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Abstract

The present work describes the development of a complete theoretical
framework of wave propagation in cylindrical waveguides possessing mi-
crostructure. In parallel, a thorough investigation of the full 3-D model of
wave propagation in cylinders is presented. The first step is the spectral
decomposition of the boundary value problem emerging via wave propaga-
tion analysis. The spectral representation of the specific gradient elasticity
problem reflects the ability to construct all the possible propagating modes
in cylindrical geometry. Several byproducts arise along the present work,
which constitute generalizations of well known important features of clas-
sical elasticity and are indispensable for modeling the gradient elasticity
problem. We note the construction of the set of dyadic Navier eigenfunc-
tions which constitute the generalization of the Navier eigenvectors. The
restriction of the Navier eigendyadics on cylindrical surfaces gives birth
to the dyadic cylindrical harmonics, which constitute the generalization
of the well known vector harmonics. This set is also a basis in the sense
that the trace of every dyadic field on a cylindrical surface can be repre-
sented as a countable superposition of dyadic cylindrical harmonics. The
method aims at providing the necessary theoretical establishment for the
determination of the dispersion curves emerging in cortical bones.

1 Introduction

The classical theory of elasticity is insufficient to describe the mechanical be-
havior of linear elastic materials when these materials exhibit a specific type
of microstructure. Liquid crystals, porous media, granular materials, polymers,
solids with micro cracks, dislocations and disclinations are illustrative cases
where the use of micro continuum field theories is necessary to provide appro-
priate solutions.



The necessity of utilization of the so called micro-continuum theories is clar-
ified when we encounter the notion of length and time scale characterizing wave
fields participating in physical processes within materials with micro-structure.
For example, in [1] the authors investigate the propagation and scattering of elas-
tic plane waves by spherical inclusions with micro-structure, revealing the neces-
sity to develop enhanced elastic theories when the characteristic wave-length A
of the exciting incident field is comparable to some internal characteristic length
[ of the medium. In that case the response of every sub-continuum region to
the external stimulus obtains an individual role, rendering unsuccessfull the ax-
iom of locality. As an example, the classical theory of elasticity is well known
to predict two non dispersive waves (the longitudinal and the transverse one)
whose short wavelength behavior departs essentially from experimental obser-
vations. To take into consideration the non locality of the involved elastic fields,
several approaches have been followed modeling the microstructural effects in
a macroscopic manner by introducing higher-order strain gradient, micropolar
and couple stress theories. We note here the principal contributions of Mindlin
and co-workers [2],[3],[4], Aifantis and co-workers [5], [6],[7],[8] and Vardoulakis
and co-workers [9],[10] in connection with the higher-order strain theories. In
addition one may pay attention to the contribution of Eringen and co-workers
[11],[12] and [13] pertaining to the micropolar theories, as well as [14], [15], [16]
and [17] in connection with the couple-stress theories.

The implication of non classical theories in dynamic problems involving wave
propagation in beams and half-space has proved very promising [18],[19],[20] by
eliminating singularities or discontinuities of classical theory and capturing the
expected size effects and wave dispersion in cases where this was not possible
by classical elasticity methods. Especially the propagation of guided elastic
waves inside ”guiding” elastic structures characterized by co-existence of several
spatial scales is a physical problem of great significance from the theoretical
and applications point of view. Several multiple scattering phenomena arise
generated by the internal micro-components of the structure in conjunction
with the physical boundaries of the waveguide. Special study of elastic wave
propagation incorporating enhanced theories is attributed to Georgiadis and his
co-authors [21], [22].

From the application point of view, the investigation of guided waves in
elastic structures mimicking - although via a simple primitive 2-D model - the
cortical bones, have attracted the interest of the authors in [23] and [24], where it
has been shown that gradient elasticity can provide supplementary information
to better understand guided waves in porous media physically mimicking the
bone structure. These works have been suggested as alternative approaches to a
series of primitive studies ([25],[26], [27]) aiming at investigating non destructive
monitoring of biomedical systems within the framework of classical elastic wave
propagation. Thus the new approach revealed the importance of taking into
account the inner microstructure of the underlying physical systems.

In this work, there are two motives: the first one is to develop the complete
theoretical framework of wave propagation in cylindrical waveguides possessing
microstructure and the second one is the thorough investigation of the full 3-



D model of wave propagation in cylinders mimicking long bones through the
use of appropriate geometry and microstructural parameters. In Section 2 we
give the connection of gradient elasticity with cortical bone. As far as the first
aim is concerned, we construct in Section 3 all the necessary theoretical tools,
very reminiscent of the notions introduced in [1], in order to obtain the spectral
decomposition of the boundary value problem emerging via wave propagation
analysis. The spectral representation of the specific gradient elasticity problem
reflects the ability to construct all the possible propagating modes in cylindrical
geometry. Several byproducts arise along the present work, which constitute
generalizations of well known important features of classical elasticity and are
indispensable for modeling the gradient elasticity problem. We note first that
we follow the very efficient dyadic formulation, conceived in [28] for practical
rather than physical reasons as already revealed in [1]. We focus also on the
construction of the set of dyadic Navier eigenfunctions which constitutes the
generalization of the Navier eigenvectors. This set is important since every
interior or exterior (radiating or attenuated) dyadic field of gradient elasticity
can be expressed as a countable expansion in terms of the elements of this
set. This fact is a fruitful spectral representation of solutions of the dynamic
equation of gradient elasticity in cylindrical coordinates. It is important to note
that the restriction of the Navier eigendyadics on cylindrical surfaces gives birth
to the dyadic cylindrical harmonics, which constitute the generalization of the
well known vector entities. This set is also a basis in the sense that the trace
of every dyadic field on a cylindrical surface can be represented as a countable
superposition of dyadic cylindrical harmonics.

In Section 4, we exploit the already constructed spectral representation to
solve the problem of wave propagation. More precisely, we force this represen-
tation to satisfy the free boundary conditions on the surface of the waveguide.
The resulting boundary conditions on the cylindrical surface are functionally
"projected” on the basis of the dyadic cylindrical harmonics and this process
in conjunction with the already constructed -in Section 2- orthogonality prop-
erties of the harmonics basis separates the infinite spectral representation and
leads to several linear finite algebraic systems. These systems involve as un-
knowns the wave spectral representation coefficients and are homogeneous due
to the free boundary conditions. Thus the determinants of these systems van-
ish giving birth to the construction of the dispersion relations along with the
propagating modes within the waveguide. These dispersion relations turn out
to be very complicated functions involving several constitutive parameters, and
interrelate the frequency w with the axial wave number p. In particular, the
dependence of the dispersion relation on p is tremendously involved and highly
non linear. Thus the application of the present mathematical methodology to
the determination of the dispersion curves corresponding to the propagating
modes inside long cylinders - simulating cortical bones - requires a thorough
multi-parametric analysis w.r.t several physical and geometrical features of the
problem. This last task can not be a part of the present work, is independent,
consists of a very demanding numerical implementation involving consecutive
computer experiments and constitutes the target of work under preparation.



2 Gradient elasticity and cortical bone

In recent years, gradient elastic theory has gained significant interest in deriving
analytical and numerical solutions of ultrasound propagation through cortical
bone [23], [24]. Although classical elastic theory has been extensively used in
bone studies it cannot provide a complete description of dynamic mechanical
behavior since it is associated with concepts of homogeneity and locality of
stresses. However, experimental observations have shown that in heterogeneous
materials with dimensions comparable to the length scale of the microstructure,
microstructural effects become important. In addition, the state of stress has
to be theoretically defined in a non-local manner.

Bones microstructural effects can be successfully modeled in a macroscopic
framework by employing enhanced elastic theories such as the couple stresses
theory proposed by Cosserat brothers [14] and generalized later by Eringen
as the micropolar elastic theory [40], the general higher-order gradient elastic
theory proposed by Mindlin [2] , and the non-local theory of elasticity of Eringen
[41] .

Furthermore, the versions of Mindlin’s general elasticity theory with mi-
crostructure (Georgiadis et al.[22], Tsepoura et al.[18]) have gained significant
interest since all tensors involved are symmetric being thus mathematically sim-
pler and more understandable from a physical point of view. One of the most
crucial and difficult issues in the enhanced theories as they apply to real prob-
lems is the determination of the internal length scale parameters. Very recently
Vavva et al. [24], exploiting the dipolar gradient elastic theory, derived analyti-
cally dispersion curves of guided waves propagating in a two dimensional and free
of stress gradient elastic plate mimicking the cortical bone. The two lengthscale
parameters introduced in the considered dipolar gradient elastic theory were
taken empirically to be about the size of an osteon. It was demonstrated in
[24] that when the elastic constants have different values, microstructure plays
a significant role in the propagation of the bulk longitudinal and shear waves by
inducing material and geometrical dispersion. It was also shown that the inser-
tion of the microstructural characteristics into the stress analysis gives rise to
major changes in the dispersion of the guided modes predicted by the classical
Lamb wave theory. This work was further extended by Papacharalampopoulos
et al. [38] by introducing four microstructural parameters in order to have a
more realistic modeling of cortical bone, since different intrinsic parameters for
shear and longitudinal waves are necessary. More specifically Pacacharalam-
bopoulos et al. [38] provide in Section IVa a clear and thorough connection
between the bone elastic and material parameters and the internal length scale
parameters used in Mindlin’s Form II gradient elastic theory.

Nevertheless, in the aforementioned studies cortical bone was modeled as
a two dimensional elastic plate. However Protopappas et al. [39] by using
the classical theory of elasticity have shown that the cylindrical geometry of
bone significantly affects the propagation of the higher order guided modes.
To this end, the present study could be regarded as a step towards realistic
modeling of the wave propagation in cortical bone exhibiting microstructure



since for the first time the gradient theory of elasticity incorporating the full set
of microstructural length scale parameters is used to model analytically guided
wave propagation in three dimensional cylindrical geometry.

3 Gradient elasticity in cylindrical geometry

Mindlin in [2] suggested several forms concerning the variation of energy with
strains and microstructural variables in materials with gradient features. The
most appropriate form in elastic propagation in the framework of the long-wave
length approximation, turns out to be form II of Mindlin [2] according to which
the variation of the energy (potential energy per unit-macrovolume) becomes
(see [1]) (using Einstein’s summation convention)

oU = Tij(sﬁij + /Jzijk(slﬁijk (1)

where €;; is the usual strain (now the macro-strain), 7;; the ”macroscopic”
Cauchy stress, p;j, the double stress tensor and s;;, = 0;€;y is the gradient of
the macro-stress tensor.

It is preferable to work with dyadic displacements [28] since it helps in in-
corporating uniformly all possible polarizations and in building a framework
suitable to study Green’s functions as well. We introduce thus the dyadic dis-
placement field @ = wX; where u; = u;;X; are the cartesian vector compo-

nents. The macro-strain tensor ¢ = 1 (Vﬂ + (Vﬂ)213) is now a triadic [1] and

so is the Cauchy stress tensor 7. The superscript (3'3) stands for a specific
permutation of the components of the triadic to which it refers. For exam-
ple (iiijﬁk)Qm = X;XiXk. Relevant symbolism is valid for higher order dyads.
The gradient of the strain (Ve) becomes now a tensor of fourth order and this
property is inherited to the double stress tetradic: ft = p;;5X;X;XX;. The con-
stitutive relations connecting strains and stresses are given in [2] and reflect the
simplest possible assumption of a homogeneous, isotropic, quadratic (in terms
of its arguments) energy density. More precisely, we express the Cauchy and
double stresses as follows

T =2+ N(V-3) = p (VE+ (VD)) +A(V - 3), 2)
and
o= smlEa0) LTV a4 (VY- @) 4 (VY i)
+ 2a(IVV - 0)312 4 %ag [IAT +1IVV -7 + (1A2)P + (IVV - 7)1
b auVVAE 4 (VVE)2] 4 %a5[2(VV17)3124 + YV 4 (VYD (3)
where (= fimac — %7 A+ 20 = Mnac + 2lmac — 3(b829-§b3) o 3((9?511155-2%)1723)' The

parameters Apqac, hmac are the Lame constants of the macroscopic elastic mate-
rial, while a;,7 = 1,..5, ¢g;,t = 1,2 and b;,7 = 1,2, 3 are constitutive parameters



due exclusively to the presence of the microstructure. These internal length
scale parameters are correlated to the bone microstructure. Their determina-
tion is one of the most demanding issues of relevant experiments. However we
mention here corresponding works [38],[42] in which these coefficients or rather
the produced parameters hi, ha, g1, go appeared later in the governing law (15),
are expressed explicitly in terms of the structure of the cortical bone.

The variation of the potential energy Uy stored in region every region V' of
the material is given by the formula

SUy = / SUdr = / {%55@4 () :;Wé’} dr, (4)
14 14

where the dots represent tensor contractions.

The differential equations along with the accompanying boundary conditions
on the surface S confining region V for the dynamic gradient elasticity problem
are produced via the application of Hamilton’s principle

t1 t1
5/ (Ky — Uv)dt+/ Wy dt =0, (5)
to to

In the previous relation Ky is the total kinetic energy of the medium occupying
the volume V' | while §Wy, is the variation of the work done by external forces
expressed as [2], [4]

6WV:/ f;aaTerr/ﬁ:ﬁ.v((saT) dS+/13:5ﬂTdS, (6)
\4 S S

where f denotes body forces, P surface tractions and R stands for surface
double stresses.

Starting with Eq.(4), using Egs.(5,6), adopting a suitable form for the ki-
netic energy and exploiting the calculus of variations, we can deduce the gov-
erning differential equations along with the accompanying boundary conditions.
There are several models for the kinetic energy depending on the nature of the
microstructure. Following here the approach of Mindlin, where there exists a
not negligible contribution to the macro-velocity tensor from the micro-velocity
field, which is actually proportional to the macro-velocity gradients, we infer
that the differential equation of the gradient elasticity problem is

o~

~ - = 0% = 0%
V-(T—Vﬂ)—&—f:pﬁ—v- pD:ﬁVu , r €V, (7)

where p stands for the mass of micro-material per unit macro-volume, p is the
macroscopic mass density and D is a specific tensor of fourth order depending
on the physical and geometrical parameters of the microstructure. Its specific
form can be found in references [1] (Egs. (20,21)) or [2] (Eq. (9.27)) .

The corresponding boundary conditions are the following (where we recog-
nize the surface gradient Vg)



i) classical BC’s

P(r)=0-7(r)-A@a: %(r)—ﬁ-(vs-ﬁ(r))—ﬁ- (Vs @ ()
+[(Vs-m)n@n—(Vsn)] : p(r)

= 0% (0 _ - ~
+n-p'D: BTl <nanu (r) + Vsu (r)) =P, res (8)
and/or
u(r) =g, r € S. 9)
ii) non classical BC’s
Rx)=n-p¥ (@) =Ry, res (10)
and/or
g—z (r)=qo, r € S. (11)
The fields ]30, U, EO and ¢y denote prescribed values.
The contribution s = —V - i to the classical stress tensor in Eq.(7), is given
by
§=-V.ji=-— [2M03A5+ AGIA (V@) + A2 VV (V- a)} (12)

where 2ucs = ag + 2a4 + a5, A\c; = a1 + 2a2, Acs = a1 + az + as.
We express the inertia term V - (p’f) : g—;Vﬂ) as follows [1]

92 2
V. (;;’D ; gﬁva> = p% (h3VV -1 — h3V x V x @) (13)

while the surface contribution ni- p/D : g—; (ﬁ%ﬂ + V) in surface traction P
becomes after some (vector) operators manipulations (see again [1])

a2 2 2
2.0 2 <ﬁaa+vsa> :p% th” >ﬁx(vXa)

ot2 \ on 3p
2 _ pd? ou 2 _ 9p2 P\ L~
+ (Qh2 3 ) o + [ A7 —2h5 + 3p n(V-u) (14)

where h?, h3 are positive numbers depending on constitutive parameters of the
micro-deformation field along with geometrical parameters of the representative
cell of the microstructure. On the basis of Eqs.(12,13), the differential equation
(7) becomes

A+2u) (1-EA)VV - p(1-EA) VXV xu=
82

o [@—hiVV - u+h3V x V x a], (15)



where the involved parameters £; and & are given by

A (Cl + 02) + 2”03
2 2
= = C3. 16
61 N+ 2 ) 52 C3 ( )

We consider the case of time harmonic waves with frequency w traveling
with time dependence: exp (—iwt) . Every elastic field in the sequel denotes the
time-reduced part of the corresponding total field.

To solve Eq.(15), we start with the general representation for an arbitrary dyadic
field @ ([36])
U=VVp+VV x A+V x V x G. (17)

with a general scalar field ¢, a free divergence vector field A and a dyadic field
G. We substitute the expansion (17) in Eq.(15) and separate the corresponding
terms based on properties of solenoidal and irrotational fields. Following the
same theoretical process as in [1], we find that the first part of this decomposition
is contained in the large set

VV¢ e {VL™ (r;k;,&) i=1,2, m=0,£1,42,..., 1 =1,2,3,4},  (18)

where
9 _ 2pw?
= (A +2p) — phiw? + /D (w) 19)
Bw) = 20" (20)

(A +2p) = phiw? — /D (w)
while the second part is characterized as

VV x A € {VM™! (r;k;,€); i=1,2, m=0,£1,42,..., | = 1,2,3,4}
U{VN™! (r;k;, &) i =1,2, m=0,£1,42,..., | =1,2,3,4}. (21)

Note [1] that D (w) = (A4 2u — ph%w2)2 +4pw?E (A +2p) .

To introduce some necessary terminology, we define here the Navier eigen-
vectors L, M, N, which expressed in cylindrical coordinates r, ¢, z, have the form
(consult [29] for some diversification w.r.t the spherical geometry)

L (rsk, ) = %Vx’"’l(r;k,i) (22)
M™ (k€)= %VX(ixm’l(r;k,f)) (23)
NPk = gtV XM (xik) (24)

where Y™ (r; k,&) = SL (€r) ®™(¢)Z(2;p) is the general separable solution of
Helmholtz equation corresponding to wave number k with k? — p? = £2. As
a matter of fact S!, stands for the cylindrical Bessel (Newmann) functions of



order m for | = 1(I = 2), or alternatively for the Hankel functions (I = 3,4).
Furthermore ®™(¢) = exp(im¢) and Z(z;p) = exp(ipz). Several cases emerge
concerning the behavior of these eigensolutions in r and z directions. The crucial
relation is k2 = £2 4 p?, which divides the (square of the) wave number k2 into
the polar plus the axial portion and creates many possibilities for propagating
or attenuated waves. Remark that the elements of the sets (18),(21) with ¢ = 2
correspond to negative k2, i.e. to imaginary wave number k, which is reasonable
in the framework of gradient elasticity.

The third term of the decomposition (17) can be constructed exactly as in
[1] and is characterized as follows:

Vo (V5 6) € 2 {V 5 (L 0,5, §) X D).V (M (1., ) < ),

Vo (N (r, &y, €) x 1),V x (2 L™ (v, |y, €)),
V x (i Mmﬁl(ra k_’j7£))7v X (i Nm)l(r7k‘ja§))a .7 = 3747
m:O,il,iQ,..,;l:1,2,3,4}, (25)

where

2pw? 9

, ki (w
PP o M

2pw?

= ph3? — /D (@)

k2 (w) = (26)

with D' (w) = (u — ph§w2)2+4pw2§§,u. Remark again that k4 is imaginary. The
multiplicative factor 1/ whenever it appears functions as a scaling parameter,
conserving the non-dimensional structure (w.r.t the polar direction size) of the
basis functions.

Via the Eqgs.(17,18,21) and Eq.(25), we have determined the fundamen-
tal eigendyadics constituting the structural solutions of the dynamic gradient
elasticity. For every specific azimouthal integer m, every generic complex z-
wavenumber p and every concrete frequency w, we deal with nine dyadic eigen-
solutions which constitute the analog of the Navier eigenvectors in the dyadic
framework. They can thus be called Navier eigendyadics indicating their rele-
vance to the vector case. Every one of these nine eigendyadics corresponds to
two possible wavenumbers (one real and one imaginary). The first two parts of
Eq.(17) contains irrotational eigendyadics referring to two ”longitudinal-type”
wave numbers while the third part involves solenoidal eigendyadics characterized
by ”shear-type” wavenumbers.

It is very important to express these eigensolutions in separable forms of
cylindrical coordinates. This is necessary first in order to handle boundary value
problems described geometrically even approximately by the cylindrical coordi-
nate system. In addition, in the framework of the integral equation setting, it is
essential to express the integral kernels in terms of these separable dyadic solu-
tions. Following reference [1], after extended and very involved manipulations,
we have constructed the forthcoming separable cylindrical representations for
the aforementioned dyadic solutions. Special role in these representations play



the cylindrical vector harmonics [29]

P.(¢,z:p) = &€ Z(2p)
B, (6, 2p) = 6™ Z(z;p)
Cpn(o,z;p) = iz e™ Z(zp) (27)

The aforementioned representations obey the following relations:

VL 4 (E Zmi St (€r)

+ (an(@ —m? S““) (6B) + 2281, (60)(:C),

)(tBm)s

&r (&r)? 3

S (€7)
&r

(6Cn), — 28t (er)(~i2Cn) (28)

. p
+2im=
3 &2

d_ S, 4 SulE)) n Pt e
Tery (e VP — im s (7 2 (0B) — 28 (€ (6C).
Sk (€r)

2(55“(’5” - smfr)) + 8L (e &

m —im

(FCh)s

. . D
e @ (B img

l r . ~
8L (6r) (B ) — imfgsﬂﬁ)(fcmu + 8L (€)(3C, (20)

VN PP mt L (SwlEr)y
g @l = 2imig e (N

P2 (an(ﬁr) o 5&(6?)) (6B,)+ 20— pj)sgn(gr)(fcm)s

m)s

e\ e (ér)2 £ e

2 Sl 2
k2 ) k2 Sl .
—|—§£—25£n (f?“) (f'Cm)a —+ Zm%j? mg(fr) (¢Cm)a (30)

10



Vx(@LxD) _
T

k2 s VL . k2
— 7vv mil AT — A+ m,l 7 +ymlg
e X 52 2 X £ 52 (x™ X ¢¢ X z)
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m)s

m (&7) - — g r Ler) (i
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5 L(&r)(—iz
£ (00w, 4 Sl (Er)(~i2Cy) (31)

+2im

VxMxI) (VM)
e ¢

o SEr) e L d

= imaen e P T i

2 (S’l"”(m - m@r)) 15 (en)

! . ~
22 800)(5B,,) - 233, (€)(6Cu).
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(
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Vx(NxI) (VNT)

5 S
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%Vx(iL):—%ixVL

(= =30 (Bn). ~ (B)a) i
(Sin (fr) . 2 Sﬁn (f’f‘)

Sy (€r)
&r
A . P ., N R
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IoxeN) =—tixvyN

3 3
(= 580 @@0) +imt 28 nly g, - s,)
-z ( SmlEr) _ (gmr;sfn@r)) (#B,,) - 281, (6)(6C,)
+im gslggr )
= iml (Pl >><< B) = (1) + 280,60 (7B
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£ &

We remark that the dyadic eigensolutions of the dynamic equation of gra-
dient elasticity - after being restricted on a specific cylinder lateral surface- are
expanded in terms of a set of dyadic cylindrical harmonics, which constitutes
the extension of the vector spherical harmonics. For every specific azimouthal
parameter m and every value of the ”continuous” variable p (the z-component
of the wavenumber), this set contains six symmetric and three antisymmetric
elements. The symmetric elements are the following:

Bm BmA n - ACm CmA
i, (1B, = DBl g (o, = TOn Ol
. )Co + Crd .
(3Cu), = C 2 Em0 g, (37)

while the antisymmetric terms are the three dyadics:

rB,, — B,,r rC,, — C,,t

2 ¥ T2

_ 9Cpn — Cid
3 .

(tBm)a =

(9Cin)a (38)
It can be proved - much more easily than in the treatment of the spherical case
handled in [1] - that the cylindrical harmonics under discussion are orthogonal
with respect to the L2-norm on the aforementioned lateral cylindrical surface.
More precisely the induced inner product involves double contraction of the
dyadic elements and integration over the lateral surface.
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4 Wave propagation inside a cylindrical wave
guide with microstructure

In this section we apply the results of the spectral analysis introduced in the
previous section to the solution of a representative wave propagation problem.
We consider a cylindrical wave guide of radius a, occupying the region D, sur-
rounded by the lateral surface S, infinitely extended in z-direction and being
filled with an elastic macroscopically isotropic material with microstructure,
fully characterized by the parameters A and pu, the densities p,p’ ,the gradient
parameters og,l = 1,2,..5, hy, ho, and the characteristic micro-dimension d.

We examine the possibility of propagation of an elastic time-harmonic -
monochromatic- dyadic elastic field of the form u (r,t)= u (r) e~ = u, (r,¢)
e!Pz=«1) inside D, clearly in the long direction of the cylinder. Here i, (r ,gb)
is the time-reduced cross section part of the field. It is worthwhile to notice
that the dyadic form of this field permits to represent uniformly all the possible
polarizations of the traveling field. As deduced from the analysis described
in the previous section, the second and last vector in the representation u =
w;X; of the dyadic elastic field does not participate in algebraic (or differential)
manipulations pertaining to the involved boundary value problems. It is then
sufficient to “dot” the constructed dyadic elastic field -at the end of the day-
on all three cartesian directions thus produce all the possible vector elastic
propagating fields corresponding to every specific propagation pair (w,p). We
note however that the principal aim is to connect the parameters w and p, i.e.
to establish the dispersion relation of the wave propagation in the waveguide.

The time reduced part @ (r) of the propagating dyadic mode can be expressed
in terms of the complete set of dyadic cylindrical eigensolutions, produced in
the previous section as follows

i

= VLm ! vM™! VN7

b;n J + c;_n J
T me—eo & &

x (L x i) 4 V x (MM xT)
+ B
& ! &

1 T) +6mv x (2L . va x (2M1)
& ! & ’ &;
V x (2N
o 3 — |

530

j=3 m=—o0

V x (N7
+9 4

(39)

The propagating field @ given by (39) satisfies the boundary conditions (8,10)
in their homogeneous form, i.e.

P(r) = 0, re S (40)
Rx)(=7-p"”®@)-T) = 0, re S (41)



The surface traction P can be formed in the time-harmonic case by exploiting
Eqgs. (8,14) on the lateral surface S as follows

or
(Vs -T)Tr — V1] :

pld®\ ~ p'd?\ ou
—pw? [(h%— 3 )rx(qu)—t—(Qh%— 3, ) ar

L) e @) (12)

~ T N R B
P(r):r-r—rr:—“—r~(Vs-u(r))—r.(vs.u2134)
_l’_

+ <h§—2h§+

The treatment of the boundary conditions is realized in a classical system-
atic case given the set of the dyadic cylindrical harmonics. More precisely, we
project functionally the conditions (40,41) on these harmonics. This projection
is equivalent to double contracting with those dyadic harmonics and integrating
over the lateral surface. The propagating field @ appearing in the boundary
conditions is represented via Eq.(39) and admits of course several differential
operations therein. Every generated separate term, confined to r = a, is an
infinite expansion of the aforementioned dyadic harmonics. So the projection
mechanism reveals the importance of mutual orthogonality of the dyadic har-
monic functions. It is interesting that these orthogonality relations help to
obtain separate algebraic systems for every index m. In other words the terms
corresponding to different spectral parameters m € Z decouple. In addition
only harmonic dyads pertaining to the wave parameter p survive in the orthog-
onalization process.

It is clear from the form of the involved polyadics in the conditions (40,41)
that the analytic realization of the described above functional projection is de-
manding. However after tedious but straightforward analysis we are in position
to obtain purely separate finite algebraic systems, each one of them involving
exclusively the coefficients of the representation (39) referring to a specific spec-
tral parameter m. Indeed Egs. (40,41) lead to the finite algebraic subsystems
(everyone for specific m = 0,+1, £2, ...)

m m m m m m
(AL jai" + Bl 07 + Oy ;¢
1

2
j=

4
+> 0 [AT, s+ B BT 4+ T A
j=3

8,457 $,4,] $,4,]
m m m m m m| __
+ AL O+ BT el + 28, ;47 =0, (43)

for s=1,2; ¢q=1,2,..,9.
The parameter s refers to the enumeration of the handled boundary condition.
For symbolism convenience, the value s = 1 corresponds to Eq.(41) while s =
2 is assigned to Eq.(40). The parameter ¢ denotes the cylindrical harmonic
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dyad on which projection has been performed. The sequence of projections
follows exactly the series of appearance of the harmonic dyadics in Eqgs.(37,38).
Every subsystem of the form (43) consists of 18 equations with 18 unknowns.
The specific form of the coefficients of every subsystem is the outcome of the
mentioned projection process and all these terms are given in the Appendix.

The crucial remark is that every system of the form (43) is homogeneous
as was expected in the framework of wave propagation investigation. So the
determinant of the matrix of the coeflicients of every subsystem must vanish and
this is the fundamental relation for connecting the propagation phase parameters
w and p and building the dispersion relation for every particular propagation
mode.

Every one of these dispersion relations refers to a specific mode and just co-
incides with the transcendental equation - connecting w and p - produced after
setting to zero the determinant of the 18 x 18 matrix corresponding to a specific
azimouthal value m. After the establishment of the curve p = f,,(w), the cor-
responding propagating mode is constructed by solving the system (43), i.e. by
determining the involved unknown coefficients naturally modulo a multiplicative
constant, expressing simply the amplitude of the mode.

5 Summary and Conclusions

In this study, we presented a three dimensional (3D) analytical model of wave
propagation in cylindrical waveguides exhibiting microstructure. The applica-
tion motivation was to generate a three dimensional framework for the investi-
gation of elastic wave propagation in long cortical bones. The first outcome of
the present work was the spectral decomposition of the boundary value prob-
lem emerging via wave propagation analysis. Starting from the general Midlin’s
Form II gradient elasticity theory, we developed the spectral representation of
the specific gradient elasticity problem and constructed all the possible propa-
gating modes in cylindrical geometry. Two main byproducts arose which con-
stitute generalizations of well known important features of classical elasticity
and which are indispensable for modeling the gradient elasticity problem, while
independently possessing their own theoretical value. First we accomplished
the construction of the set of dyadic Navier eigenfunctions which constitute
the generalization of the Navier eigenvectors. This set is a basis in the space
of solutions of gradient elasticity in cylindrical coordinates. The restriction of
the Navier eigendyadics on cylindrical surfaces gives birth to the dyadic cylin-
drical harmonics, which constitute the generalization of the well known vector
harmonics. This set is also a basis in the sense that the trace of every dyadic
field on a cylindrical surface can be represented as a countable superposition of
dyadic cylindrical harmonics. The outcome of the current analysis aims at con-
structing the analytical dispersion curves of guided waves propagating through
cortical bones. The numerical treatment of the problem is an independent and
demanding computational task, which after completion, is expected to be highly
useful for the assessment of pathological situations of bone and in bone healing
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evaluation.
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Appendix

A The structure of the traveling modes subsys-
tems

The elements of the subsystems as well as of the matrices whose determinants
represent the dispersion relations are presented herein. It is very useful to in-
troduce here some symbolic nomeclature. More precisely, we note that it is
useful to represent these coefficients - and other involved auxiliary quantities -
as functions of the polar distance, after restriction to r = a. For example, A" j
stands for A" ;(a), where the function AT ;(r) is easily obtained from the
relevant definition of A7 ;. In addition B;T";, for instance, denotes B} 7';(a),
ie. qurBTl,j (r) |r=a. This terminology simplifies the expression of the results
extensively.

1. The coefficients offered by boundary condition (41).
1.1. Projection on tP,,

ATI,J’ = —[20&1 “+ ao + 2a3]k]2j,,L(§ja) + 2[0&4 + 045]J7(7§v) (§ja), 7=12 (Al)

(mention that AT, ;(r) = —[2a1 + a2 + 2a3]kj2-jm(§jr) + 2[ay + as] ,Si”)(gjr))

d Im (&5
BTl,j = —[20[1 + g + 2043]]@’]2' zmd ( (gj'l“)> |T:a +

(&r) \ (&)
d3 Im (&5 .
2fos + sl iy (H) |1 (A2
Cly ;=20 + g + 2&3]ik]2-jm(§ja) —2[ay + a5]p2J7(,§”)(§ja) (A.3)

&
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. 1 o [ k2
Al,l,j = —5[041 + 2a3]kj Jm(fja) 52 m(gj )

+2[a4 + 045]§ <J(w)(§] ) 52 Jm(f]”)) s .7 = 374 (A-4)
1 d (Il
B?:Llyj = *5[041 -+ 20&3]]6? Zmd<§r> < (E(é:)'f')> |r:a
J J
. d3 Jm 5 .
+2[Oé4 + 045]55- zmd(§ ) ( (5(] J)T)> |r:a7 J= 374 (A5)
Iy = %[al + 2017 ggz Im(&50) = 2o + aslp?J5" (§50) - (A6)

1
Aé’l’fl,j 2 [al + 2a3]k Zm

76 (i) bes

o . d m(§57)
Rl s )G im g ( &) )'T‘“ A
m2
B = ;[a1+2a3]k ( g(fj ) (gja)QJm(gja)>
2 J.m(gj’r) _ m2 .

2 [‘“4”5]%(@) ( &r (@r)zj’”(g”)> e 49

w1 p2 d Im (&)
2y = gloa + 2alkg im <§jr>< &) )'T‘“
—2|a as|p? im @’ (fj?“)

2los - oslp d(fjr>3< &) )“" (A9

1.2. Projection on (£B,,)s

1
AT = —5[50[1 + 200 + 6a3]kj2 im

e () =

. d3 Jm(f'T) N
Hlos+aslé im e ( &) ) e S22 (410

BTy, = 201 + a2 + 2a3)k} Jin (0)

7%[041 -+ 20&3}]%2» (Jm(gja) - m Jm(fja)>

§ja (gja’)2
d2 Jm ir m2
+2[a4 —‘,—045]532' |?d(§ﬂ')2 ( S(f;? ) — (fjr)z Jm(ﬁj"")) |7"=a
. jm(fja)} ’ j=1,2 (A.11)
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P2 d Im (&7
Cis; = 2[5041 + 202 + 6043]16 ( ( (& )> lr=a

g2 o d(&;r) &r)
3
o + o im gl () e (412

m 1 . d Im (&)
ATy = —5[041 + 303 — 2004 — 3oz5]kj2 Zmd(fjr) ( ( J ) e

&)
) a3 Im (& .
+4[OL4 —|—045]§]2' Zmd(fj’l“)?’ < (f(j;)r)> |r=a7 J = 374 (Al?’)
m 1 2 jm(ﬁja) m® 1 2
By, = —§[a1 + 3az]k; ta (Gap Im(&a) | = 5043]% Im(&5a)
j j
d? T (&7) m?
2o + 05 ]6 lzd(ﬁjr)Q ( fﬂf ()2 Jm(gjr)) e
+ Fn(E0)] — 3204+ Baslk2n(Ea), 5= 3,4 (A.14)

mo_1 @ as — 2 « im d (1)
TT; = glo+ 305 =204 = ok 52 a(&r) < (&) ) e
ooz @ (&)

Hoatasly d(ﬁﬂ)S( (&r) )'T_a (4.15)

m 1 / (§J ) m2 1 2
Al 25 = [041 + 30[3]k ( €j (ﬁja)QJm(fja)) — 50[3]6]- Jm(ﬁja)

2aus + as)€2 it m? N

4+ 55 [ ( (gjr)2‘]m(£] )) lr=a

(€50 *%2a4+3a5]k Jn(&0) (A.16)

B ;= glon + 305 — 204 — 3a5}k§md(§j7‘) ( (53‘;;)) -

B (Tmlr)
~Hoa +aslé imares ( (&1) )'““ (A-17)
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jm(gja) -~ m?

1
Zi ;= 5[041 —|—3a3]k’2p (

152

+= agkf 52 (fja)

&ja

&r) m?

ot
+ )] +3

1.3. Projection on cZ;Bm

an(gja)

&

(&r)2 Jm(gjr)) =

T (&) (A.18)

1
Ay ;= —5loa + 2a3]k]2 <

2 fja

+2[0¢4 + 0&5]52 m(é.] )

m

d? J, )
T d(&r)? &ir

d

(&r)?

Jm(ng)> ‘7‘=a7 Jj= 1(319)

1 .
B?fg,j = 5[041 + 2a3]k‘?2m
d3
—2[0&4 + Oé5]§]2'

d(&;m)

() =

(A.20)

d(&;r)?

J, m (fj a) m?

m —
Cilsj =

1 p°
5[041 + 2a3]kj2 52 (

§ja
m(gjr) . m2

 (§a)? Jm(fja))

72[044 —+ 045]

2 d2
Py

1 2 j (§5a) k3
2 Bk ( ij +(7j

&
d2
A&y ( &r

+2[aq + a5]§2 m(ng)
—%[(M 305k T (a), j = 3.4

&

mo_
A173,j -

20

k2
+(7Jf

(é.jr)Q Jm(gjrr)> |7‘:a (A21)

m2
- Q)Jm(gja)>

(&a)
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Bl,B,j = 5[0{3 — 2@4 — 30[5]kj2-lmd(€jr) ( (é.(]’,f)r)> |r:a
3 .
“2fag+ as]ffimd(g,r)g (Z8) i=ne

1 T (€ 2

2 d2 Jm(gjr) m?
(§j 2\ &r (&r)?

Im(&50) (A.24)

—2[ay + aslp

1
+§[20é4+30[5] j£2

. 1 . d Im 5
Afly,; = 5los = 204 = 3aglh] ) ( (f(j;)r)) e

3 S
o +eslgim s () 1 429

1 .
Bl = —3 “lag — 204 — 3a5]k2 m(&ja) + 2oy + oz5]£]2»J7(,§”) (&a)  (A.26)

1 p? d Im (&7
%y ;= —5[043 — 20y — 3a5]k2 i im ( (& )) lr=a

a&n \ (&)
3 ir
o +adinges (S0 ) b (420

1.4. Projection on (#C,,)s

ATy, = [50l1 + 202 + 63 ]kF T (&50) + Ao + as]pé; T (&5a),

J 57
j=1,2(A.28)
1 (&
By = —5lon + 203k L £im 5(.%)&)
J J
d2 m ] .
+2[o +a5]p§jimd(§jr)2 ( (f(ﬁf)r)) hea.j=1,2  (A.29)
1 1 9P p2 .
CrYy ;= —=[3a1 + 20a + 2a3]k = (&a) — [041 + 203k —(1 = 5)Jm(&;a)
2 «sj A
2
+2]as + aspé; (1 - %)J&;m (&a) (A.30)
J
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Ay = ;[041 +3a3 — 24 — 3as)k3 2 & m (&50) + 4o + o3]p; I (&5a),
= 3(4.31)
BT4J = —%[O&l + 2&3]k]2€£zm Jy(ng(%)a)
J J
) d2 Im(&T) .
r2loa-+oslpgime s (S ) s )
P, = Slon + sk () — skt 2 (1 ) (0
1,4,5 2 J 53 ja J g] £2 ja@
+2[as + as]pé; (1 - 5Q)J““)(fg a) + 2[2a4 + 305k T (§a)(A.33)
J
m _ 1 2 P Jm(ga)
Alay = —gloa ¥ 2elkygim ey
L& (fﬂ“))
+2[as + a5]p§]zmd(£jr)2 ( @) lr=a (A.34)
By, =0 (A.35)
. 1 i
Zl,4,j = 2 [Oll + 2043]]{5]22 (fi )
#2la+aalnty i (T8 ) (A.30)
1.5. Projection on (¢Cy,)s
Al = —Jon + 2a3]k2-£imjm(€ja)
o TG (Ga)
) d? Im(&T) .
+4[ay + a5]p§jzmd(£jT)2 ( (§j7f) ) lr=a, 7=1,2 (A.37)
1
By = 2[a1 + 2a3) k7 5 Jm(€ja) — 2] + as|p€; T (€5a), §=1,2 (A.38)
1 P Im(§
Ot = =3l + 23]k g (1- ?)Zm (g(ﬁi;)
P2 d? Im (&57)
2l eolpy (1 = im e (F )i a9
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m _ 2p
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+4[as + as|péim

m 1
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T ask?
15, = ~ 58N
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1
AT&j 2 [043 — 20[4 — 30&5}
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1.6. Projection on —izC,,

2

2ay + as]p&; IS (E5a), 5= 3,4
_ j Im(&50)
(1 52) " (§a)

Jm(&5a) — 2o + as]p&; 5 (€5a)

m _AMm
2155 = A5
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1 -~ .
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AT = —5[3a1 + 20 + 2a3]k; Zmd(gjr) < (fj;) lr—a, j=1,2 (A.51)
m 1 9 1
Bl,?,j = 5[30[1 + 2042 —+ 20[3]ij (fj ) [0[1 —+ 2043}](7 J (gja)
+2[OL4 + a5]£]2jm(§ja), j= 1,2 (A52)
d

1 T €
Cfl ;= 31Ban + 205 + 2as]k j?zm e ( ( é%”) hma  (A53)

1 d Im (& )
AT = 2[a1 + as 4+ 2a4 + 3a5]k: m a&n ( éﬁf?) lr=a, J = 3,4A.54)

2
B, = ;[al + ag]k‘ ( g(f] a) (gTa)Q Jm(fja)> + %agk?Jm(gja)
—2[ay + a5]E T (&a) + %[2% + 3as)kI Jm(&a), j=3,4 (A.55)
2 .
FT7J = %[Oll + Qs + 2044 + 30[5]]632?7,721 (gl’l‘) <J7(n§(§f)’r)) ‘r:a (A56)
J J
1 T (& 2 1
A?})j = —5[041 + 043}]{;]2» ( f(f;a’) _ (57;)2 Jm(ﬁ]”)) + 50{3](3]2-Jm(§ja)
20y + as)e2 S, (€a) + 1[2a4 + 3a5)k2.0,0 (€0) (A.57)

m 1 , d Im (&
EYY = 5[041 + as + 204 + 3a5]k?zmd(§jr) < éﬁf?) lr=a (A.58)

. 1 T (&; 2 1
Zy = 5[041 +a3]k]2§2 < §(jcia) B (gj )2 Jm(fja)> — J 52 Im(&;a)

.. 1
+2laa + as]p® T (&5a) — 5 (204 + sk 52 Im(&50) (A.59)
1.8. Projection on (£C,,;)q
A = [3041 + 209 + 2043]1%25 n(&a), j=1,2 (A.60)
J
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Bily; =

mo_
Bl,&j -

1
—|lay + 2&3]]€
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pz’m (é-j )
G (Ga)

o m(&T) -
—2[ay + a5]p§jzmd(§jr)2 ( (fj;) ) lpza -5 =1,2 (A.61)
[3oz1 + 202 + 203]kF i (§0) — . glaa + 203]k7 pk ZJm(&5a)
5] fj 5
k
+2[0‘4 + 045}(175]) 52 J(m (fj ) (A'62)
Als; = *%[0‘1 + as + 204 + 3as)k? 75 (SJ a), j=3,4 (A.63)
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1 Jm j
BTS,]' 2 [Oél + 20[3]]{625 (5(%)(1)
J J
. d? I (&57) .
+2[a4 + a5]p£jzmd(fj’l“)2 ( (f]"f) > |T:aa j=34 (A64)
= Lo+ 22 2k J.J
1,8,5 — 2 1 053} J 53 (5.7 )+ 043 7 é—] 52 (5.7 )
2,
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J
m 1 Jm &
Al,S,j = 2 [a1 + 20[3]]6]2 é_] (é'(]li)a)
. d? &)
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1 .
Zis ;= ~3 —[a1 + 20&3]](525_) im (f(fj) a)
& m (&)
+2[a4+a5}p§ﬂmd(€j7‘)2 < (Eﬂ“]) > Ir=e (A.68)
1.9. Projection on (¢Cy,)a
Al ;=0,j=1,2 (A.69)
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L B (g
Cly; = *5[041 + 20[3]]4;?25]217,1&
J
B i (Iml&)
+2[a4+a5]p£jglmd(£jr)2 ( (fj’l") ) |7‘:a (A,?l)
T, =0, j=34 (A.72)

1 . )
By = sask? L J,.(¢50) — 2lau + aslp&; T (¢a), j=3,4  (A.T3)

2°77¢;
1 ,p ki Ju(a)
moo= Zagk? Ly TS
PTG T (Ga)
P N (3T0)
—2[ay + as)pé; =Zim < LAY ) re—a A.74
[ 4 5] 5] 5]2 d(EJT)Q (gjr) | ( )
ATy, =AT5,, EVy; =0, Z7y; =A%y, (A.75)

2. The coefficients offered by boundary condition (41).

We introduce first some helpful entities which appear repeatedly in the sequel.
2.1. The following auxiliary quantities are necessary:

1
Aj = 5[0&1 + 3as + 204 + 045]]%2‘ — 2o + 045}}92

1
A = Ay + S[5en +dag + dag + 204 + Bas]k?

p/dQ
3p

1
X; =2u+ [ + 3as + 6oy + Sas)k} — pw?(2h3 — )

2
1
X = X; + -[4a1 + 4og + 3as + 204 + 3as)k]

2
2, 1 4 2 9,0 P
Tj = pkji + 5[041 + az + 2a4 + 3as|k; — kjpw=(hy — 3 )
2 1 4 2 2072 o P&
Qj = —Akj — 5[3041 +4dag + 203]k; + kj pw= (ki — 2h3 + 3 )

2.2. Let us introduce the ”inner products” U/, ., induced by projecting the
traces (on the cylinder surface r = a) of the dyadic eigensolutions on the dyadic
harmonics. The first index [ refers to eigensolution numbering while the second
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one ¢ pertains to the dyadic harmonic enumeration. We then obtain

Uy ;= Jm(&a), U3 :imd(fjr) ( (g(ﬁf;)> lr—a, j=1,2(A.76)
2

P” oy ,
Ush,; = —ng(fja)a J=12 (A.T7)
J

(note again that, for example, U™ ;(r) = Jm (&57))

N k2 . ’ d Ton(E:
Uiy = o)+ ghnsa). Ut = imiges () b
2 ..
Uér,ll,j = _%Jm(gja)v U??l,j = Ug?l,j
J
m Jm(fa) m? )
Usii = Ej; ()2 Fm(&j0)
m _ . ﬁ d Jm(fj’/’) -
U9,1,j - _ngjz d(é-j,r.) ( (fjr) ) |7':a7 J= 374 (A78)
Jm (& 2
U{?Q,j = 2U2"’ll,j, U277’z2,j =2 ( g(f-aja) _ (52)2 Jm(fja)> + Jm(fja),
m p2 . d <Jm(€]r)> .
U, . = —-2= r—a, J = 1,2 A.79
20 =@M ey \Tign ) (4.79)
I (& 2
UZIQ’]- = QUETLJ-, Ug‘:lz’j =2 ( éj%a’) _ (é',’;na)Q Jm(gja)> + Jm(fja)
ity = ~2gin sy (T ) e Vs = Ul
2
UE?:LQ,J‘ = —UfQ,]‘a UET2,j = —%Ué’fzm J=34 (A.80)
J
m jm(fa) m? ) m d I (&57)
Uiss = fj;  (§a)? Fnl&): Ul = A ( (ﬁj;) ) =
m _ 7& Jm(fja) _ m2 ) .
Uss; = & ( £ (gja)QJm(ﬁja)) ,j=1,2 (A.81)
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U%7,L4,j = U5",L4,ja U§?4,j =0, U9,4,j = U5,4,ja.7 =3,4 (A.84)

o 2 Im(&5a)
U - )
L T T (G a)
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Uss,j = N3 L Jn(€a), U, = 51~ 52)Ulsj, j=1,2 (A.85)
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J
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2
Uy = Jm(&0), Ully; =0, Ulli; = — 25 Jn(€50),
J
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2

m _ m
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Im(&50)
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2
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2.3. We have at hand all the necessary quantities to form the coefficients
appearing in Eq.(43) (with s = 2):
2.3.1. Projection on tP,,
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2.3.2. Projection on (¥B,,;)s
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2.3.3. Projection on (;ASBm
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