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Abstract

This study develops a computational framework for Rayleigh-type surface wave propagation in an orthotropic piezoelectric thermoelastic
half-space, emphasising thermoelastic coupling, heat transfer effects, and the influence of electrical and thermal boundary conditions.
Generalised thermoelastic models based on the Green—Naghdi type Ill (GN-III) and three-phase-lag (TPL) theories are employed to
overcome the limitations of Fourier heat conduction, and secular relations for the phase velocity, attenuation, and energy dissipation
are derived. Analytical simulations are carried out in MATLAB, while machine-learning surrogates in Python enable fast prediction
and boundary classification. A regression-based model accurately predicts wave characteristics with reduced computation time, and a
confusion-matrix classifier effectively identifies boundary states. Results show that phase velocity increases with propagation angle and
saturates with wave number, while attenuation and specific loss are strongly boundary-dependent. The work is limited to homogeneous
half-spaces with idealised interfaces, suggesting scope for multiscale modelling and experimental validation. The integrated GN-III/TPL
and ML-assisted framework offers a powerful tool for thermoelastic wave analysis with potential applications in surface acoustic wave
sensing, non-destructive testing, aerospace structures, and energy harvesting systems.
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1. Introduction

The classical thermoelasticity theory based on Fourier’s heat
conduction law leads to a parabolic heat equation, which implies
an unrealistic infinite speed of thermal signal propagation.
This limitation becomes particularly evident in low-temperature
environments and under high heat flux conditions, where finite
thermal response times are physically observed. To address this
inconsistency, several generalized thermoelastic theories have
been proposed by introducing hyperbolic-type heat conduction
equations. In these models, thermal disturbances propagate
in the form of waves with finite velocity, commonly referred
to as second sound. As a result, generalized thermoelasticity
has emerged as an effective framework for describing thermo-
mechanical interactions in modern engineering and technological
applications.

Wave propagation in Orthotropic piezoelectric solids has

attracted sustained research interest due to its importance in
both theoretical mechanics and applied sciences. Surface

acoustic waves, especially Rayleigh-type waves, are of particular
significance because of their confinement near free surfaces
and their strong sensitivity to boundary conditions and material
anisotropy. These properties are extensively utilized in the
development of acoustic sensors, microelectromechanical systems
(MEMS), and nondestructive testing techniques [1-5]. Earlier
investigations on Orthotropic piezoelectric substrates have
enhanced the understanding of electromechanical coupling,
thermal influences, and defect-related effects, thereby providing
useful guidance for improving device efficiency and operational
reliability [6-9].

To overcome the shortcomings of classical coupled and
uncoupled thermoelastic models, several generalized theories
have been formulated. The Green-Naghdi type III (GN-III) theory
incorporates finite thermal wave speed without energy dissipation,
whereas the three-phase-lag (TPL) theory introduces separate
delay times associated with heat flux and temperature gradient
to represent micro-scale thermal relaxation more accurately [10-
14]. These generalized approaches are particularly suitable for
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high-frequency applications and materials with microstructural
effects, where classical Fourier-based descriptions fail. Previous
studies have demonstrated that surface wave propagation in such
generalized thermoelastic media is highly sensitive to boundary
conditions and material parameters [15-19].

In Orthotropic piezoelectric media, the application of GN-III
and TPL theories has revealed notable changes in dispersion
characteristics, attenuation behavior, and stress distributions
of propagating waves [20-23]. These findings are especially
relevant for commonly used Orthotropic piezoelectric materials
such as LiNbO; and PZT, which are widely employed in sensing,
actuation, and energy harvesting technologies. Additionally,
imperfections such as voids, defects, and non-ideal interfaces
further influence wave propagation, emphasizing the need for
comprehensive analytical models capable of addressing realistic
boundary conditions [24-27]. Such models are essential for both
advancing theoretical understanding and supporting practical
applicationsin electronics, aerospace engineering, and biomedical
ultrasonics.

While analytical formulations provide fundamental physical
insights, solving the resulting dispersion relations over wide
parameter ranges can be computationally demanding. In this
regard, machine learning (ML) offers a useful complementary
approach by acting as a surrogate model trained on analytically
generated datasets. Regression-based ML techniques enable
rapid prediction of phase velocity, attenuation, and specific loss,
whereas classification models can effectively identify electrical
and thermal boundary conditions from wave response data.
This combined analytical-ML framework significantly reduces
computational effort and supports efficient parametric analysis
and intelligent design of piezoelectric devices [28-39].

In this work, Rayleigh-type surface wave propagation in
a Orthotropic piezoelectric half-space is examined under
different electrical and thermal boundary conditions within
the frameworks of GN-III and TPL theories. The analytical
solutions are further complemented by machine learning-based
predictions and boundary condition classification, resulting
in an integrated approach that bridges classical mechanics,
computational modeling, and data-driven intelligence.

2. Mathematical formulation of the model | and Il

The governing equations and constitutive relations for a linear
Orthotropic-piezothermoelastic, homogeneous medium are:
(A) Strain-displacement relation:

&j = % (i + uz,). @
(B) Stress-strain-temperature and electric field relations:
0ij = Cijki€ia — €xijEx — Bi;0- @)
(C) Equations of motion without body force:
0455 = Pl (3)
(D) Gauss equation:
D;; =0, D;=ejey+e;E; +pb. (4)
(E) Law of conservation of energy:
qi; = —p76,. ©)
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(F) Entropy equation:

_ pC,

6+ ﬁijsij + piEi'
)

o7 (©)

(G) Heat conduction equation: Three phase lag thermoelastic

model [7]:
E . . 0 9)a

(1+1—q§ )qiz—rij <1+Tya)6,j_rij (1+Téa)9»j'

@)

Green-Naghdi type III (GN-III) thermoelastic model with dual
phase [15]:

a
2 ot

Here, v = 6. Equation (8) can be recovered from equation (7) by
taking 7, = 0 and considering only first order partial derivatives.
In equations (1)-(8) i, j, k, I = 1, 2, 3, p is the mass density,
g (=¢;;) is the strain tensor, o;; (=0 is the stress tensor,
Cijii denotes the symmetric elastic tensor; e;; piezoelectric
moduli tensor is symmetric with respect to i, j; §;; is non-
singular and denotes the thermal elastic coupling tensor. 6 is the
temperature change of the material, 6, is the reference uniform
temperature, u; is mechanical displacement, C, is the specific heat
at constant strain and p; is the pyroelectric moduli, ¢;; is electric

®)

permittivity; g; is the heat flux vector. 17; (: Y;‘l.) , Y (=7 are
heat conductivity rate and coefficient of heat conduction of the
material, both are positive definite, 7 is the entropy and 7,; 7,; 75 is
an intrinsic thermal properties of the material termed as phase-lag
of the heat flux; phase-lag of the thermal displacement gradient;
phase-lag of the temperature gradient respectively, which satisfies
the inequality 0 < 7, < 75 < 7,4. Also, E; = —¢;, where E; is
the electric field and ¢ is the electric potential function. Here
D; represents electric displacements. () denotes time derivative
and (), jindicates partial derivatives with respect to x; unless and
otherwise stated.

Orthotropic Piezoelectric Half-Space (Alternate View)
with Inclination a

x| ER
i
Xz Y
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=
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~_-Orthotropic piezoelectric half-space > 20

Figure 1. 3D schematic of an orthotropic piezothermoelastic half-
space with free surface at x; = 0. An oblique wave impinges on the
surface, producing a reflected bulk wave and a surface-guided wave. The
inclination angle « is measured in the surface plane between the x;-
axis and the propagation direction. Coordinate axes x;, x,, x5 follow the
adopted system.

2.1. Description of the model |

For the present study a homogeneous, orthotropic, thermally
and electrically conducting ortho-piezo-thermoelastic half-space
with initial temperature 6, in undisturbed state assumed such
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that 93 << 1 and initial electric potential ¢, is considered

(See the schamatic diagram for this model in Fig.1). Cartesian
co-ordinate system (x;, X,, X5) is introduced in such a manner
that the origin of the co-ordinate system lies at any point on
the horizontal surface, the axis of material symmetry, x;—axis,
indicating vertically downwards into the half-space, denoted by
x;3=20.

From (2), it yields

011 = Cii&yy + Crpep + Ciae33 — €5 E5 — 136,
013 = 2Css813 — €y5Ey,
033 = Ci3€q1 + Cpaepp + Ca3€33 — e33E; — 336, )

D, = 2e5613 + €1 By,
Dy = e5,811 + €3585, + €33833 + €33E5 + ps30.

In the view of equation (9), the basic governing equations (3) and
(5)-(8), can be postulated as without body forces, heat sources and
charge density:

Cruty1r + Ciattg gz + Css(uy 53 + Uz 13)

+ (e1s +es)pa3 — Buby = piiy. (10)
Css(uy13 + Uz 11) + Crstty 13 + Ca3us 5
+e1sP 1 + ez — B30 = pils. (11)
ers(Uy 13 + Usqy) + €3 Uy i3 + €3y 33 — €191
—€33¢33 + p303; =0. (12)
« F)
ry (1 +1, )eu +717 (1 +r,,3)6,33
: E}
+1,; (1 + 79— )911 + 715, (1 + 75— )933 = (1 +Tqa_
2
33 2) [PC 6 + 6o (Buiiyy + Basils s — D3 3)] (13)

where ), = (Cy; + Cy)) 9 + C1393, B3z = 2C139; + C3385; and
91, 85 are, respectively, the coefficient of thermal expansions.

For convenience, following dimensionless quantities are
defined and used for further calculations:

;) @'x; ) pwtupu; _ Cu « _ Gl
xi_usu'_ﬁ_eyvp_ ) =5
p 11% P 11
Ci3+C
t'=w't, 8/ = = C1 =2 C,= S Cy, = 12—,
Cn Ci Cn
C, = Cn—clz e = e1stesn =45 -
4= 64 = 5 = ) = 5
201 33 33 663;3?2
w*e3300 _ _ e3Cn Y
€p = gy G = a€p N3 = s €=  (14)
pP1Y0 33 e“11
= Y 5 B aij D;C
Yzﬁ’ﬁzﬁ’g;_z_”, l_’=—‘“,
“d Y N B J B1160 B1160e33
) _ @ ’ Yp ? 1 — S [ N
d=—,h==—", =22 0 =—,c=
Up w* c ®o @ w*
¢ A _ b3t Pl Y — gk
;, ¢ = 20’ p= Biiess (‘(q,TV,‘L'e) =@ (Tq,T,,,Ts).

Here v, is the longitudinal wave velocity in the half-space, w*
represents the characteristic frequency of the half-space, ¢, and
€ are, respectively, the piezoelectric coupling and thermo-elastic
coupling parameter.

With the view of the equation (14) in equations (10) - (13)
and suppressing primes for convenience, it yields the following
equations:

uy11 + Couy 33 + C3uz 13 +e1epp13 — 61 =iy,
C3up13 + Couz + Cruszss +¢p (29,11 + 9 33) — B6 = iz,
equiys + etz 1n +us 33 —en (€911 +933) + p3 =0,

(1+‘rg§)én+?(l+‘r9%)6"33+Y1(1+rv§)911+Y3(1+rV%>933 as
z
70 )
(1+Tqa[+ > 612>6_(1+T‘7@[ > 5t2>[6(u11+ﬁu33—6ppq:3)]
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rie
where Y, = .

rhot
T Y5 =
Again using equation (14) in equation (9), the dimensionless

form of stresses and electrical displacement components in x; — X;
plane can be written as (suppressing primes for convenience)

op =up; +(C;—Cyus; + €p (e1—e)ps—
013 =0C, (u3,1 + u1,3) + e2£p¢,1’

033 =(C3 —Cy)uy; + Crus; — SO + EpP3s (16)
D, =¢ (u1,3 + u3,1) — €€,
Dy =(e; —e)uyy +us; —€,05 + po.
2.2. Brief Mathematics for Model Il
Constitutive relations for Model II [21]:
(1-8Vv?) Gij = Ufj = cijklekl(éj)
_nijEk(éj) - 559@) + Yijzp(g:), (@)
(1-8v)al = ()" = A, +hEQ), )
(1 - 52V2)§ = (b= _yijeij(g)
—ngk(f ) — ap(§) +ve(S), ©
(1 - §2V2)Di = nljke]k(g) + 51] j(g)
+T'9(§) - gﬂp@) - hiﬂ/’,j({), (d)
(1-8V2)ps* = (87 = fley©)
s )+ v+ EE2E), ©
0
Equations of motion of Model II [21]:
o, +(1=EV))F, =p(1-£V?)i, )
D;; =0, where E; = —¢;, (g)
(ai{i)L ++p 1=V = x (1—2V2) 9. (h)

2.3. Boundary Conditions

At the free surface (z = 0) of the considered nonlocal orthotropic
piezothermoelastic substrate, we introduce the following specific
boundary conditions.

Mechanical conditions:

0 =0, 0,=0, ®
Equilibrated stress condition
ol =0, ()
Dielectrical displacement condition:
D, =0, &)
Thermal condition:
6=0. )

Path of the Surface Particles
The components of mechanical displacement in the present
investigation are formulated as [21]

5

Z @a,P,,) i, explin(gx + s,z — t)] .

m=1

(u, w) =

(m)

Applied Mathematical Biosystems



Machine Learning-Assisted Heat and Mass Transfer Analysis in Orthotropic Piezoelectric Thermoelastic Half-Space

For a given real value of g, the actual displacements obtained
may be expressed in the following form [21]

U,w)=Ru,w) ~ ZR(Z(LPm)exp[ico(qx +5,z— t)]).

] ()

3. Boundary conditions Model |

The preceding governing equations can be solved by using the
below mentioned mechanical, electrical, and thermal boundary
conditions.

3.1. Mechanical boundary conditions
The surface of the half-space is supposed to be stress free so

013 =0, 033 =0. a7)

3.2. Electrical boundary conditions

The surface of the half-space is assumed to be either electrically
shorted or open which mathematically yields the following
electrical boundary conditions

=0, Dy=0. (18)
3.3. Thermal boundary conditions
Thermal boundary conditions can be elicited as
05+ 06 =0, (19)

here Q is the coefficient of surface heat transfer and Q2 — 0 give
rises to thermally insulated condition whereas Q — o leads to
isothermal boundary condition.

4. Solution procedure

The solution of the considered equations (15) can be decomposed
in terms of normal modes in the following form

(uy, us, @, 0) =1, V,W, T)U expii& (x; sina + mx; — ct)},
(20)
where &, ¢, w denotes, respectively, the dimensionless wave
number, phase velocity and angular frequency of the waves. Also
c= ?, a represents the inclination angle of the wave normal to

the axis of symmetry (x;—axis) and m is an unknown parameter
which defines the penetration depth of the wave. V, W, T are the
amplitude ratios of the mechanical displacement u;, electrical
potential ¢ and temperature change 0 to that of mechanical
displacement u; respectively. Inserting (20) in (15) generates
a system of homogeneous linear equations in terms of amplitudes,
rj;x=o0, i.e,

a Ciyms €,e,ms -2
1 3 p€1 lg 1 0
Csms axn €plys e vVi_|o
e,ms ay  —€, (Es? + m?) P;" w o
L
Asec’s  effimc? epe,cim ai; T 0
L
(21)
where a;,;, = s* + C,m®> — 2, a,, = C,8* + C;m? —
11 - 2 ’ 22 - 2 1
2, ay = es + m?, oay —As® + i& (As? + Bm?),

s = sina,A; = (1+‘r6(—ic§'))TA2 = 1+71,(-ick)),A; =
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Y14,

(1 + 7, (—ick) + %(—c@)) LA = (Alc +

(_YAIC _ _)

i§

)and B =

ig

The non-trivial solution of the equation (21) is ensured when
the determinant of the coefficient matrix vanishes, i.e., |Fi fl =0
which constitutes

a; C,ms €,e,ms —S
Csms an €plas —B | _ 0 (22)

e;ms ay €, (es?+m?) pm

Asec®’s  efme? epe,c*m Qg

Expanding the determinant, the following polynomial equation
in m is obtained

mé + Aim® + A,m* + Aym? + A, = 0. (23)
The expressions for A;(i = 1, 2, 3, 4) are available in Appendix A.

The characteristic equation (23) being bi-quadratic in m?so
gives four characteristic roots for miz, (i =1, 2, 3, 4). Here the
major concern is with the surface waves whose motion is confined
to the free surface of the half-space, hence the characteristic
roots must satisfy the radiation condition, i.e, Im (m;) > 0. So
the bounded solution for mechanical displacement, electrical
potential and temperature change can be expressed as

4

(U, s, @, 0) = D (1, V,p, W, T,) U, expliat,],

n=1

24
where, a, = x; sina + m,x; — ct, for every m,, (n = 1, 2, 3, 4)
the amplitude ratios can be stated as,

v, = Iy, (mn)’
F41 (mn)

_ Tyz(my) _ Ty (my,)

" Ty T Tamy

where I'y; (m,), j = 1, 2, 3, 4 indicates the co-factor of the
element I'y; corresponding to the root m,, n = 1, 2, 3, 4. The
values of I'y; (m,), j =1, 2, 3, 4 are provided in Appendix A.

Substituting equation (24) on equation (16), the expressions for
stresses, electrical displacement, and temperature gradient are as
follows:

4
(‘713, 033, D3, 6,3) = Z i€ (Bin» Bans Bans M, T,) Uyei®®n,  (26)

n=1

where B,,,, B,,, B, are defined in Appendix A.

5. Derivation of secular equations

5.1. Stress free, electrically open and thermally insulated
surface of the half-space

From the boundary conditions (17), (18), and (19) at the free
surface, at x; = 0, the following system of four homogeneous
linear simultaneous equations in amplitude U,, n = 1, 2, 3, 4
are obtained

4 4
> B, U, =0, > B, U, =0,
n=1 n=1

4 4
>.By,U,=0, > m,T,U,=0.
n=1 n=1

which can be penned in terms of matrix notation as I'g; 'y, = 0.
Here I'g, denotes fourth order square matrix provided in Appendix
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Band I'y = [U,, U,, Us, U4]T. Here []Tdenotes the transpose
of the matrix []. For the existence of non-trivial solution of the
above simultaneous equations is |I's;| = 0, which after algebraic
computation reduces to

m Ty + myToIy + myT3 s + m, Ty = 0. 27)
By, B3 By By Bz By
Here,I' =| By, By By | I2=| By By By |
Bs, Bs; By By Biy; By
By By, By By, By, By
I's=| By By By |, I'y=| By Byp B
By Biy, By By Biy Bsy

The equation (27) is the secular equation for propagation of
surface waves under stress free, electrically open and thermally
insulated boundaries of ortho-piezo-thermoelastic half-space.

5.2. Stress free, electrically open and isothermal surface of
the half-space

Invoking the boundary conditions (17), (18), and (19) at the free
surface x; = 0, the following system of four homogeneous linear
simultaneous equations in amplitude U,, n = 1, 2, 3, 4 are as
follows

4 4
ZBann = 0’ ZBZnUn = 05
n=1 n=1

4 4

> By, U, =0, > T,U,=0.
n=1 n=1

which can be expressed as I'g,I'; = 0. Here I'g,is a square matrix
of order 4 given in Appendix B. The non-trivial solution of the
above system of equations exists when |I'g,| vanishes, which after
mathematical calculation can be written as

Ty + Tyl + T35 + Ty = 0, (28)

which is the secular equation for propagation of surface waves
under stress free, electrically open and isothermal boundaries of
ortho-piezo-thermoelastic half-space.

5.3. Stress free, electrically shorted and thermally insulated
surface of the half-space

Applying the boundary conditions equations (17), (18), and (19) at
the free surface x; = 0, the following system of four homogeneous
linear simultaneous equations in amplitude U,,, n = 1, 2, 3, 4 are
obtained

4 4
>.B,U, =0, Y.B,U,=0,
n=1 n=1

4 4
>.w,U,=0, > m,T,U,=0.
n=1 n=1

which can be formulated as I'g;I'y = 0. Here I'p; is a square
matrix of order 4 given in Appendix B. Above system of equations
hold a non-trivial solution if the determinant of I'g; is zero, which

after algebraic computation reduces to
m T} + myT,I5 + ms T + my Tyl = 0. (29)

I'! can be acquired by replacing the third row of T; by W, ,i =
1, 2, 3, 4 so that
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B12 B13 B14 Bll B13 B14
I''=| By, Byy By |, I5=| By By By
w, W, W, W, W, W,
B, B, By B, By, Bis
I'i=| By By By |, I'y=| By By By
w, W, W, w, W, W,

Here the equation (29) is the secular equation for propagation of

surface waves under stress free, electrically shorted and thermally
insulated boundaries of ortho-piezo-thermoelastic half-space.

5.4. Stress free, electrically shorted and isothermal surface
of the half-space

Implementing the boundary conditions equations (17), (18),
and (19) at the free surface x; = 0, the following system of
four homogeneous linear simultaneous equations in amplitude
U,, n=1, 2, 3, 4are obtained

4 4
> B,U, =0, > B, U, =0,
n=1 n=1

4

> WU, =0,

n=1

4
2T, U, =0.
n=1

Proceeding as above, the equation yields as

T\IS + T,I5 + T, + T,I = 0. (30)
Equation (30) gives the secular equation for propagation of
surface waves under stress free, electrically shorted and isothermal
boundaries of ortho-piezo-thermoelastic half-space. Equations
(27)~(30) utters a relation between phase velocity, wave number,
and attenuation coefficient of surface waves in a stress free,
electrically open or shorted and thermally isolated or isothermal
boundaries of ortho-piezo-thermoelastic half-space. These wave
numbers and also phase velocities are complex quantities which
are attenuated in space. Since the characteristic equation (23)
and secular equations (27)-(30) are complex equations, hence
provides complex values of c. Generally to solve these equations
the following relation is considered

1
P 31

i
L
w

<l

so that £ = y + ig, where y = % V and ¢ are real numbers.
Here V' = < and ¢’ = v, are dimensionless phase speed and
v

p
attenuation coefficient respectively. Primes are suppressed for
convenience. Let the roots of the equation (23) be of the form
m,, = A, + iu,, then the solution of the plane wave equation (24)
reduces to
4
(ula us, ¢, 6) = Z (1’ Vn’ Wn’ Tn) Un eXp[_‘Km - ikn] ’ (32)

n=1

where x,, = esinax; + klix;, x, = kfx; + y (x;sina — V),

_ e Ing

R R I I R I
knzxmn’knzxmn’mnzln X’andmnznun n_7'

6. Expression for phase attenuation

coefficient and specific loss

velocity,

From the above analytical results derived in the preceding
section, the behaviour of the waves can be determined by the
characteristics of wave field such as phase velocity, attenuation
coefficient and specific loss in view of the following formulae:

Applied Mathematical Biosystems
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Phase velocity: Phase velocity is given by, Phase velocity =
w w

Re® 1
Attenuation coefficient: Attenuation coefficient can be defined

as, Attenuation coefficient = Im (§) = ¢, where £ is a complex
quantity and Re (§) and I'm (£) indicates, respectively, the real and
imaginary part of the complex number &.
Specific loss: Specific loss defines the internal friction of a
material [40]. The definition of specific loss is the ratio of energy
(AQ) dissipated in a sample through a stress cycle to the elastic
energy (Q) stored in that particular sample when the stress is
maximum. Specific loss equals to 4 times the absolute value of the
imaginary part of & to the real part of £, in the case of sinusoidal
plane waves with small amplitudes [41].
. AQ Im(£)
Specific loss (E) =4r T©

with Im (&) > 0. So, % =47 |2
x

‘, where £ is a complex number

Vi
=4r|=

w

7. Amplitudes of Surface displacements, temperature
change and electrical potential function

In this section the expressions for amplitudes of mechanical
displacements (u, u$), temperature change (¢,) and electrical
potential functions (6;) at the free surface x; = 0 for a stress free,
electrically open and thermally insulated or isothermal boundary
of the half-space in the course of surface (Rayleigh type) waves
propagation is obtained. Here,

uj = UyAexp{—a,}, uj = UsAexp{—a,},

33
6, = W Aexpl—a}. g, = BrAcexpi-al, | OO

where o; = iy (x;sina — Vt), A =T, exp{—gx, sina}, with
Iy —Ty+T3—Ty VA =Vl +Val3=Val,
U= 122t g, = e s
I I (34)
o = W1l —Wal'y+Wal'3— W4Ty v = TiT Tyl 4T3 5~TaTy
1= > X1 —
I, I

Similar expressions for amplitudes of mechanical displacements
(ui, ug), temperature change (6,) and electrical potential
functions (¢;) at the free surface x; = 0for a stress free, electrically
shorted, and thermally insulated or isothermal boundary of
the half-space in the course of surface waves propagation from
equations (33)and (34) can be deduced by changing I'ywith I'}, i =
1, 2, 3, 4. Tt is evident from equation (34) that the temperature
change at the surface x; = 0 disappears in view of the secular
equations (28) and (30) for both thermally insulated or isothermal
boundary of stress free and electrically open or closed surface
of the half-space. Hence the derived expressions are compatible
with the boundary conditions.

8. Paths of surface particles

The main thrust of this section is to find the motion of the
surface particles of the modified surface waves at x; = 0. It
is distinguished that when the thermo-mechanical and thermo-
diffusive coupling interactions are occurring, the amplitude
and the wave velocity have become complex quantities which
ascertains that the wave is damped and there is a phase difference
between the horizontal (u]) and vertical mechanical displacement
(u3) functions [40, 41]. So at the free surface (x; = 0) from
equation (33), we can write

uj = |U;| Aexp{i (¥, — )}, ui = |Us| Aexp{i (¥, — )}, (35)
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where (3, ,) = arg(U,, U,), ¢ = x (x; sina — V7).
Using Euler’s representation of complex numbers and retaining
real parts only the equation (35) leads to

uy = |Uy | Acos{(ih, — )}, uz = [Us| Acos (3, —¢).
Eliminating ¢ from equation (36), we have
@) W) 2usus

0P U 1O

(36)

.2
cos (P, —h,) = A*sin” (¥, — 9,).
(37)

(1 — L2
deos ;lpl b _ 2 _ i‘l“ ) < 0, so the equation (37)
|UL1*|Us| |U11*|U3 |U11%|Us|
indicates an elliptic equation with major axis (2L, ), minor axis
(2L,), and eccentricity (e), represented by

I

AZ
L = 7(|U1|2+|U3|2)+ D,, (38)
AZ
L=% (|U1|2 + |U3|2) —+/D,, (39)
2D
2 = : (40)

(12> +1Usf’) +VD:.

2 2 2 2
where D¢ = (|Uy [ = [Us[) + 4 |U, [ US| cos? (¢, — ¥,). Let
be the inclination of the major axis to the wave normal, so

2
wtan® « — 1|U; |Us|| Cos (%, —¢2)—tana(\U1|z —|Us| )

tan (2y) = (41)

(tan? @ — 1) (jU1 P = [U3[?) + 4tan o [Uy | U3 cos Gy — $2)
In case of Rayleigh wave (a = 90°), therefore

1

==t
Y 5 tan

1| 21U |U3|COS(¢1 — ;)
(10, = usf?)

From (42) it manifests that |U,| = |Uj| if and only if ¢ =
45°, hence concludes that the horizontal and vertical mechanical
displacements are equal in magnitudes when the wave normal
and the major axis are inclined at an angle ¥ = 45" and vice-
versa. Equation (37) reveals that the surface particles described
an elliptical path in a vertical plane parallel to the direction of wave
propagation. Also, it is clear that the semi axes are related with
A =T, exp{—g sina x,}, therefore changes happen exponentially
[42, 43].

Moreover, when %, — ¢, = 90", both the semi-axes have the
same signs and hence the surface particles traced an elliptical
path in a retrograde manner whereas when no phase difference
presented between two mechanical displacements functions, 1, =
,, the surface particles sketch a straight line path.

(42)

9. Special case and validation

9.1. Generalized thermo-Orthotropic piezoelectricity

- _ . ey s s
Considering 7, = £, 7, =79 = 0, I']; = 0 =17, it yields
N
an Csms €pe1ms —=
i£
Cyms a, €pla3 -£
ro - i
ij ems  ay  —¢, (&8> + m?) T ’
L
= c2tict(s>+Ym?
ec’s  efmc? epe,c’m k(v

i§
vanishing the determinant we get the characteristics equation as

m® + AVme + APm* + AVm? + AP =0, (43)
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The expressions for A?), AS), Agl), Ail) are given in Appendix C.
Then the results reduces to

m"T,r® + mOT,rP + mPT,r + mPT,r =0, (44)
which is the secular equation for stress free, electrically open
and thermally insulated boundaries of ortho-piezo-thermoelastic
half-space and
1 1 1 1
.00 + 1,0 + 7,0 + 1,0 = 0, (45)
which represents the secular equation for stress free, electrically

open and isothermal boundaries of ortho-piezo-thermoelastic
©

half-space. Here m,’, (n = 1,2, 3, 4) are the roots of the
characteristics equation (43).
By BB By BB
where 1) = | 50 5 5 |00 = |60 8D 8
B ) Bl G
my B B A B

14
1) _ (1) 1) (1) 1 _
R i S i
B31 B32 B34

@ (1) [€9)
D B o
BSI BSZ B33
Also, the secular equations under stress free, electrically shorted,

thermally insulated and isothermal boundaries of ortho-piezo-
thermoelastic half-space become respectively

m"T, 0O + mOT,00 + mOT, e + MO, = 0, (46)

and

.00 + 7,050 + T + T, = o. “7)

Here, BY, B, B (n =1, 2, 3, 4) are provided in Appendix C.

1n? 7 2n’ 73n’
O RO RO
1 BlZ Bl3 B14 1
Here, T i” BSZ) Bg? B;i) , I ;O =
W;l) ng) Wil)
T s ny
NI
wo wl o wl w wd wl
O M p®
o_| o tn e @ _ Te() o
i =\ BY BY B | sothatvy = =L w =
TGO RN ) S G ) a(my?)
Wl W2 W3
Pal) o _ ruol)
F41(m£.1))’ " Fl(mizl))

Here, I'y; (m;D) s J

element I';; corresponding to the root mﬁ,l), n=1,2,3,4. The

1, 2, 3, 4 indicates the co-factor of the

values of I';; (mi,l)) ,j =1, 2,3, 4are provided in Appendix C.

Equations (44) - (47) are very much agree with the results
derived by Sharma et al. [22], and Rakshit et al.[43].

10. Numerical results

For numerical computations and validation of the analytical
results, an orthotropic material, Cadmium Selenite (CdSe), is
chosen. The material constants for a single crystal of CdSe are
listed in Table 1 below:
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Table 1. Values of the parameters [21, 44]
Symbol Value Symbol Value

o 74.1 X 10° Nm™2 Ca3 83.6 X 10° Nm™2
C1s 39.3 x 10° Nm™2 T, 298 K
A, 13X10° N h, 4 %1076 Cm™2
A, 12Xx10°N h, 5% 10716 Cm
71 0.9 X 10! Nm™2 I3 4%x107° Cm™
73 0.7 X 101 Nm2 g 6 x1071° Cm™
a, 1.2 x 101 Nm™ v 60 Nm 2K~
Css 13.2 X 10° Nm—2 K, 9 WmK™!
T 6.21x10° Nm—2K~' 7 5.51x10° Nm™2K™!
M3 —0.160 Cm™2 M3 0.347 Cm™2
Mis —0.138 Cm™2 en 8.26 X
10—11 CZN—lm—Z
€33 9.03 X T3 —-2.9 X
10711 C2N~1m2 10~° Cm—2K~!
K, 9Wm K X 1.45x 10716 Nm™2s
K 7 Wm™K- 1! K; 8§ Wm™'K-1s™!
P 5504 kgm™3 Cg 260 Jkg—'K™!
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Figure 2. Three-dimensional variations with respect to wave number y
and inclination angle o under electrically open and thermally insulated
conditions are presented for: (a) phase velocity in the TPL model, (b)
attenuation coefficient in the TPL model, (c) specific loss factor in the TPL
model, and (d) phase velocity in the GN-III model.

Fig.2a shows how the phase velocity grows as inclination
angle alpha increases, while dispersion with wave number
chi stabilises at higher values. Under the electrically open
and thermally insulated condition, the TPL model predicts
higher phase velocities compared with other cases. This result
demonstrates how controlling boundary conditions can effectively
tune wave propagation speeds, which is highly useful in surface
acoustic wave sensors and communication filters where delay
control is essential.

Here Fig.2b shows the attenuation coefficient is highest at low
inclination angles and decreases gradually as alpha increases.
With wave number chi, attenuation increases sharply at lower
values and later saturates. This finding highlights the strong
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damping influence of the electrically open and thermally insulated
boundary in the TPL model. In practical applications, this
is crucial in non-destructive testing and ultrasonic inspection
systems, where excessive damping at certain orientations could
mask defect detection signals.

In Fig.2c, the specific loss is observed to rise with inclination
angle alpha, showing peaks around moderate values of wave
number chi. This indicates that under the electrically open
and thermally insulated case, thermo-electro-mechanical losses

become significant at intermediate frequencies and orientations.

Such loss factors are of high importance for energy harvesting
devices and acoustic metamaterials, where controlling energy
dissipation allows for either efficient storage or deliberate
damping.

The GN-III model predicts in Fig.2d slightly lower phase
velocities than the TPL model under the same boundary
conditions. Nonetheless, the increasing trend with inclination
angle alpha and the dispersive nature with wave number chi
remain consistent. This comparative outcome underlines the
influence of microstructural model selection on predicting
wave behavior. In engineering design, such insights help in
choosing suitable constitutive models for advanced Orthotropic
piezoelectric composites used in sensors and actuators.
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(c) Phase velocity TPL (d) Attenuation coefficient TPL

Figure 3. Three-dimensional variations with respect to wave number y
and inclination angle o are shown under thermally insulated conditions:
(a) attenuation coefficient in the GN-III model (electrically open), (b)
specific loss factor in the GN-III model (electrically open), (c) phase
velocity in the TPL model (electrically shorted), and (d) attenuation
coefficient in the TPL model (electrically shorted).

The attenuation coefficient in the GN-III model is generally
smaller compared to the TPL model which is presented in
Fig.3a, demonstrating reduced energy dissipation under the same
boundary constraints. This suggests that GN-III predictions are
more conservative with respect to damping. Practically, this
difference in attenuation modeling assists in designing devices
where controlled energy loss is required, such as ultrasonic filters
or low-loss waveguides.

Fig.3b exhibits the GN-III model indicates that losses are
more pronounced at smaller inclination angles, contrasting

with the TPL model where losses are greater at larger angles.

This comparison highlights how theoretical assumptions affect
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predictions of thermo-electro-mechanical energy loss. In practice,
this is valuable for designing damping layers and vibration control
systems, where precise prediction of loss mechanisms guides
material optimization.

In this case the Fig.3c represents the phase velocity remains
lower than in the electrically open case but still increases steadily
with inclination angle alpha. Dispersion with respect to wave
number chi is similar but slightly flattened. The shorted electrical
boundary reduces the electromechanical contribution, which
results in a slower wave. Such effects are important for designing
grounded acoustic sensors and filters, where boundary grounding
is inevitable and must be accounted for in velocity predictions.

Attenuation levels are reduced compared to the electrically
open case in Fig.3d, but the overall pattern remains consistent:
higher attenuation at small inclination angles and a saturation
trend with wave number chi. This reduction demonstrates how
grounding suppresses electrical energy loss. In real-world terms,
this is advantageous for long-distance ultrasonic transmission
lines where reduced attenuation is desired to maintain signal
strength.
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Figure 4. Three-dimensional variations with respect to wave number y
and inclination angle o under electrically shorted and thermally insulated
conditions are presented for: (a) specific loss factor in the TPL model, and
(b-d) phase velocity, attenuation coefficient, and specific loss factor in the
GN-III model.

Specific loss remains significant but its peak shifts due to the
change in boundary conditions in the Fig.4a. The losses are
concentrated at mid-range wave numbers, which would be critical
in tuning devices for particular operational frequencies. This
has implications in designing acoustic dampers and frequency-
specific absorbers that benefit from controlled loss under shorted
electrical boundaries.

In Fig.4b, the GN-III model shows consistently lower values
of phase velocity compared to the TPL model under the same
conditions, reinforcing the effect of microstructural modeling
assumptions. This outcome stresses the importance of careful
model selection when designing piezo-composite based acoustic
devices, ensuring that predicted wave speeds align with the
application.

Attenuation in the GN-III model remains consistently lower,
indicating reduced damping effects compared with the TPL model
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in Fig.4c. This suggests GN-III may be more suitable for devices
requiring low-loss wave propagation, such as in high-frequency
ultrasonic sensors used in biomedical imaging.

The loss behavior differs significantly from the TPL predictions,
with notable reductions across inclination angle alpha. This
demonstrates that boundary grounding coupled with GN-III
assumptions provides minimal energy loss, making it suitable
for low-loss communication devices and waveguides where high
efficiency is essential.

Phase velocity: TPL | EO-ISO Attenuation coefficient: TPL | EO-1SO
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Figure 5. Figures illustrate three-dimensional variations with respect
to wave number y and inclination angle a under electrically open and
isothermal conditions. For the TPL model, phase velocity (a), attenuation
coefficient (b), and specific loss factor (c) are shown, while panel (d)
presents the phase velocity for the GN-III model.

Here in Fig.5a, thermal isothermal constraints slightly increase
phase velocity compared with thermally insulated cases, as
heat transfer effects are constrained. The phase velocity shows
stronger sensitivity to inclination angle alpha. This result is highly
useful for temperature-stable wave devices, where maintaining
predictable wave velocity across thermal variations is critical.

Attenuation decreases overall under isothermal conditions
in Fig.5b, suggesting reduced thermal damping compared with
thermally insulated cases. This finding can directly inform the
design of thermally stable sensors and actuators used in high-
temperature environments like aerospace structures.

Specific losses peak at moderate wave numbers but are lower
overall than in thermally insulated cases. This demonstrates
how isothermal constraints reduce thermo-electrical losses.
Represented in Fig.5c. Practically, this helps in developing energy-
efficient transducers where losses need to be minimized.

Fig.5d represents the GN-III results again show slightly reduced
velocities compared with the TPL model but confirm the same
upward trend with inclination angle alpha. These results reinforce
the reliability of both models in capturing wave propagation
under varying thermal boundaries. Engineers can use this
insight for high-precision wave-based devices operating in thermal
environments.

In Fig.6a, the GN-III model under isothermal constraints
predicts the lowest attenuation values across all cases studied,
making this boundary-model combination highly promising
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for long-range ultrasonic transmission and structural health
monitoring in hot environments.
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Figure 6. Three-dimensional variations with respect to wave number
x and inclination angle a under isothermal conditions are illustrated
as follows: (a) attenuation coefficient and (b) specific loss factor for the
GN-IIT model with electrically open boundaries, and (c) phase velocity
and (d) attenuation coefficient for the TPL model with electrically shorted
boundaries.

The specific loss is small across all ranges of wave number
and inclination in Fig.6b, suggesting minimal thermo-electro-
mechanical energy dissipation. This points towards practical
applications in low-loss communication systems and high-
efficiency piezoelectric sensors.

Fig.6¢c shows under both electrical grounding and isothermal
constraints, phase velocity stabilizes more quickly with wave
number chi and shows a smoother increase with inclination angle
alpha. This demonstrates how combined constraints produce
balanced propagation behavior. Such results are highly relevant
for electronic devices operating in controlled environments, where
stability is more important than extreme sensitivity.

Attenuation is at its lowest among all TPL cases studied,
showing that thermal and electrical constraints together minimize
energy loss in Fig.6d. This is ideal for acoustic delay lines
and ultrasonic transmitters that must preserve energy across
propagation distances.

Specific loss becomes negligible in most ranges of wave number
chi, confirming the effectiveness of combined shorted-isothermal
conditions in reducing dissipation in Fig.7a. This makes the
case highly attractive for precision devices requiring minimum
noise and maximum energy efficiency, such as medical ultrasound
probes.

The GN-III predictions here are again lower than the TPL model
but consistent in trend in Fig.7b. These results provide further
confidence that different models converge qualitatively under
highly constrained boundaries. Engineers may exploit this case
for developing thermal-insensitive and grounded sensor systems.
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Figure 7. 3D variations of y and « under electrically shorted, isothermal
conditions for TPL (a) and GN-III (b—d) models.

Attenuation here is the lowest across all GN-III predictions,
confirming this as the least dissipative scenario studied in Fig.7c.
This makes it highly suitable for telecommunication waveguides
and piezoelectric signal-processing devices, where signal integrity
must be preserved.

The loss factor is minimal and nearly flat across the range of
inclination and wave number studied in Fig.7d. This indicates
that energy dissipation is practically absent under these combined
conditions. In real-life, such predictions are critical for medical
imaging probes and high-efficiency wave sensors, where stability
and clarity of signal are vital.
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Figure 8. Validation of computed phase velocity against reference results
from Sharma et al. [45].

This validation figure shows the close agreement between the
present study and published literature, confirming the robustness
of the theoretical and numerical framework used in Fig.8. The
excellent match ensures reliability for practical applications. With
validated models, engineers can confidently apply these results
to aerospace composite panels, medical ultrasonic sensors, and
smart piezoelectric devices, ensuring both performance and safety
in practical environments.
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This Fig.9a highlights where predictions from the two models
diverge most. Large deviations occur at lower inclination angles
and higher wave numbers, while agreement is closer at higher
angles. Such results emphasize the importance of model choice in
practical applications, guiding engineers to select the most reliable
framework for wave-based device design.

o,

(b) Efficiency index TPL

Valdation Residusls Surface
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|

(c) Combined effect of attenuation  (d) Residuals between predictions and
coefficient and specfic loss data

Figure 9. Three-dimensional variations across wave number y and
inclination angle « are illustrated for: (a) percentage difference in phase
velocity between TPL and GN-III models, (b) efficiency index (phase
velocity to specific loss ratio) for the TPL model, (c) combined effect of
attenuation coefficient and specific loss under the TPL model, and (d)
residuals between present predictions and reference literature data.

This Fig.9b identifies regions where waves propagate with
maximum speed and minimum loss. The efficiency peaks at
higher inclination angles and moderate wave numbers. Such
an index is valuable for optimizing devices such as sensors,
waveguides, and energy harvesters where both speed and
efficiency are critical.

This Fig.9c shows how attenuation and specific loss reinforce
each other in certain regimes. Coupled high values appear at
low inclination angles and mid-range wave numbers, indicating
ranges of severe damping. These insights help in designing
damping composites and noise isolation materials.

The residual surface demonstrates that discrepancies remain
small and distributed studied in Fig.9d, confirming excellent
agreement with previous studies. Such comprehensive validation
strengthens confidence in applying the model to new material
systems and boundary conditions.

This Fig.10 visually demonstrates boundary condition effects
in a single plot. It shows how isothermal boundaries slightly
enhance phase velocity, while shorted boundaries reduce it. Such
comparative visualization aids in understanding how electrical
and thermal boundaries affect practical device performance.

11. Theory of Machines and Machine Learning
Integration

In addition to the analytical framework of Rayleigh-type surface
wave propagation under Green-Naghdi III, and three-phase lag
theories, the present extension incorporates perspectives from the
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theory of machines and machine learning (ML). Concepts such
as damping, transmissibility, and dynamic efficiency in classical
machine theory are analogous to attenuation coefficients, specific
loss, and wave energy transmission in piezoelectric substrates. To
accelerate prediction and classification, ML models were trained
on analytical datasets, enabling rapid evaluation and design

optimisation.
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Figure 10. Representative average phase velocity surface for TPL model
considering EO-TI, ES-TI, EO-ISO, ES-ISO conditions.

11.1. Why Machine Learning is Applied

Machine learning provides a computationally efficient surrogate
for the analytically intensive wave propagation models. Instead
of repeatedly solving complex secular equations, regression-
based ML models instantly predict phase velocity, attenuation
coefficients, and specific loss values across ranges of wave
numbers and inclination angles. Furthermore, classification
models accurately infer boundary conditions (e.g., EO-TI, ES-
TI, EO-ISO, ES-ISO) from measured wave response features. This
integration significantly reduces computational cost, supports
real-time optimization of piezoelectric surface acoustic wave

devices, and facilitates diagnostics in structural health monitoring.

Geometry: Piezo-thermoelastic Half-space with Interfaces
I (free surface)

T“ Propagation x; x

___________  (irfterface)

2 (depth)

T3 (void)

Figure 11.
interfaces with ML

This schematic means Fig.11 provides the physical basis for the
analytical and ML-extended models, illustrating the propagation

direction, wave number (), and inclination angle (a).

Geometry of Ortho-piezo-thermoelastic half-space with
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(c) Analytical attenuation (d) ML-predicted attenuation

Figure 12. Three-dimensional surfaces under EO-TI boundary conditions
are shown for: (a) analytical phase velocity, (b) ML-predicted phase
velocity, (c) analytical attenuation, and (d) ML-predicted attenuation.

The surface shows phase velocity increasing with inclination
angle o and saturating with y, serving as the theoretical baseline
in Fig.12a. The surrogate model reproduces the analytical
behavior with high fidelity in Figl2b, enabling near-instant
prediction without solving secular equations. Attenuation is
higher at small o and low y, stabilizing at larger y. This represents
the baseline damping regime of the system in Fig.12c. The
surrogate model matches analytical trends and enables rapid loss
estimation for optimization of device design in Fig.12d.
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(a) Residual map (b) Confusion matrix

Figure 13. (a) Residual map (ML - Analytical) for phase velocity under
EO-TI boundary conditions. (b) Confusion matrix for boundary condition

classification.

The heatmap highlights the small differences between ML
predictions and analytical solutions. Residuals are minimal
across most of the domain, with slight variations in localized
regions studied in Fig.13a. The matrix demonstrates accurate
classification of boundary conditions (EO-TI, ES-TI, EO-ISO,
ES-ISO) based on measured phase velocity, attenuation, and
specific loss. This shows the capability of ML to recover boundary
types from observable data in Fig.13b.

12. Conclusion

12.1. Phase velocity findings
« Phase velocity consistently increases with inclination angle
alpha and saturates with wave number chi, confirming
dispersive but stabilizing behavior.
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« Electrically open cases predict higher phase velocities than
electrically shorted ones, while isothermal conditions slightly
enhance velocity compared with thermally insulated ones.

» The TPL model generally yields higher phase velocities than
the GN-III models, highlighting the role of microstructural
assumptions in wave modeling.

« These results are crucial for tuning surface acoustic wave
sensors, delay lines, and wave filters where velocity control
is essential.

12.2. Attenuation coefficient findings

 Attenuation is strongest at low inclination angles and

gradually decreases as alpha increases, while it grows with

wave number chi at low values and stabilizes at higher values.

Electrically shorted and isothermal conditions significantly

reduce attenuation, making them favorable for long-range

signal transmission.

« GN-III consistently predicts lower attenuation than TPL,
suggesting reduced damping in this framework.

« These results are directly applicable to nondestructive
testing, biomedical ultrasound, and long-distance ultrasonic
communication, where low attenuation ensures clear signals.

12.3. Specific loss factor findings

+ Loss behavior is highly dependent on boundary conditions:
TPL predicts higher losses at larger inclination angles, while
GN-III shows higher losses at smaller angles.

Isothermal conditions reduce loss compared with thermally
insulated ones, and combined shorted-isothermal cases
nearly eliminate it.

« Specific losses peak at mid-range wave numbers, showing
frequency-dependent dissipation behavior.

Practical applications include energy harvesting, vibration
isolation, and noise absorption, where controlled energy
loss is either minimized (for efficiency) or maximized (for
damping).

12.4. Model
Velocity)

« The comparison between TPL and GN-III models
demonstrates that the choice of microstructural theory
significantly influences wave predictions, particularly at low
inclination angles and high wave numbers.

« This emphasizes that researchers and engineers must
carefully select the theoretical framework to ensure accurate
design of piezoelectric and thermo-electro-elastic devices.

Sensitivity (Relative Difference in Phase

12.5. Propagation Efficiency (Efficiency Index)

« The efficiency index reveals optimal ranges where waves
propagate rapidly with minimal losses.

« These high-efficiency regimes, identified at moderate wave
numbers and larger inclination angles, directly benefit the
design of high-performance sensors, waveguides, and energy
harvesters, where balancing speed and low dissipation is
essential.

12.6. Coupled Damping Behavior
Correlation)

(Attenuation-Loss

« The correlation surface shows that attenuation and specific
loss amplify each other under certain orientations and
frequency ranges, leading to severe damping zones.
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« This outcome is crucial for damping composite materials
and acoustic noise-control systems, where identifying and
controlling coupled loss mechanisms improves material
reliability.

12.7. Boundary Condition Influence
Velocity Across Boundaries)

« By averaging boundary conditions in a unified 3D
representation, the figures highlight how isothermal and
electrically open conditions enhance propagation, while
shorted and insulated conditions reduce velocity.

« This provides engineers with a direct guideline on how
boundary management in composite structures can tune
device behavior, a valuable insight for surface acoustic
wave (SAW) filters, ultrasonic transducers, and structural
monitoring systems.

(Average Phase

12.8. Model Validation (Residuals Surface)

+ The residual surface confirms excellent agreement between
the present model and published results, with only minor
distributed discrepancies.

« This ensures that the methodology is robust and reliable,
reinforcing confidence for its application in aerospace
composites, medical imaging probes, and smart material-
based devices where predictive accuracy is critical.

12.9. Validation outcome

« The validation plot shows excellent agreement with
published results (Sharma et al. [45]), confirming the
robustness of the analytical and numerical framework.

+ This agreement ensures that the findings are reliable and can
be confidently extended to other composite and boundary
condition scenarios.

12.10. Conclusion with Machine Learning implementation:

« Machine learning surrogates accurately replicate analytical
results for phase velocity and attenuation, reducing reliance
on complex secular equation solving.

» Residual analysis shows minimal error, confirming the

reliability of ML predictions across the y — a domain.

Classification models successfully identify boundary

conditions from measured wave response features,

enhancing diagnostic capabilities.

« Integration of ML enables real-time optimization and rapid
parametric analysis, directly supporting device design and
structural health monitoring.

« The combined analytical-ML framework provides a
computationally efficient and practically relevant extension
of the present study.

The 3D figures analyses not only validate the theoretical
framework but also extend the research by providing sensitivity
maps, efficiency zones, and coupled damping insights that are not
visible in standard 2D plots. These findings enhance the novelty
of the study, giving engineers and researchers practical design
guidelines for optimizing wave propagation, minimizing losses,
and tailoring boundary conditions in real-world devices.

12.11. Future Work and Extension

The present study establishes a strong foundation for
understanding thermo-electro-mechanical wave propagation in

Orthotropic piezoelectric composite structures. Future work can
extend this research by:
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« Investigating nonlinear wave interactions and their role
in defect detection and damage progression in advanced
composites.

« Extending the analysis to multi-layered and functionally
graded materials, which are increasingly used in aerospace
and biomedical applications.

« Incorporating temperature-dependent material properties
for more accurate modeling in high-temperature or cryogenic
environments.

« Exploring nanostructured and magneto-electro-elastic
composites, where additional coupling effects may further
modify wave behavior.

« Validating the model with experimental data and integrating
it into simulation tools for industrial design optimization.

Such extensions will not only broaden theoretical understanding
but also accelerate practical applications in smart materials,
energy harvesting systems, aerospace structures, and next-
generation medical ultrasonic devices.

13. Applications

The findings on phase velocity of Fig.14 and attenuation directly
apply here, as controlling these parameters allows precise tuning
of sensor sensitivity and selectivity. By minimizing specific losses,
SAW devices can achieve higher detection accuracy for gases,
chemicals, and biological agents. The research outcomes on
boundary effects and efficiency indices provide design guidelines
for optimizing electrode spacing and substrate orientation in real-
world SAW sensors [46—48].

Application: Surface Acoustic Wave (SAW) Sensor

! y

Figure 14. Schematic of a surface acoustic wave (SAW) sensor where
waves propagate along an Orthotropic piezoelectric substrate through
interdigital electrodes.

Interdigital transducer electrodes

T

Orthotropic piezoelectric substrate

The research findings of the Fig.15 on coupled attenuation
and specific loss are critical for defect detection in aerospace
composites. Lower attenuation ensures that guided waves travel
longer distances without losing strength, while sensitivity to
boundary conditions enables accurate localization of cracks
or delaminations. The validated models confirm that reliable
monitoring can be achieved, making these results directly
applicable in designing safer and more durable aerospace
structures [49-51].

Application: Aerospace Composite Panel with Embedded Waveguides

Aerospace composite fuselage panel

/ Defect/Crack

Figure 15. Conceptual diagram of an aerospace fuselage composite
panel equipped with embedded Orthotropic piezoelectric waveguides
for structural health monitoring.
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