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Novel three-dimensional (3D) continuously graded phononic crystals (CGPCs) have
been designed, and fabricated by 3D printing. Each of the CGPCs is an entity
instead of a combination of several other samples, and the porosity distribution of
the CGPC along the incident direction is nearly linear. The sound absorption char-
acteristics of CGPCs were experimentally investigated and compared with those of
uniform phononic crystals (UPCs) and discretely stepped phononic crystals (DSPCs).
Experimental results show that CGPCs demonstrate excellent sound absorption per-
formance because of their continuously graded structures. CGPCs have higher sound
absorption coefficients in the large frequency range and more sound absorption coef-
ficient peaks in a specific frequency range than UPCs and DSPCs. In particular, the
sound absorption coefficients of the CGPC with a porosity of 0.6 and thickness of
30 mm are higher than 0.56 when the frequency is 1350-6300 Hz and are all higher
than 0.2 in the studied frequency range (1000-6300 Hz). CGPCs are expected to
have potential application in noise control, especially in the broad frequency and
low-frequency ranges. © 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4965923]

I. INTRODUCTION

Phononic crystals (PCs) consist of periodic structures that are engineered to manipulate acous-
tic wave propagation.’:> Since PCs were first proposed by Kushwaha et al.,> much attention has
been devoted to PCs because of their substantial applications in waveguide,? sound attenuation,*
absorber,>® sound insulation,” acoustic lens,® enhanced inertia,” shield,'® filtering,'""'? sensor,'?
strong reflectors for surface acoustic waves,'*!% and microfluidic manipulations.!”-'® In addition,
PCs give rise to novel effects, such as negative refraction,'®?! negative birefraction,”” negative
elastic modulus,” and negative mass density.”*>

Continuously graded phononic crystals (CGPCs) and discretely stepped phononic crystals
(DSPCs) are special types of PCs with continuously graded or discretely stepped structures. CGPCs
possess designed continuous change in their structures and properties, whereas DSPCs possess step-
wise change.’~?® Research on gradient/graded PCs includes gradient-index acoustic lens,?”-2%-3!
acoustic focusing,>>3? and acoustic mirage.>* Several studies have been devoted to the sound absorp-
tion characteristics of PCs, and have indicated that PCs could be employed to expand the content of
sound absorption materials.>~3® To the best knowledge of the authors, no research has been conducted
on the sound absorption characteristics of CGPCs.

In this paper, three-dimensional (3D) CGPCs are designed to experimentally investigate the sound
absorption characteristics of CGPCs. The designed CGPCs, classified as solid—fluid (mixed) PCs,*”

aAuthor to whom correspondence should be addressed. Electronic mail: zgqu@mail.xjtu.edu.cn.
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are 3D lattice of air spheres immersed in a photosensitive resin background. The sound absorption
performance of CGPCs is compared with that of DSPCs and uniform phononic crystals (UPCs), and
CGPCs can be potentially applied in noise control.

Il. MATERIALS AND METHODS

The 3D CGPCs are fabricated with photosensitive resin by means of 3D printing [Fig. 1(a)].
In previous studies,>!' 1192238 the inclusions of PCs are solid and the backgrounds are fluid. By
contrast, the backgrounds of the present CGPCs are solid and the inclusions are fluid, and these
CGPCs are porous cylinders with continuously graded structures. Hence, the airborne inclusions
are regarded as unit cells. The CGPCs possess another two characteristics: (1) each of the CGPCs
is an entity instead of a combination of several other samples like DSPCs; (2) the porosity dis-
tribution of the CGPC along the incident direction is nearly linear. Fig. 1(b) shows the local
structures of the CGPCs. The gradient of PCs is defined as the absolute value of the ratio of the
change in porosity over the change in dimensionless thickness along the incident direction. And
the dimensionless thickness is the ratio of the depth in the propagation direction over the total
sample thickness. The porosity of the CGPC is altered by changing the pore diameter. Fig. 1(c)
shows the variation in porosity and pore diameter along the incident direction of a CGPC, indi-
cating that the lattice constants of CGPCs are within the homogenization limit (propagation wave-
length A > 4a, where a is the lattice constant).>>33 UPCs are designed for reference. They are
porous cylinders with uniform, periodic structures and produced using 3D printing [Fig. 2(a)].
The local structures and the variation in porosity and pore diameter along the incident direction
of the UPC are constant, as illustrated in Figs. 2(b) and 2(c), respectively. Tables I and II show
the geometric parameters, total porosity, and gradient of the CGPCs and UPCs, respectively, where
the total porosity is defined as the total volume average of porosity over the entire sample thick-
ness. For simplicity, CGPC-0.5-20 mm represents the CGPC sample with a total porosity of 0.5
and 20 mm in thickness. DSPCs, which are also designed for reference, comprise three UPC layers
[Fig. 3(a)]. The schematic of the assembly of the DSPC is shown in Fig. 3(b), and the sequences
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FIG. 1. CGPC with a sample diameter of 29.8 mm and a thickness of 30 mm. (a) Digital image, (b) local structures,
and (c) variation in porosity and pore diameter along the incident direction. The red arrow is along the incident direction.
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FIG. 2. UPC with a sample diameter of 29.8 mm and a thickness of 30 mm. (a) Digital image, (b) local structures,
and (c) variation in porosity and pore diameter along the incident direction. The red arrow is along the incident direction.

of the assembly of DSPCs are presented in Table III. The UPCs for the assembly of DSPCs are
presented in Table IV. According to A > 4a and ¢ =f A, one structure is in the homogenization limit
if ¢ > 4af. The DSPC-0.5-30 mm is taken for example. The sample DSPC-0.5-30 mm comprises
UPC-0.4-10 mm, UPC-0.5-10 mm, and UPC-0.6-10 mm. The UPC-0.6-10 mm has the largest unit
cell among the three UPCs. If the UPC-0.6-10 mm is in the homogenization limit with consideration
of the largest measured frequency 6300 Hz, the sample DSPC-0.5-30 mm can be considered in the
homogenization limit. The unit cell of the UPC-0.6-10 mm is arranged in a cube lattice with the length
of 1.8 mm, the width of 1.8 mm, and the height of 1.6 mm. So, the largest lattice constant a is consid-
ered 1.8 mm. Hence, the sound speed for homogenization limit is ¢ > 45.36 m/s which is one order
smaller than sound speed 343 m/s for air. Therefore, the DSPC-0.5-30 mm is in the homogenization
limit.

A material with a sound absorption coefficient that is larger than 0.2 is considered a sound
absorption material, and a material with a sound absorption coefficient that is larger than 0.56
is considered an efficient sound absorption material.*>*! In this experiment, the SW Type-477
impedance tube (BSWA Technology Co. Ltd, Beijing), using the standard procedure detailed in

TABLE I. Geometric parameters, total porosity, and gradient of CGPCs.

Sample No. Description Total porosity Sample diameter (mm) Thickness (mm) Gradient®
CGPC-1 CGPC-0.4-20 mm 0.4 29.8 20 0.34
CGPC-2 CGPC-0.4-30 mm 0.4 29.8 30 0.38
CGPC-3 CGPC-0.5-20 mm 0.5 29.8 20 0.35
CGPC-4 CGPC-0.5-30 mm 0.5 29.8 30 0.39
CGPC-5 CGPC-0.6-20 mm 0.6 29.8 20 0.16
CGPC-6 CGPC-0.6-30 mm 0.6 29.8 30 0.17

In this paper, the gradient is the absolute value of the ratio of the change in porosity over the change in dimensionless thickness
along the incident direction.
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TABLE II. Geometric parameters, total porosity, and gradient of UPCs.

Sample No. Description Total porosity Sample diameter (mm) Thickness (mm) Gradient
UPC-1 UPC-0.4-20 mm 0.4 29.8 20 0
UPC-2 UPC-0.4-30 mm 0.4 29.8 30 0
UPC-3 UPC-0.5-20 mm 0.5 29.8 20 0
UPC-4 UPC-0.5-30 mm 0.5 29.8 30 0
UPC-5 UPC-0.6-20 mm 0.6 29.8 20 0
UPC-6 UPC-0.6-30 mm 0.6 29.8 30 0

ISO 10534-2:1998,* is applied to measure the sound absorption coefficients of PCs. The exter-
nal diameter of the measured PC is 29.8 mm with consideration of tolerance, whereas the internal
diameter of the SW Type-477 impedance tube is 30 mm. The measured frequency range is 1000
—6300 Hz. The side with large pores along the incident direction should be oriented to the sound source
of the SW Type-477 impedance tube during the measurement of sound absorption coefficients of
CGPCs.

(a)
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UPC-0.5-10 mm

UPC-0.5-10 mm

FIG. 3. DSPC comprising UPC-0.5-10 mm, UPC-0.6-10 mm, and UPC-0.7-10 mm. (a) Digital image; red lines are
applied to distinguish the boundaries, and (b) schematic of the DSPC assembly. The red arrow is along the incident direction.
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TABLE III. Assembling sequences of DSPCs.

Sample No. Description First layer Second layer Third layer
DSPC-1 DSPC-0.4-20 mm UPC-S1 UPC-S3 UPC-S5
DSPC-2 DSPC-0.4-30 mm UPC-S2 UPC-S4 UPC-S6
DSPC-3 DSPC-0.5-20 mm UPC-S3 UPC-S5 UPC-S7
DSPC-4 DSPC-0.5-30 mm UPC-S4 UPC-S6 UPC-S8
DSPC-5 DSPC-0.6-20 mm UPC-S5 UPC-S7 UPC-S9
DSPC-6 DSPC-0.6-30 mm UPC-S6 UPC-S8 UPC-S10

Note that the third layer is the closest to sound source.

TABLE IV. Geometric parameters, porosity, and gradient of UPCs for the assembly of DSPCs.

Sample No. Description Porosity Sample diameter (mm) Thickness (mm) Gradient
UPC-S1 UPC-0.3-6.7 mm 0.3 29.8 6.7 0
UPC-S2 UPC-0.3-10 mm 0.3 29.8 10 0
UPC-S3 UPC-0.4-6.7 mm 0.4 29.8 6.7 0
UPC-S4 UPC-0.4-10 mm 0.4 29.8 10 0
UPC-S5 UPC-0.5-6.7 mm 0.5 29.8 6.7 0
UPC-S6 UPC-0.5-10 mm 0.5 29.8 10 0
UPC-S7 UPC-0.6-6.7 mm 0.6 29.8 6.7 0
UPC-S8 UPC-0.6-10 mm 0.6 29.8 10 0
UPC-S9 UPC-0.7-6.7 mm 0.7 29.8 6.7 0
UPC-S10 UPC-0.7-10 mm 0.7 29.8 10 0

lll. SOUND ABSORPTION PERFORMANCE AND DISCUSSION

Six sets of experiments are performed to investigate the sound absorption performance of CGPCs.
The sound absorption coefficients of the UPC, DSPC, and CGPC are measured at different total
porosities and thicknesses. The total porosity values are 0.4, 0.5, and 0.6. The thicknesses are 20 and
30 mm.

Fig. 4(a) shows the sound absorption coefficients of the UPC, DSPC, and CGPC with a total
porosity of 0.4 and thickness of 20 mm. The sound absorption coefficients of the three structures are
all less than 0.2 at a frequency of less than 1700 Hz. This result implies that the sound absorption
performance at a low-frequency range can still be improved. The peak values of the sound absorption
coefficients are 0.94 (at 2900 Hz), 0.98 (at 3700 Hz), and 0.96 (at 3300 Hz) for UPC-0.4-20 mm,
DSPC-0.4-20 mm, and CGPC-0.4-20 mm, respectively. The frequency ranges corresponding to the
sound absorption coefficients that are higher than 0.56 for UPC-0.4-20 mm, DSPC-0.4-20 mm, and
CGPC-0.4-20 mm are 2350-3600, 2900-6300, and 26004150 plus 5800-6300 Hz, respectively.

When the total porosity increases from 0.4 to 0.5 and 0.6 at a fixed thickness of 20 mm, the results
are comparable with those shown in Figs. 4(a), 4(b), and 4(c). The peak value of UPC decreases from
0.94 (at 2900 Hz) to 0.81 (at 3100 Hz) and then to 0.72 (at 3300 Hz). The peak value of DSPC
decreases from 0.98 (at 3700 Hz) to 0.79 (at 3550 Hz) and then to 0.7 (at 4100 Hz). The sound
absorption characteristics of CGPC are augmented significantly. In particular, the two peaks for
CGPC-0.6-20 mm are 0.98 (at 2300 Hz) and 0.97 (at 5300 Hz). The turning point frequency, below
which the absorption coefficient is less than (0.2, decreases to 1380 Hz for CGPC-0.6-20 mm. The
frequency ranges, above which the sound absorption coefficients are above 0.56, are broadened
(1800-3000 Hz plus 4400-6300 Hz).

When the thickness varies from 20 mm to 30 mm, as shown in Fig. 4(d), the sound absorp-
tion coefficient peaks of UPC-0.4-30 mm, DSPC-0.4-30 mm, and CGPC-0.4-30 mm all shift to
lower frequency due to the increase of the flow resistance and the sound dissipation.*> The sound
absorption coefficients of DSPC-0.4-30 mm and CGPC-0.4-30 mm are higher than those of UPC-
0.4-30 mm when frequency increases from 2200 Hz to 5600 Hz. The sound absorption performances
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FIG. 4. Sound absorption coefficients of (a) UPC-0.4-20 mm, DSPC-0.4-20 mm, and CGPC-0.4-20 mm; (b) UPC-
0.5-20 mm, DSPC-0.5-20 mm, and CGPC-0.5-20 mm; (c) UPC-0.6-20 mm, DSPC-0.6-20 mm, and CGPC-0.6-20 mm;
(d) UPC-0.4-30 mm, DSPC-0.4-30 mm, and CGPC-0.4-30 mm; (e) UPC-0.5-30 mm, DSPC-0.5-30 mm, and CGPC-0.5-
30 mm; and (f) UPC-0.6-30 mm, DSPC-0.6-30 mm, and CGPC-0.6-30 mm.

in the low-frequency range for UPC, DSPC, and CGPC all improve compared with that of their
20 mm-thick counterparts. In addition, the sound absorption performance in the high-frequency
range greatly extended for CGPC and DSPC. The frequency ranges corresponding to an absorption
coefficient that is higher than 0.56, are 1400-2300 Hz plus 5500-6300 Hz for UPC-0.4-30 mm,
1880-6000 Hz for DSPC-0.4-30 mm, and 2100-3600 Hz plus 4800-6300 Hz for CGPC-0.4-30 mm.
The comparison results imply that an increase in thickness improves sound absorption performance.
A similar improvement can be found in CGPC and DSPC with an increase in thickness at the total
porosity of 0.5 and 0.6 compared with Figs. 4(b) and 4(e), and Figs. 4(c) and 4(f), respectively. In par-
ticular, CGPC-0.6-30 mm has the most superior sound absorption performance at a sound absorption
coefficient of over 0.56 in a wide frequency range [Fig. 4(f)]. The values of the two sound absorption
peaks are 0.99 and 0.97. The high sound absorption coefficients (higher than 0.56) are obtained when
the frequency is higher than 1350 Hz and the sound absorption coefficients are all higher than 0.2
in the studied frequency range. Generally, CGPC-0.6-20 mm and CGPC-0.6-30 mm both have two
peaks, whereas DSPC-0.6-20 mm, DSPC-0.6-30 mm, UPC-0.6-20 mm, and UPC-0.6-30 mm have
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one peak within the measured frequency range (1000-6300 Hz). These results suggest that CGPCs
display more sound absorption coefficient peaks at a specific frequency range than UPCs and DSPCs,
and hence more significant broadband sound absorption performance.

The excellent sound absorption performance of CGPCs mentioned above may be attributed
to the nearly linear porosity distribution along the incident direction caused by the continuously
graded structures. Common sound absorption materials include porous sound absorption materials
and resonant sound absorption materials.** In porous sound absorption materials, the incident acoustic
energy is primarily converted into heat due to viscous and thermal losses at the walls of the interior
pores and tunnels. It is a feasible measure to improve sound absorption coefficients by letting as
much incident waves as possible propagate into sound absorption materials. The large pores close
to the sound source make acoustic waves easy to propagate into CGPCs, and thus the materials
have less reflection and more propagated acoustic energy. The Johnson-Champoux-Allard model
(JCA model)** has been adopted to simulate the acoustic wave propagation and estimate the
performance of traditional porous materials,*’*® and five parameters (i.e. porosity, flow resistivity,
tortuosity, characteristic viscous length and characteristic thermal length) are needed in the JCA
model. However, the porosity in the JCA model is considered uniform, so all these five parameters
can not reflect the porosity distribution of the CGPC when the porosity of the sample is not uniform.
Development of the JCA model can be a challenge for future work.

The difference between the CGPC and the traditional resonant sound absorption material is
caused by gradually changing the pore diameter in CGPCs as well. Helmholtz resonators might play
a role in the demonstration of the sound absorption characteristics of the CGPCs. The CGPCs may
have more resonators due to different pore diameters, which result in two sound absorption peaks
of the CGPC with 20 mm in thickness, whereas the UPC and DSPC only have one peak when the
sample thickness is 20 mm (Fig. 4).

The continuously graded configuration of the structures and the complicated acoustic propagation
path of CGPCs assist in the dissipation of more energy, thus resulting in superior sound absorption
performance. However, the mechanism of strong acoustic absorption in the CGPCs needs to be further
investigated, because the size of the pore is variational along the incident direction.

IV. CONCLUSIONS

In summary, novel 3D CGPCs are designed and fabricated with photosensitive resin by means of
3D printing. The sound absorption performance of CGPCs is experimentally studied and compared
with that of UPCs and DSPCs. Experimental results show that, compared with UPCs and DSPCs,
CGPCs demonstrate more efficient sound absorption performance at a large frequency range, a better
sound absorption performance at a low-frequency range, and possibly a greater number of sound
absorption peaks at a specific frequency range. In particular, the sound absorption coefficients of
CGPC-0.6-30 mm are higher than 0.56 at 1350-6300 Hz, and are all higher than 0.2 in the studied
frequency range (10006300 Hz). CGPCs may have potential application in noise control, especially
at broad and low-frequency ranges.
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