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Abstract 

The purpose of this paper is the generalization of structure factor for rods by polygon section in two dimensional 
phononic crystals. If we use the plane wave expansion method (PWE) for the propagation of acoustic waves in 2D 
phononic crystals, structure factor will be an important quantity. In order to confirm the obtained relations, we 
have calculated the band structure for XY and Z vibration modes in 2D phononic crystals and the propagation of 
bulk acoustic waves (BAW) are considered. In addition, the effect of sides’ number on the band structure and the 
complete band gaps width are investigated. Phononic crystals studied in this paper are composites medium of a 
square lattice consisting of parallel nickel rods embedded in epoxy. The frequency is calculated by PWE in the 
condition of elastic rigidity to the solid inclusions. The results showed that, when the section of rods have 2n+2 (n 
is even) and 2n+1ሺn א Nሻ by increasing sides number of the rod sections, the bands of XY mode shift to lower-
frequency, the bands are smoother and the width of the band gap increases, but the band of Z mode has not 
changed by n variations. Moreover, when the section of rods have 2n+2 (n is odd) by increasing sides number of 
rod sections, the band structure of XY mode changes slightly and the width of the complete band gap is decreased. 
This confirms the effect of lattice symmetry on the complete band gap width. But, the band structure of Z mode 
has not changed. 
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1. Introduction 

Elastic wave propagation in periodic structures has 
been the subject of intensive researches and it has 
received a great deal of attention during the past 
two decades [1-7]. These periodic structures, 
phononic crystals, are also called the elastic band 
gap (EBG) materials. These inhomogeneous elastic 
media are composed of one [8, 9], two [1, 10, 11], 
or three [12, 13] dimensional periodic arrays of 
inclusions embedded in a matrix. Due to their 
periodic structure, these materials may exhibit 
under certain conditions, absolute acoustic band 
gaps, i.e. forbidden bands which are independent of 
the propagation direction of the incident elastic 
wave. Because of this property, these structures 
have extensive practical applications, for instance, 
in the construction of sound shields and filters [14-
19], in the refractive devices such as sound-wave 
focusing acoustic lenses [20, 21]. Also, they are 
used in the selective frequency waveguides [22]. In 
view of these applications, it is important to know 
how to design structures with the phononic gap as 
wide as possible. Besides the physical properties of 
the PC crystal component materials, the phononic  
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gap width is found to depend strongly on the lattice 
symmetry, as well on the scatter shape [23, 24].  

The phononic crystal solid/solid materials in two-
dimensional are composed of periodic arrays of 
rods inclusions, under the assumption of wave 
propagation in the plane perpendicular to the axis 
rods. In this case, the vibration modes decouple in 
the mixed-polarization modes (XY) with the elastic 
displacement u perpendicular to the rod axes and in 
the transverse modes (Z) with u parallel to the 
inclusions. To reveal wide acoustic band gaps, we 
first require a large contrast in physical properties, 
such as density and speed of sound, between the 
inclusions and the matrix, next, a sufficient filling 
factor of inclusions [25]. 

In this paper, we generalize structure factor for 
rods by polygon section in two-dimensional 
phononic crystals. Also, the wave propagation of 
bulk acoustic is studied in square array of Nickel 
rods with polygon section embedded in epoxy. We 
reviewed formulation of plane wave method for 
elastic waves propagating in two-dimensional 
phononic crystal. Moreover, we calculate the band 
gap for XY and Z vibration modes, and the effect of 
sides number on the band structure and band gaps 
are investigated.  
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2. Theory 

The behavior of elastic waves propagating in a solid 
can be described by equation of motion, and can be 
obtained by considering the stresses acting on a 
volume element. Application of Newton’s laws 
gives,  
 

ߩ
డమ௨
డ௧మ

ൌ ∑ డ்ೖ
డೖ

,                                                    (1) 
 

Here	ߩ, ui, ܶ and rk are mass density, component 
of displacement vector, component of stress tensor 
and the position vector, respectively. The 
component of stress tensor is given as: 
 
ܶ ൌ ∑ ܿݑ, .                                                (2) 

 
Here ܿ is elastic stiffness tensor. By 

considering the eigenfrequencies and normal mode, 
equation (1) may be written as [26], 
 
߱ߩൣ

ଶߜ െ ܿ݇ ݇൧ࢋሺ݇ሻ ൌ 0.                           (3) 
 

Here ߱ is eigenfrequency for wave vector k. By 
using Voiget notation and cubic symmetry, we have 
three elastic constants ܿଵଵ, ܿଵଶ and	ܿସସ. Due to the 
spatial periodicity of the phononic structure, the 
material constant ߩሺݎሻ and ܿሺݎሻ are periodic 
functions of the position. It means that ρ and C are 
functions of the coordinates x and y where the z 
axis defines the direction of the rod axis. Then we 
can expand in the Fourier series with respect to 
two-dimensional reciprocal lattice vector 
 
ρሺܚሻ ൌ ∑ ρሺ۵ሻ expሺi۵. ሻܚ ,G                                   (4) 
 
and  
 
C୧୨ሺܚሻ ൌ ∑ C୧୨ሺ۵ሻexp	ሺi۵. ሻGܚ .                               (5) 
 

Where r is the position vector of components x 
and y and G= (G1, G2) are the reciprocal lattice 
vectors in the xoy plane. The Fourier coefficients 
ρሺ۵ሻ and C୧୨ሺ۵ሻ take the forms 
 
ρሺ۵ሻ ൌ

ଵ

A
∬dଶr	ρሺܚሻ	exp	ሺെi۵.  ሻ,                       (6)ܚ

 
and 
 
C୧୨ሺ۵ሻ ൌ

ଵ

A
∬dଶr	C୧୨ሺܚሻ	exp	ሺെi۵.  ሻ.                   (7)ܚ

 
The structure factor is defined as follows: 
 
FG ൌ

ଵ

A
∬dଶ r expሺെi۵.  ሻ,                                   (8)ܚ

 
here A is Unit cell area. If one of the denominators 
of FG	goes to zero, Eq. (4) and (5) will give the 
average density and elastic constant 

 
ρG ൌ ρത ൌ ρAf  ρBሺ1 െ fሻ,                                   (9) 
 
and 
 
C୧୨G ൌ Cనതതത ൌ C୧୨

Af  C୧୨
Bሺ1 െ fሻ.                         (10) 

 
Otherwise, Eq. (4) and (5) may be written as 
 
ρG ൌ ሺρA െ ρBሻFG                                              (11) 
 
and  
 
C୧୨G ൌ ൫C୧୨

A െ C୧୨
B൯FG.                                       (12) 

 
Where f is filling fractions and mass density ρA 

and the elastic constants C୧୨
A are considered inside 

the rods and	ρB and C୧୨
B in the background. 

The structure factor for polygon section of filled 
inclusion will be as follows: 
i) For polygons, in which the number of sides is 

2n+1 ሺn א Nሻ 
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Where,  
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         (14) 

 
In the above sum, if i+1>n, it will take i+1=n.  

ii) For polygons in which the number of sides is 
2n+2 (n is even) 
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Where, 
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iii) For p

2n+2 
 

ܨீ ൌ
4	si

	
ଵ

మீ
∑ሺ
ୀ

1ሻሺ
గ

ଶ
 ሻߠ

ݏܿ	 ቆܩ௬s

2݅ሻ ቀ
గ

ଶ


ሺ݅ െ 1ሻߠቁ

ݏܿ ቆܩ௬s

2݅ሻ ቀ
గ

ଶ


 
Where 
 

݉ ൌ
ୱ୧୬ቂ

ୡ୭ୱቂ

 

 
 

The ban
polygon 
shown in
relation is
along X 
Fig. 1(b
acoustic 
crystal. B
seen that
sections, 
bands sh
Furtherm
increases
formed b
Fig. 1(c),
the fifth 
effects on
band gap
and (d), it
propagati
for n vari
 

polygons in w
(n is odd) 

in	ሺܩݎߠ2݊݅ݏሻ
ܽଶܩ

ቊ
ଶ

ሺீିீ
ିଵሻ ଶ⁄
ଵ

ሻ൰ െ ݊݅ݏܩ ൬ሺ

sin ቀሺ݊ െ 2݅ሻ

ቁ൰ቇߠ ݎ 		
ሺீ

ቁ  ݏܿܩ ቀ݅
గ

sin ቀሺ݊ െ 2݅ሻሺ

ቁ൰ቇߠ        ቋݎ

ቂሺଶିଵሻሺ
ഏ
మ
ାఏሻቃାୡ

ቂሺଶିଵሻሺ
ഏ
మ
ାఏሻቃାୱ

T

Materia
Ni 
epoxy 

nd structure f
section 2n+2

n Fig. 1. In Fig
s plotted for th
and Y with s
) and (d) a
wave along 

By comparing
t by increasin
the band str

hift to lower-f
more, the widt

. In Fig. 1(a
between the si
, the complete
and sixth ba

n the location
p can be predi
t can be seen 
ion acoustic w
iations.  

which the num

ሻsin	ሺܩݎ௬ܿ2ݏ

ܩ௬

ீሻ
ቈെܿݏ ቆܩ௬

ሺ2݅ െ 1ሻሺ
గ

ଶ


ሺ
గ

ଶ
 ሻቁߠ െ ܩ

ଶ

ீାீሻ
ቈܿݏ

గ

ଶ
 ሺ݅ െ 1ሻߠቁ

ሺ
గ

ଶ
 ሻቁߠ  ܩ

                      

୭ୱቂሺିଶሻቀ
ഏ
మ
ାఏቁቃ

ୱ୧୬ቂሺିଶሻቀ
ഏ
మ
ାఏቁቃ

Table 1. The ela

al ρሺkg mଷ⁄ ሻ
8905 
1180 

for the phonon
2 sides (n=2
g. 1(a) and (c
he propagatio
section 6 and 
are shown t

Z for the 
g Fig. 1(a) an
ng sides num
ructure chang
frequency and
th of the com
), the comple
ixth and seve
e band gap is 
and. So the n
n and width o
cted. By com
that the band 

wave along Z 

mber of sides

ሻߠ2
 

௬ܿݏ ൬ሺ2݅ െ

ሻ൰ቇߠ ݎ 

cos ൬ሺ݊ െ

൬ܩ௬݊݅ݏ ቀ݅
గ

ଶ


ቁ൰ ݎ െ

cos ൬ሺ݊ െ

                  (1

ቃ

ቃ
.                (18

astic properties 

ሻ CଵଵሺN mଶ⁄
32.4 
0.758 

nic crystals w
2 and n=12) 
), the dispersi

on acoustic wa
26 sides. Al

the propagati
same phonon

nd (c) it can 
mber of the r
es slightly. T
d are smooth

mplete band g
ete band gap 
enth band but 
formed betwe

number of sid
of the comple

mparing Fig. 1(
structure for t
has not chang

       

s is 



17) 

8) 

θൌ
ci

3.

C
fo
po
sh
ar
ro
ga
ci
fr
fo
1m
in
th
co
pa
an
 
 

 
of the material

ଶሻ10ଵ Cଵଶሺ
16.4
0.44

with 
is 

ion 
ave 
so, 
ion 
nic 
be 

rod 
The 
her. 
gap 
 is 
in 

een 
de 
ete 
(b) 
the 
ged 

 

In the above
ൌ 90 െ 180

rcle of a polyg

. The method

alculations we
or the prop
olarization (lo
hear vertical m
re composed o
ods in epoxy. 
ap, the ratio o
rcle radius of
om 0.05 to 0

ound to be a
mm. The rod
nfinitely rigid 
he reciprocal 
onvergence o
arameter valu
nd epoxy) are 

s utilized in com

ሺN mଶ⁄ ሻ ൈ 10
4 
42 

                IJ

e sum,	Σୀଵ
  is

 ݊⁄  and r is r
gon.  

of calculatio

ere performed
pagation of 
ongitudinal an
modes in 2D p
of a 2D perio
To create the

of the rod rad
f a polygon) to
0.5 and the be
about 0.4. Th
ds made of N
solid. The cho
lattice for th
f the eigenfr
es in all the m
specified in T

mponent materi

ଵ CସସሺN m⁄
8 
0.148 

IJST (2013) 37A4

s equal to ze
radius of circu

on and results

d with the PW
(BAW) fo

nd shear horiz
phononic cryst
odic square ar
e widest comp
dius (the circu
o lattice const
est filling fra

he lattice par
Ni are assum

hoice of 1681 
he computatio
requency. The
materials invo

Table 1 [27]. 

ial 

mଶሻ10ଵ 

: 457-462 

ero, where 
umscribed 

s 

WE method 
or mixed 
ontal) and 
tals. These 
rray of Ni 
plete band 
umscribed 
tant varies 
action was 
rameter is 

med as an 
vectors of 

on ensures 
e material 
olved (Ni 



IJST (2013)

 

 
Fig. 1. The
crystals co
is even) se
mode, (c) 

) 37A4: 457-462 

e band structur
onsisting of Ni 
ection, (a) n=2
n=12 and XY m

                      

e in direction M
rod in epoxy w

2 and XY mode
modes, (d) n=12

                     

MXГ for phono
with 2n+2 sides
es, (b) n=2 and
2 and Z mode 

                      

 

 

 

 

onic 
s (n 
d Z 

po
sh
re
w
co
in
ch
ga
ar
fo
sy
th
of
A
ac
cr
th
w
re
cr
ar
co
 

                     

The band st
olygon sectio
hown in Fig. 1
elation are pl

wave along X a
omparing the
ncreasing the 
hanges slightly
ap is decrease
re square, the
ormed. This 
ymmetry on th
he previous ca
f the band gap

Also, Fig. 1(b
coustic wave 
rystal. By com
hat the band 

wave along Z h
esults of the 
rystals in whic
re similar to 
orroborate oth

                     

ructure for p
n 2n+2 sides

1. In Fig. 2(a)
lotted for the
and Y with sec
se figures, o
number of sid
y and the widt
ed, i.e. in this
e widest comp

confirms t
he complete b
ase when n go
p is less than 
b) and (d) s

along Z fo
mparing these
structure for

has not change
band struct

ch the section 
the results of

hers’ results [3

                     

phononic cry
s (n=1 and n
) and (c), the 
e propagation
ction 4 and 24
one can find
ides, the band
th of the comp
s case, if rod
plete band ga
the effect o

band gap width
oes to infinite,
n the width in 
show the pr

or the same 
e figures, on
r propagation
ed for n varia
ture for the 
of rods have 

f Fig. 1. The
0]. 

 
 

         460 

stals with 
n=11) are 
dispersion 
n acoustic 
4 sides. By 
d that by 
d structure 
plete band 

ds sections 
ap will be 
of lattice 
h. Even in 
the width 
this case. 

ropagation 
phononic 

ne can see 
n acoustic 
ations. The 

phononic 
2n+1 side 

ese results 

 

 



 
 
 
461 

 
Fig. 2. The
crystals co
is odd) se
mode, (c) 

4. Conclu

In this pa
rods by 
phononic
vibration 
crystals w
propagati
considere
on the ba
width wa
when the
2n+1ሺn א
sections, 
frequency
the band
effects on
gap can b
has not c
the secti
increasing
structure 
width of 
confirms 

e band structur
onsisting of Ni 
ection, (a) n=3 
n=11 and XY m

usion 

aper, we gener
polygon se

c crystals. The
modes in 

with square 
ion of bulk 
ed. In addition
and structure 
as investigate
e section of ro
א Nሻ by increa

the bands o
y, the bands a

d gap increase
n location and
be predicted. H
changed for n
ion of rods 
g sides numb
 of XY mo
the complete
the effect o

e in direction M
rod in epoxy w
and XY mode

modes, (d) n=11

ralized the stru
ection in tw
en, the band ga

two dimens
lattice were 
acoustic wav
n, the effect o

and the com
ed. The resul
ods have 2n+2
asing sides nu

of XY mode 
re smoother, a
es. So the nu
d width of the
However, the 
n variations. M

have 2n+2(
ber of rod sec
de changes s

e band gap is 
of lattice sym

 

MXГ for phono
with 2n+2 sides
es, (b) n=3 and
1 and Z mode 

ucture factor f
wo dimension
ap for XY and
ional phonon
calculated. T

ves (BAW) w
of sides’ numb
mplete band g

ts showed th
2(n is even) a
umber of the r

shift to low
and the width 
umber of sid
e complete ba
band of Z mo

Moreover, wh
(n is odd) 
ctions, the ba
slightly and t
decreased. Th

mmetry on t

       

  

onic 
s (n 
d Z 

for 
nal 
d Z 
nic 

The 
was 
ber 
gap 
hat, 
and 
rod 

wer-
h of 
de 
and 
ode 
hen 
by 

and 
the 
his 
the 

co
Z 

R

[1

[2

[3

[4

[5

[6

[7

[8

[9

[1

[1

[1

[1

[1

[1

 

omplete band 
mode has not

References 

] Kushwaha, 
Djafari-Rouha
periodic elasti
2025. 

2] Kafesaki, M
Frequency Mo
Guides in Ela
Rev. Lett. 85, 4
] Deymier, P.
Dobrzynski, L
and Theoretica
Acoustic Ban
Phononic Crys

4] Zhang, X. D. 
of acoustic 
crystals. Appl. 
] Ke, M. Z., Li
J., Wen, W. J. 
imaging with
Phys. Rev., B 7

6] Feng, L., Liu
F., Mao, Y. W
N. B. (2006)
Refractions in
Phys. Rev. Let

7] Ke, M. Z., Li
Z. G., Shi, J., Z
directional a
asymmetrical 
resonant cavity
] Djafari-Rou
Duparc, O., Ca
Sagittal elasti
superlattices, P

9] Dowling, J. P
with periodic 
91, 2539-2543
0] Sigalas, M.
structure of ela
Solid State Com
1] Vasseur, J. 
Kushwaha, M
acoustic band
composite mat
some metallic 
8759.  
2] Kafesaki, M
(1995). Elasti
Polymer Matri
285-289. 
3] Kushwaha 
Complete aco
spherical liqui
3195. 
4] Chen, Y. 
Attenuation b
Cylinders, Phy
5] Chen, Y. Y
of acoustic st

               IJ

gap width. Bu
t changed. 

M. S., Halevi
ni B. (1993). A
c composites. P

., Sigalas, M. 
odulation in the
astic-Wave Ba
4044-4047. 
 A., Chenni, 

L. & Prevost, 
al Evidence for 
nd Gaps in 
stals, Phys. Rev
& Liu, Z. Y. (2
waves in tw
Phys. Lett., 85,
iu, Z. Y., Qiu, 
& Sheng, P. (2

h two-dimensi
72, 064306-064
, X. P., Lu, M. 

W., Zi, J., Zhu, Y
). Acoustic B

n the Second B
t., 96, 014301-0
iu, Z. Y., Pang,
Zhao, X. Z. W. 
acoustic wave

two-dimensio
y. Appl. Phys. L
hani, B., Dob
amley, R. E. & 
c waves in in

Phys. Rev., B 28
P. (1992). Soni
density variati
. 
M. & Econom

astic waves in 
mmun. 86, 141-
O., Djafari-Rou

M. S. & alev
d gaps in p
terials: the carb
systems. J. Ph

M., Sigalas, M.
c Wave Band
ix Composites. 

M. S. & Dja
oustic stop ban
id balloons. J.

Y. & Zhen
by Two-Dimen
ys. Rev. Lett., 87
., Zhen Ye. (20
top bands in t

JST (2013) 37A4:

ut, the band st

i, P., Dobrzyn
Acoustic band s
Phys. Rev. Lett

M. & Garcia, 
e Transmittivit

and-Gap Mater

B., Djafari-Ro
D. (2001). Ex
the Existence o
Two-Dimensio

v. Lett. 86, 3012
2004). Negative

wo-dimensional 
, 341-343. 
C. Y., Wang, W

2005). Negative
ional phononic
4310. 
H., Chen, Y. B

Y. Y., Zhu, S. N
Backward-Wave
Band of a Son
014304. 
, P., Wang, W. 
& Wen, J. (200

e radiation 
onal phononi
Lett., 88, 26350
brzynski, L., 
Maradudin, A.

infinite and se
8, 1711-1720. 
ic band structu
ions. J. Acoust

mou, E. N. (19
two dimension
-143. 
uhani, B., Dobr

vi, P. (1994). 
periodic fibre 
bon/epoxy com
hys.: Condens. 

. M. & Econom
d Gaps in 3-D
Solid State Co

afari-Rouhani, 
nds for cubic

J. Appl. Phys., 

n Ye. (2001).
nsional Arrays
7, 184301-1843
001). Theoretic
two-dimension

: 457-462 

tructure of 

nski, L. & 
structure of 
t. 71, 2022-

N. (2000). 
ty of Wave 
rials. Phys. 

ouhani, B., 
xperimental 
of Absolute 
onal Solid 
2-3015. 
e refraction 

phononic 

W. G., Shi, 
e-refraction 
c crystals. 

B., Chen, Y. 
N. & Ming, 
e Negative 
nic Crystal. 

G., Cheng, 
06). Highly 
based on 
ic crystal 
5-263507. 
Hardouin-

. A. (1983). 
emi-infinite 

re in fluids 
t. Soc. Am. 

993). Band 
nal systems. 

rzynski, L., 
Complete 
reinforced 

mposite and 
Matter., 6, 

mou, E. N. 
D Periodic 

ommun., 96, 

B. (1996). 
arrays of 
80, 3191-

. Acoustic 
s of Rigid 
304. 
cal analysis 
al periodic 



 
 

IJST (2013) 37A4: 457-462                                                                                                                                           462 
 

scattering arrays, Phys. Rev. E 64, 036616-036621. 
[16] Caballero, D., Sanchez-Dehesa, J., Martnez-Sala, R., 

Rubio, C., Sanchez-Perez, J. V., Sanchis, L. & 
Meseguer, F. (2001). Suzuki phase in two-dimensional 
sonic crystals, Phys. Rev. B 64, 064303-064307. 

[17] Sanchis, L., Cervera, F., Sanchez-Dehesa, J., 
Sanchez-Perez, J. V., Rubio, C. & Martinez-Sala, R. 
(2001). Reflectance properties of two-dimensional 
sonic band-gap crystals. J. Acoust. Soc. Am., 109, 
2598-2605. 

[18] Liu, Z., Zhang, X., Mao, Y., Zhu, Y., Yang, Z., 
Chan, C. T. & Sheng, P. (2000). Locally Resonant 
Sonic Materials, Science, 289, 1734-1736. 

[19] Torres, M., Montero de Espinosa, F. R. & Aragon, J. 
L. (2001). Ultrasonic Wedges for Elastic Wave 
Bending and Splitting without Requiring a Full Band 
Gap. Phys. Rev. Lett., 86, 4282-4285. 

[20] Cervera, F., Sanchis, L., Sanchez-Perez, J. V., 
Martinez-Sala, R., Rubio, C., Meseguer, F., Lopez, C., 
Caballero, D. & Sanchez-Dehesa, J. (2002). Refraction 
Acoustic Devices for Sound. Phys. Rev. Lett., 88, 
023902. 

[21] Sanchis, L., Hakansson, A., Cervera, F. & Sanchez-
Dehesa, J. (2003). Acoustic interferometers based on 
two-dimensional arrays of rigid cylinders in air. Phys. 
Rev. B 67, 035422. 

[22] Khelif, A., Deymier, P. A., Djafari-Rouhani, B., 
Vasseur, J. O. & Dobrzynski, L. (2003). Two-
dimensional phononic crystal with tunable narrow pass 
band: Application to a waveguide with selective 
frequency. Appl. Phys., 94, 1308-1311. 

[23] Vasseur, J.O., Djafari-Rouhani, B., Dobrzynski, L., 
Kushwaha, M. S. & Halevi, P. (1994). Complete 
acoustic band gaps in periodic fibre reinforced 
composite materials: the carbon/epoxy composite and 
some metallic systems. J. Phys., Condens. Matter, 6, 
8759. 

[24] Wang, R., Wang, X., Gu, B. & Yang, G. (2001). 
Effects of shapes and orientations of scatterers and 
lattice symmetries on the photonic band gap in two-
dimensional photonic crystals. J. Appl. Phys. 90, 4307-
4013. 

[25] Anderson, Ch. M. & Giapis, K. P. (1997). Symmetry 
reduction in group 4mm photonic crystals. Phys. Rev. B 
56, 7313-1320. 

[26] Lüthi, B. (2007). Physical acoustics in the solid 
state. New York, Springer Berlin Heidelberg. 

[27] Pennec, Y., Vasseur, J. O., Rouhni, B. D., 
Dobrzynski, L. & Deymier, P. A. (2010). Two-
dimensional phononic crystals: Examples and 
applications. Surface Science Reports, 65, 229-291. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


