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Abstract

Dispersive characteristics of in-plane waves propagating vertically through one-
dimensional elastic/piezoelectric phononic crystal with initial stresses are studied in this
paper. Firstly, in-plane waves are studied in this paper. In-plane waves are coupled by P-
wave (or primary wave) and SV-wave (Secondary wave in the vertical plane). Secondly,
the transfer matrix method is used to derive the dispersion equations. The solving process
is as follow. The state vectors on both sides of the sub-layer in a unit cell are connected
by a matrix, and those on both sides of the interface between the adjacent sub-layers are
connected by an identical matrix. Thus, a matrix connecting the state vectors of both sides
of the unit cell can be gotten, and the dispersion equation will be derived with the Bloch
Theory. Finally, the effect of the initial stresses is considered. For in-plane waves both the
normal initial stresses and the shear initial stresses are taken effect. So they are
calculated respectively in this paper.
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1. Introduction

Phononic crystal(PC) is a sort of artificial periodical structure composed of different
materials. Wave propagation in PC has received considerable attention[1-3] due to the
existence of complete acoustic band gaps within which elastic waves can’t propagate
while in other frequencies range they can transmit without amplitude fading. Because of
the presence of band gaps, PC has a broad application prospect in many fields[4,5], such
as vibration isolation and noise reduction. Recently, piezoelectric PCs have evolved into a
significant research[6-8] owing to the increasing use of piezoelectric transducers in
acoustics and ultrasonics. Additionally, transmission and reflection coefficients are also
an essential part for finite-layer structure. Rodriguez-Ramos et al.[9] applied the global
matrix method to find the behavior of transmission coefficients for shear horizontal wave
propagation with oblique incidence in composite layered systems. Voronov[10] studied
the propagation of electro-magnetic waves in 1D quasi-periodic media and deterministic
aperiodic structures in quasicrystals. Li and Wang[11] studied the wave localization in
disordered layer piezoelectric composites. Furthermore, the propagation of
electromagnetic and elastic waves in the piezoelectric/piezomagnetic PCs has been
investigated. Zhao et al.[12] investigated propagation of electromagnetic waves in a
piezoelectric/piezomagnetic superlattice within which the electric and magnetic vectors
could simultaneously couple with the identical superlattice vibration. Sabina and
Movchan[13] discuss the interfacial effects in electromagnetic coupling within
piezoelectric phononic crystals. Those papers are about effects of many factors on band
gaps, but all these researches are based on wave propagating through PCs without initial
stresses.

However, initial stresses are inevitable in the composites because of the limitation of
the manufacturing technology. PC is a kind of composites, so material properties between
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adjacent sub-layers are different. Meanwhile, initial stresses are always existing during
wave production to prevent the brittle fracture of piezoelectric materials. The existence of
initial stresses make great influences on band gaps when wave propagating through PCs.
There have been many researches on the effect of initial stresses. Liu et al. [14] have
observed the effect of initial stresses on Love waves propagating through the
elastic/piezoelectric structure. Yu and Wang et al.[15] studied the stop band properties of
elastic waves in pre-stressed three-dimensional piezoelectric phononic crystals in which
the mechanical and electrical coupling are taken into account. There are also some
researches about the effect of initial stresses on wave propagating on layered structure
without piezoelectric properties. For example, Zhang[16] investigated the guided wave
propagation in FGM plates under gravity, homogeneous initial stress in the thickness
direction and inhomogeneous initial stress in the wave propagation direction. The
reflection and refraction at the interface of two dissimilar half-spaces with initial stress
attracted many attentions, too. Guo[17] studied the influences of mechanically and
dielectrically imperfect interfaces on the reflection and transmission waves between two
piezoelectric half spaces. Singh and Chakraborty[18] investigated the problem of
reflection and refraction of thermoelastic wave at a solid-liquid interface in presence of
initial stress. Most of these researches didn’t focus on in-plane waves propagating
vertically through periodic layered structure. In this paper we are concerned with wave
propagation in PCs with initial stresses by the method of transfer matrix.

2. Constitutive and Governing Equations for Pre-Stressed PC

The one-dimensional (1-D) elastic/piezoelectric periodic laminated structure consists
of elastic layers and piezoelectric layers alternately. The lattice constant is defined as
a = a; + a,. The local orthogonal Cartesian coordinates system, namely (xi,y, Z), are
established with the origin at the left boundary of each sub-layer. z*axis is perpendicular
to the planar interface in K-th unit cell. This model system is illustrated in Figure 1.
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Figure 1. Schematic lllustration of One 1D Elastic/Piezoelectric PC

The polarization axis and the direction of waves propagating are both parallel to the z-
direction. Then, the mechanical displacements and the electric potential can be expressed
in the form

Uy =u(z,t),uy, = 0,u, =w(zt),p = ¢(zt)

)
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whereu; (i = x,y) is mechanical displacement, and ¢ is the electric potential. The
stress equations of motion and the Gaussian equation with initial stress considered can be
given by[19]
{Uij,i + (W0 i = Pl
Dy + (uy;D)); =0
)
The constitutive equations can be expressed as
{Uij = Cijki1€k1 — €kijEx
D; = ejki€rr + Nk Ex
@)
where aij,ai‘},skl,Di andE), are the stress tensor, initial stress, strain tensor, electric
displacement and electric field intensity; c;jy;, ex;; and n;; are the stiffness coefficient,
piezoelectric coefficient and dielectric coefficient.
Substitution of Eq. 1 in Eq.2 yields the governing equations

(afzx 0 62_u e
0z T Tox az2 pu
Tz 09*w _ ..
0z tog 9z2 pw
oD
o

0z
(4)

It can be observed from Eq. 4 that both the initial normal stress ¢ and the initial shear
stress 72, have influences on the governing equation. Let o0 = 72, = 0, Eq. 4 will be
simplified to the governing equations without initial stresses. Furthermore, substituting Eq.
3into Eq. 4 leads to

0%u 0%u
0 1 - 1
(Caq + Tzx) 2 P
2 2
0N\ 9°wy _ 0%wy
(c11+07) 02 ~ P o
2%,
N1 a2 0
(5a)
for the isotropic medium (Material A), and
0%u 0%u
( ’ 0 2 _ o/ 2
(C4-4- +sz) 6222 p at2
(CI +O'O) azWz_l_er 929, _ ,0%w,
33 1727 922 33522 ~ P orz
2%°w %
14 2 14 2 __
333_6222 _7133_6222 =0
(5b)

for the transverse isotropic medium (Material B), where the subscripts “1” and “2”
represent material A and B respectively, the superscript > represents the parameter of
material B. From Egs. 4a and 4b it can be found that the initial normal stress “c?” and
shear stress “t2,” will affect the dispersive relation of in-plane wave propagating
perpendicular to laminated structure.

Assumed that the solutions of Egs. 5a and 5b are expressed as

{ui, wi, 0:3(z;, ) = (U, Wy, @3 (z)e ™"

(6)

where i = 1,2, w = kc, k = (2w/A) is wave number, A is wave length, ¢ is wave
velocity, U;(z;), W;(z;), ®;(z;) are undetermined function. Substituting Eq. 6 into Egs. 5a
and 5b yields the following differential equations:
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(Caq + T9)U; + pw?Uy =0
(c11 + Wy + pw?W; =0
—7711‘1’1 =0
(72)
for the isotropic medium, and
(Caa + 10U, + p'w?Uy = 0
(chs + DWW, + ej3P, + p'w?W, = 0
e§3W2" - 7753(1); =0
(7b)
for the transverse isotropic medium. Equations 6, 7a and 7b yield the expressions of the
mechanical displacements and electric potentials in materials A and B

u1(Z1't) — (Aleiw/Mlzl + Ble—iw/Mlzl)e—iwt

Wl(Zl,t) — (Cleiw/N121 + Dle—iw/lel)e—iwt

@1(21,t) = (Eyzy + Fy)e ™t
(82)

uz(Zz't) — (Azeiw/Mzzz + Bze—iw/M2z2)e—iwt

WZ(ZZrt) — (Czeiw/szz + Dze—iw/szz)e—iwt

©5(25,t) = [Ezzy + Fy + p(Czei“’/NZZZ + Dze_i‘”/NZZZ)]e_i‘”t
(8b)

where,p = e33/n33, My = \[Caa/p, My = \JC4s/p'> Ny = /C11/p> Ny =+/C33/p"s

Caq = Cyq + Tgx’él_l =C11 F 07, Cha = Caa + Tox, C33 = C33 + Uzo,é_és = ¢33+ €35/M33.
Furthermore, substituting Egs. 8a and 8b into Eq. 3, the expressions of stresses and
electric displacements will be given,

Tyx1 (Z1,1) = iWCaq /My (A e/ M7 — B e~i0/Miz1)oiwt

0,1(21,t) = iwcy1 /Ny (Cleiw/lel - Dle_iw/lel)e_iwt

D1 (21,t) = =1y, Ee ™'t
(92)

Tyx2(Z2,t) = iwcyq /M, (Azeiw/Mzzz - Bze_iw/Mzzz)e_iwt

072(22,t) = [e33E; + i3s3 /N, (Cre™®/N2%2 — D,emiw/NaZz) g —ioot

D3 (25, t) = —n33Epe~ 0t
(9b)

3. Transfer Matrix Method For Dispersion Equation

The method of transfer matrix will be used to calculate the dispersion relation. A state
vector is defined for convenience of statement of the interface condition and the periodic
condition. As we know, the reflected and transmitted waves of an incident in-plane wave
are combination of P- and SV-waves. Then, let
Vi(z,t) = (uj, W), Taxj, 025, 95, D) (), t) (G = 1,2).Therefore, for the perfect interface,
the interface condition can be expressed as

Vl (ali t) = T],_VI (0, t),VZ (az, t) = TZIVZ (0, t)! Vl (all t) = V2 (Ol t)

(10)

where subscript “1” denotes component A and subscript “2” denotes component B.
From Eg. 10, it can be found that

Vy(az,t) = T,T{V1(0,1)

(11)
For in-plane waves, T;and T, derived from Eq. 10 are both 6 X 6 matrixes. Hence, let
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Ti = (Ajjexer T2 = (Bijexes

(12)
in which
M; . Ny . WChy .
Aiq = cosaq, Az = ——sinay, Ayy = cosPy, Ay = ——sinfq, Az1 = — sinayq,
WCyhyq wCqq M,
wC .
A33 = Cosal, A42 = — N11 Slnﬁl, A44 = Cosﬁl,Ass = A66 = 1, A56 = — al/nll,other
1
elements equal to 0, a; = wa, /M, B; = wa,/Ny;
and
_ M, . _ _ N, _
Bi1 =cosa, , Bz = el sina, , By, =cosf, , Byy= el sinfi, , By =
N, . wChy . wéis .
wpé’z sinf,,B3; = — M‘” sina,, B33 = cosay, By, = — N33 sinfy, Bus = 0SBy, Byg =
33 2 2

N, . 2N, .
p[cosB, — 1], Bsy = wpcf sinBy, Bss = Bgg = 1, Bgg = 'Z)T,Zsmﬁz,other elements equal
33 33

t0 0, @, = wa,/M,, B, = wa,/N,.

According to Bloch theorem, the state vectors in a periodic structure satisfy

V,(a,, t) = eV, (0,t)
(13)

where a = a; + a, is the thickness of the primitive cell. Substituting Eq. 13 into Eq.
11, the following eigenvalue equation is finally obtained

flk,w,02,79) = |T(w,a?,t%) —le*4| =0
(14)

Eq. 14 is the dispersion equation with four variables (wavenumber k, frequency w,
initial normal stress o0 and initial shear stress 72,). The effect of the stresses o0 and 2,
on the dispersion relation will be observed respectively.

4. Numerical Examples with Initial Stresses 69 And 12,

In the numerical example, the material combination of polythene and PZT-4 is
considered. The lattice constant a(= a; + a,)is 20mm, and the filling ratio f(= a,/a,) is
1:3. The material constants of polythene and PZT-4 are listed in Table 1.

Table 1. Material Constants Of Polythene And PZT-4[18,19]

p cll cl13 c33 c44 el5 e31 e33 nll n33

Polythene 1.12 0.78 0466 0.78 0.157 0 0 0 0.3984 0.3984
PZT-4 750 139 743 115 256 127 52 151 6464 56.22

p(x10%kg/m3); c;j(x10°N/m2); e;(xC/m2); n;(x10™°F/m)

The dispersive curves of the in-plane wave propagating normal to the laminated
structure without initial stresses are evaluated in Fig. 2. In all the figures k,q and wpq
denotes that non-dimensional wavenumber and frequency.
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Figure 2. In-Plane Waves Propagating In Pcs Without Initial Stress:
(A) F=3:1; (B) F=1:1; (C) F=1:3

Figure 2 shows the band structures shift due to the filling ratio f for normal incident in-
plane wave. It’s obviously that the dispersive curves turn to the higher frequency range
with the increase of filling ratio. The width and center frequency of the first band gap
increase monotonously with the filling ratio, while the width of the second band gap
decreases as the filling ratio further increases. The comparison shows that filing ratio can
be used to tune the band structures of phononic crystals. We use the filling ratio 1:3 to
further quantify the initial stress effect on the band structures, because the band gaps are
much easier for observing.

It can easily be found that when the initial stress and the material stiffness constants
have almost the same order of magnitude the effect of initial stress are more explicit.
Therefore, we let 6, = —062/caq and T, = — 10/ Caq (c4s = 0.157 X 101°N/m?) and
then observe the change of the band gaps. The dispersive curves of the in-plane wave
propagating normal to the laminated structure with initial stress are evaluated. The
influences of the initial normal compressive stress on the dispersive curves of in-plane
waves are shown in Fig. 3.
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Figure 3. The Effect of Initial Normal Stress ¢, on Band Gaps Of In-Plane
Waves (A) Comprehensive Figure; (B)o, = —1; (C)o, = —2; (D)o, = -3

Table 2. Dimensionless Width and Mid-Frequency of the First Three Band
Gaps

Wnd Fig. 3(b) Fig. 3(c) Fig. 3(d)
Lower-1st  0.2768  0.2748  0.2712
Upper-1st  0.4445 0.4445 0.4445
Width-1st  0.1677 0.1697 0.1733
Midfre-1st  0.3607  0.3597  0.3579
Lower-2nd 0.4975  0.4975  0.4975
Upper-2nd  0.7962  0.7962  0.7962
Width-2nd  0.2987  0.2987  0.2987
Midfre-2nd 0.6469  0.6469  0.6469
Lower-3rd  0.9045 0.9045 0.9045
Upper-3rd  0.9435  0.9435  0.9265
Width-3rd  0.0390  0.0390  0.0220
Midfre-3rd  0.9240 0.9240 0.9155

In order to investigate the effect of the initial stress, in Fig. 3(a) comparison of the
results with three different sizes of initial stress o, is shown and in Table 2 the numerical
results of the upper and lower band edges, width and central frequency of the first three
band gaps are given. In Fig. 3(a) it can be found that, when the size of the initial normal
stress changing, the higher frequency band gaps are more sensitive than the lower ones.
The second dispersive curve subjects to small perturbation and the sixth one is greatly
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affected, while others are not changed. Hence, the variation of the width and central
frequency is mainly caused by the two curves. The width of the first band gap becomes
larger and that of the second band gap keeps unchanged. With the increase of the initial
normal stress o) , the first band gap shows a sharp change in that the
width(0.1677<0.1697<0.1733) is  gradually  increasing but the  central
frequency(0.3607<0.3597<0.3579) is moving towards the lower frequency. Obviously,
there is a rule about the effect of the initial normal stress on the first band gap.
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Figure 4. The Effect of Initial Shear Stress t, on Band Gaps of In-Plane
Waves (A) Comprehensive Figures; (B)t,, = —0.1; (C)t = —0.2; (D)1, =
-0.5

Table 3. Dimensionless Width and Mid-Frequency of the First Three Band
Gaps

Wpnd Fig. 4(b) Fig. 4(c) Fig. 4(d)
Lower-1st  0.2788  0.2788  0.2788
Upper-1st  0.4395  0.4335  0.4045
Width-1st  0.1607 0.1547 0.1257
Midfre-1st  0.3592  0.3562  0.3417
Lower-2nd 0.4955  0.4925  0.4815
Upper-2nd  0.7682  0.7352  0.6062
Width-2nd  0.2727  0.2427 0.1247
Midfre-2nd 0.6319  0.6139  0.5439
Lower-3rd 0.8655 0.8245  0.6912
Upper-3rd  0.9385  0.9315  0.9005
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Width-3rd  0.0730  0.1070 0.2093
Midfre-3rd  0.9020  0.8780  0.7959

Similarly, in Fig. 4 a comparison of the results with three different sizes of initial shear
stress T, iS shown and in Table 3 the numerical results of the upper and lower band
edges, width and central frequency of the first three band gaps are given. In fig. 4(a) it can
be found that, with the change of the shear initial stress t,, the higher frequency band
gaps are more sensitive than the lower ones, too. The second dispersive curve and the
sixth one are not affected, while others are changed. The widths of the first and the second
band gaps become smaller and meanwhile the mid-frequencies turn to the lower zone.
With the increase of the initial normal stress o, the second and third band gaps show a
sharp change.

4. Analytical Solutions of Examples

These results are due to that P-wave and SV-wave are decoupled when in-plane waves
vertically propagating. Eg. 14 can be rewritten as

|T(w, 2,72 — ek |
=[(Kzz — e™™) (Kaa — ™) = K24 K42 [(K11 — ™) (K33 — ™) — Ki3K3]
=0
(15)
where K = T, T; = (K;j)exe: K11 = A11B11 + A13B31, K13 = Ay1B13 + A13B33,
Kjy = AypBay + AguByy, Koy = AgaBoy + AgaBay, Ko = AxaBog + AaBas,
K31 = A31B11 + A33B31, K33 = A31B13 + A33B33, K4p = Ay By + AgaByy,
Kys = Ay Boy + Ay Bay, Ky = AgaBog + A Bae, Ksy = Bsy, Ksg = Ase + B,
Kge = 1, other elements equal to 0.
Then, Eq. 15 can be recast as

1 /¢! , ,
cos(kh) = cospBicosfB, — 5 (% + Z,:ﬁ) sinfysinf,

(16a)
1 (chic C44C . ,
cos(kh) = cosa;cosa, — = (‘*‘*—SV1 + ‘f‘*—m) sina, sina,
2 \C44Csv2  C44Csva
(16h)

It can be observed that, Eq. 16a won’t be affected when initial normal stress o)
changed, while Eq. 16b won’t be affected when initial shear stress 72, changed. That’s
what Fig. 2 and Fig. 3 show.

5. Conclusion

The influences of initial stresses on dispersive curves in 1D elastic/piezoelectric
periodic structure are investigated in this paper. The normal and shear initial stresses
(c9and t9,) are considered respectively. In-plane waves coupled with P- and SV- waves
propagating normally are involved. It can be found that: The influences can be observed
obviously just when the initial stresses have the same dimension with the stiffness
coefficient. There are greater effects on dispersive curves in higher frequency range than
that in lower frequency range. And the initial normal stresses have more evident
influences than initial shear stresses. When initial normal stresses or shear stresses get
changed parts of dispersive curves are affected while others are not changed. It can be
proved that P-wave and SV-wave are decoupled when propagating normally through PCs.
With initial stresses increased dispersive curves shift toward the lower frequency. The
effects of initial normal and shear stresses on the width of the first band gap are opposite,
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that is, the width gets increased with increased normal stresses while decreased with
increased shear stresses.

References

[1]

(2]
(3]

(4]

(5]
(6]

(7]

8]
(9]

(10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]
[18]

[19]

218

P. Nowak and M. Krawczyk, “Phononic Band Gaps in One-dimensional Phononic Crystals with
Nanoscale Periodic Corrugations at Interfaces. FDTD and PWM Simulations”, Computational Methods
in Science and Technology, vol. 16, no. 1, (2010), pp. 85-95.

C. Croénne, E.J.S. Lee, Hefei Hu and J.H. Page, “Band gaps in phononic crystals: Generation
mechanisms and interaction effects”, AIP Advances, vol. 1, no. 4, (2011), pp. 3392-3398.

F. C. Hsu, C. I. Lee, J. C. Hsu, T. C. Huang, C. H. Wang and P. Chang, “Acoustic band gaps in
phononic crystal strip waveguides”, Applied Physics Letters, vol. 19, no. 5, (2010), pp. 051902-051902-
3

R. Jirgen, J. Wook , K.T. P. Seifert, E.-M. Anton and T. Granzow, “Perspective on the Development of
Lead-free Piezoceramics”, Journal of the American Ceramic Society, vol. 92, no. 6, (2009), pp. 1153-
1177.

S. Zhang and F. Yu, “Piezoelectric Materials for High Temperature Sensors”, Journal of the American
Ceramic Society, vol. 94, no. 10, (2011), pp. 3153-3170.

S. Degraeve, C. Granger, B. Dubus, J. O. Vasseur, M. Pham Thi and A. C. Hladky-Hennion, “Tunability
of a one-dimensional elastic/piezoelectric phononic crystal using external capacitances”, Acta Acustica
united with Acustica, vol. 101, no. 3, (2015), pp. 494-501.

Y. Z. Wang, F. M. Li, W. H. Huang, X. Jiang, Y. S. Wang and K. Kishimoto, “Wave band gaps in two-
dimensional piezoelectric/piezomagnetic phononic crystals”, International Journal of Solids and
Structures, vol. 45, no. 14, (2008), pp. 4203-4210.

Y. Pang, J. S. Gao and J. X. Liu, “SH wave propagation in magnetic-electric periodically layered plates”,
Ultrasonics, vol. 54, no.10, (2014), pp. 1341-1349.

R. Rodriguez-Ramos, H. Calas, J. A. Otero, B. Guerra and A. Ramos, “YS Wang. Shear horizontal wave
in multilayered piezoelectric structures: effect of frequency, incidence angle and constructive
parameters”, International Journal of Solids and Structure, vol. 48, no.2,(2011), pp. 2941-2947.

M. M. Voronov, “Expressions for reflection and transmission coefficients for one-dimensional photonic
quasicrystals”, Journal of Physics: Conference Series vol.64, no. 3, (2015), pp. 012053-012053-6.

F. M. Li and Y. S. Wang, “Study on wave localization in disordered periodic layered piezoelectric
composite structures”, International Journal of Solids and Structures, vol. 42, no. 24, (2005), pp. 6457-
6474.

J. Zhao, R. C. Yin, T. Fan, M. H. Lu, Y. F. Chen, Y. Y. Zhu and N. B. Ming, “Coupled phonon
polaritons in a piezoelectric-piezomagnetic superlattice”, Physical Review B Condensed Matter, vol.37,
no. 7, (2008), pp.439-446.

F. J. Sabina and A. B. Movchan, “Interfacial effects in electromagnetic coupling within piezoelectric
phononic crystals”, Acta Mechanica Sinica, vol. 25, no. 1, (2009), pp. 95-99.

J. Yu and C. Zhang, “Effects of initial stress on guided waves in orthotropic functionally graded plates”,
Applied Mathematical Modelling, vol. 38, no. 2, (2014), pp. 464-478.

G. Xiao and P. J. Wei, “Effects of initial stress on the reflection and transmission waves at the interface
between two piezoelectric half spaces”, International Journal of solids and structures, vol. 51, no. 21,
(2014), pp. 3735-3751.

M. C. Singh and N. Chakraborty, “Reflection and refraction of P-, SV- and thermal wave, at an initially
stressed solid-liquid interface in generalized thermoelasticity”, Applied Mathematical Modelling, vol. 37,
no. 1, (2013), pp. 463-475.

Z.K. Wang and F.L. Shang, “Cylindrical Buckling of piezoelectric laminated plates”, Acta Mechanica
Solida Sinica, vol. 18, no. 2, (1997), pp. 101-108.

Z. L. Hou, F. G. Wu, Y. Y. Liu, “Phononic crystals containing piezoelectric material”, Solid State
Communications, vol. 13, no. 11, (2004), pp. 745-749.

F. M. Li and Y. S. Wang, “Study on localization of plane elastic waves in disordered periodic 2-2
piezoelctric composite structures”, Journal of Sound and Vibration, vol. 296, no.3, (2006), pp. 554-566.

Copyright © 2016 SERSC



International Journal of Control and Automation
Vol. 9, No. 6 (2016)

Authors

Huijuan Zhou, she was born in 1981 in Luoyang city, Henan
province, in 2006 graduated from Xinyang normal university, Master
of Science. She is a lecturer in Luoyang institute of science and
technology of department of mathematics and physics. The main
research interest is in semigroup of algebra.

Lan Man, she was born in 1985 in Rushan city, Shandong
province, in 2014 graduated from university of science and
technology Beijing, Doctor of Engineering. She is a lecturer in
Luoyang institute of science and technology of department of
mathematics and physics. The main

Copyright © 2016 SERSC 219



International Journal of Control and Automation
Vol. 9, No. 6 (2016)

220 Copyright © 2016 SERSC



