to verify the
simulation results. The materials used in the experiment are
shown in Fig. 9. The geometric parameters and physical pa-
rameters are the same as those in the simulation, which is in-
dicated in Table 1 and Fig. 1. In addition, a string suspension
arrangement is chosen (Fig. 10) to support the experimental
workpiece because it provides the least damping effect and
nearly free boundary conditions. Point A and point B represent
the two positions of two incentives. We use an impact hammer
(model: PCB 086C02) to provide the excitation. Moreover,
the acceleration response the signals of the plate at different
points that are sampled by using two accelerometers (model:
PCB 356A26), frequency response function of the plate struc-
ture is recorded by the Vibmobike signal collection analyzer
(software is m+p smartoffice). The incentive points and re-

sponse points are shown in Fig. 6.

Fig. 9. Materials used in experiment, showing (a) rubber- and (b) phononic-
crystal-attached steel plates.

Fig. 10. (color online) String suspension arrangement.

The experimental results are then organized and pro-
cessed by Matlab software, which are shown in Fig. 11. Fig-
ures 11(a) and 11(b) show the incentive at point one and the
incentive at point two, respectively.

60 "
40 @
20
=
= o .
= —20 by ! gk
[ | at } Y
—40 — experiment: steel4phonotic crystal |
—— experiment: steel
—60F —— experiment: steel+rubber J
solid line: response at point one |
30 . . . Idas}} Iinelz response at l;l)ointltwoI !
100 300 500 700 900 1100
Frequency/Hz
60 : : T T T T T T T T T
40 (b)
20
=
5 b ]
o 20K
=
—40|
——ex
—60 —— experiment: steel4+rubber
solid line: response at point one
30 dash line: response at point two

300 500 700 900 1100

Frequency/Hz

100

Fig. 11. (color online) Vibration magnitude reduction for (a) incentive
at point one and (b) incentive at point two.

We can notice that the results are the same as simulation:
the vibration decreases more sharply for phononic crystal than
for rubber in a frequency range from 600 Hz to 900 Hz (in the
bandgap), and the magnitude decreases by up to near 60 dB
(averaging 20.36 Hz, 26.12 Hz, 23.96 Hz, and 19.19 Hz at
response points one and two, respectively). The average val-
ues are slightly larger than the simulation values, for which
the main reason is that we do not consider the effect of damp-
ing in the simulation and there are some losses of energy in
the experiment. So, the vibration reduction performance of
phononic crystal in the practical application is inferior to that
of simulation.

60 T T T T T T T T T T T
—experiment: steel4+phononic crystal
40 —simulation: steel4+phononic crystal

300 500 700 900 1100

Frequency/Hz

100

Fig. 12. (color online) Comparison between experimental results and simu-
lation results.

Figure 12 shows the comparison between the experimen-
tal results and the simulation results. We consider the case that
the incentive is at point one and the response is also at point

one. We can find that, before 900 Hz, the experimental results
accord well with the simulation results, especially at the peaks
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of the curve, while the values at the valley point present little
errors at some frequencies, which most likely is due to the ef-
fect of damping in the preparation of materials. The error is
slightly larger after 900 Hz, the reason is that when we use a
force-hammer to make an incentive, the energy concentrates
at low frequencies and we cannot collect the signals of high
frequency very well, so the error will become larger with the
increase of the frequency.

5. Parameter effect on bandgap

To further investigate the parameter effect of the honey-
comb phononic crystal on bandgap, the thickness ¢ of the plate
and the radius r and the height % of the column are changed
while the other parameters of the materials and the geomet-
ric structure are fixed. We choose the thickness ¢ varying from
3 mm to 11 mm and the height 4 varying from 6 mm to 30 mm.
Figure 13(a) shows that the width of the bandgap decreases as
the thickness increases, and, when # = 11 mm, the bandgap
disappears at the positions: # =6 mm and 2 = 30 mm. We
can easily find that the width of the bandgap is in a fluctuating
state when the thickness ¢ is kept unchanged and, at the height
h = 18 mm, the width of bandgap reaches a maximum value.
Figure 12(b) shows the effect of # and & on the lower edge of
bandgap, and from this figure we can also see that the lower
edge of bandgap reaches a minimum value when the height
h = 18 mm with the thickness ¢ are kept unchanged; of course,
it does not include the case where there is no bandgap.

(a)

400
300
200
100

Width of bandgap/Hz

(b)

1500
1000

500

0
0.009 0.024
0.005 0.012

t/m  0.00170 h/m

Lower edge frequency of bandgap/Hz

Fig. 13. (color online) Effect of t and 4 on (a) bandgap width and (b)
low edge of bandgap.

From what has been discussed above, if we need to
achieve a low frequency and wider bandgap of a honeycomb
phononic crystal, we should reduce the plate thickness prop-
erly and find the best column height.

We study the effect of radius of the column on bandgap
in this section. The thickness ¢ is kept at 3 mm and the height
h is kept at 18 mm. We change the radius r of the column
from 3 mm to 10 mm, the first bandgap is between the 13th
frequency and the 14th frequency. We can find from Fig. 14
that when the radius r increases, the 13th frequency has little
change and just wanders around 600 Hz, while the 14th fre-
quency has huge fluctuations, and the maximum value rises by
up to 900 Hz when the radius » = 8 mm. The result shows
that the column radius has little effect on the lower edge of the
bandgap, while it has a huge effect on the upper edge. So, we
can widen the bandgap as long as we choose an appropriate

column radius.

1100 T T T :
—e—the 13th frequency
10001 ——the 14th frequency
x 900} band gap
=
~
% 800r
=i
z
5 700
S
= 600 w
5001 1
W4 5 6 7 & 9 10
r/1073 m

Fig. 14. (color online) Effect of column radius on bandgap.

6. Conclusions

In this paper, we have designed a honeycomb phononic
crystal and calculated its bandgap by the FEM by noting that
it has good vibration reduction performance in a frequency
range of 600 Hz—900 Hz. We also analyze its vibration modes
and transmission characteristic, which fits well to the bandgap.
The simulation and corresponding experiment are also per-
formed. The simulation results of the frequency response
function of the system show that the honeycomb phononic
crystal could reduce the vibrating plate magnitudes by up to
60 dB (averaging 21.03 dB), while the rubber plate can de-
crease it only about 20 dB. However, the experimental results
(averaging 23.12 dB) are slightly larger than simulation re-
sults. The main reason for this is that the effect of damping
in the simulation is not taken into consideration and there are
some losses of energy in the experiment. In spite of this, the
experimental results have the same trend as the simulation re-
sults in a frequency range of 600 Hz—900 Hz. It can further be
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verified that this honeycomb phononic crystal has a perfect vi-
bration reduction performance in its bandgap, which can have
profound meaning for vibration reduction in practical applica-
tions. We also study the parameter effect on bandgap, and the
results show that the width of the bandgap decreases with the
thickness increasing and at the height 7 = 18 mm, the width
of bandgap reaches a maximum value, with the thickness kept
unchanged. In addition, we also find that the 13th frequency
has little change and just wanders around 600 Hz while the
14th frequency fluctuates a lot as the radius increases. So,
choosing the parameter appropriately can help us achieve a
lower frequency and wider bandgap.
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