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A multiscale description of growth
and transport in biological tissues
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Abstract
We study a growing biological tissue as an open biphasic mixture
with mass exchange between phases. The solid phase is identified
with the matrix of a porous medium, while the fluid phase is com-
prised of water, together with all the dissolved chemical substances
coexisting in the pore space. We assume that chemical substances
evolve according to transport mechanisms determined by kinematic
and constitutive relations, and we propose to consider growth as
a process able to influence transport by continuously varying the
thermo-mechanic state of the tissue. By focussing on the case of
anisotropic growth, we show that such an influence occurs through
a continuous rearrangement of the tissue material symmetries. In
order to illustrate this interaction, we restrict ourselves to diffusion-
dominated transport, and we assume that the time-scales associated
with growth and the transport process of interest are largely sep-
arated. This allows for performing an asymptotic analysis of the
“field equations” of the system. In this framework, we provide a
formal solution of the transport equation in terms of its associated
Green’s function, and we show how the macroscopic concentration
of a given chemical substance is “modulated” by anisotropic growth.
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1 Introduction

Biological growth is the mass variation of a living tissue in response to
the concurrency of various phenomena which take place at several scales of
observation. As a result, the tissue may either increase (positive growth)
or decrease (negative growth, or resorption) its mass [1]. At the molecular
and cellular level, growth is dictated by chemical reactions and cellular pro-
cesses involving transport mechanisms of both cells and chemical species
[2][3]. At the scale at which the tissue can be regarded as a macroscopic
complex continuum system, growth is influenced by environmental factors
[1], identified with thermo-mechanical stimuli that participate with growth
in the changes of geometry, internal structure, thermo-mechanic state, and
material properties of the tissue. This continuous transformation of the
tissue implies that chemical substances evolve in a continuously varying
thermo-mechanical environment.

Despite the separation of scales between the molecular and the tissue
levels, the transport processes experienced by chemical substances, and the
thermo-mechanical processes undergone by the tissue as a whole are inter-
connected. Mixture Theory offers a useful tool for studying the coupling
between transport processes and thermo-mechanics in biological systems
[3]-[6]. Mixtures can be either assumed to be composed by a solid phase,
a fluid phase and an arbitrary number of chemical species dissolved in the
fluid [2], or can be assumed to consist of an arbitrary number of solid and
“fluid” constituents [5][6].

We regard a biological tissue experiencing growth as a porous medium
made of a solid matrix saturated by a fluid, i.e., the saturation condition,
¢r + ¢s = 1, is assumed to hold true (¢ and ¢g being the volume frac-
tions of the fluid and solid phase, respectively). The fluid phase consists
of a number of chemical species, which behave as solutes in an aqueous
solution, and filtrate the solid porous matrix. This description is consis-
tent with Biot’s picture [7]. We first consider the balance laws of chemical
substances at the pore scale. Then, by averaging these balance equations
8], we “bring” chemical substances to the scale at which the porous mate-
rial is treated as a macroscopic continuum mixture. This technique, called
upscaling, is consistent with the macroscopic description of the mixture
given, for example, in [2][5], and can be made consistent with the results
shown in [6] by considering the case of a system open with respect to mass,
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momentum, energy, and entropy even at the pore scale. However, for the
sake of simplicity, we shall deal with the case of a system open with respect
to mass only.

The macroscopic thermo-mechanic characterisation of the mixture given
in this paper follows the constitutive assumptions suggested in [8]. This
provides the expressions for Darcy’s law of flow and Fick’s law of diffusion
in porous materials. It is worth to notice that in the framework followed
in the present paper, the caveat put forward by Rajagopal [9] seems to be
not so stringent for our purposes.

The introduction of Fick’s law enables us to treat the macroscopic mass
balance of a given chemical substance in terms of an advection-diffusion-
reaction equation. The investigation of the possible interaction between
these transport mechanisms and growth is the main goal of this paper. In
order to do that, we write the advection-diffusion-reaction equation in ma-
terial form [10], and we follow the idea put forward by Epstein and Maugin
[11] to consider growth as development of material inhomogeneities. Par-
ticular emphasis is given to anisotropic growth. In this case, we interpret
the growth-induced evolution of transport properties in terms of a contin-
uous rearrangement of material symmetries and inhomogeneities. On the
trail of a previous paper [12], we assume that growth is characterized by a
time-scale much slower than that of the transport process of interest, we
suggest a formal solution of the transport equation in terms of its associ-
ated Green’s function, and we show how the macroscopic concentration of
a certain chemical substance is “modulated” by anisotropic growth.

2 Pore scale description and upscaling

The overall behaviour of a porous material depends on both its internal
structure and the interaction with the environment. In order to investi-
gate the role played by the former, it is necessary to start the analysis of
a porous medium from the pore scale description. Indeed, since this pa-
per deals with growth (i.e., a macroscopic phenomenon which requires the
presence of source terms in general balance laws), we need to determine the
macroscopic sources of mass, momentum, energy and entropy consistently
with the formulation of balance laws at the pore scale. This is possi-
ble if all the “ingredients” accounted for at the mesoscopic scale (or pore
scale) are retrieved within the macroscopic framework in accordance with a
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thermodynamically appropriate upscaling (or homogenization) procedure.
The upscaling “philosophy” allows for determining a Fick-like macroscopic
description of transport that incorporates pore scale structure and phe-
nomenology.

We consider a system made of a porous solid matrix (i.e., the solid
phase) and a fluid phase filling the pores. We represent the fluid phase as
an “ensemble” of N chemical substances (N — 1 solutes plus the N-th com-
ponent, identified with water) coexisting in the pore space. By invoking
phase separation, we describe the evolution of the chemical constituents
by considering, for each species, separate balance of mass, momentum, en-
ergy, and entropy, and accounting for appropriate interaction and exchange
terms. By attaching at any point r of the system a given mesoscopic phys-
ical quantity v, (that can be either a scalar, a vector or a tensor field),
the associated mesoscopic balance law reads [8][13]-[15]:

I pmtm)
ot

where p,, and v,, are the mesoscopic mass density and velocity of the
medium, respectively, V. denotes differentiation with respect to the meso-
scopic space variable r, &, is the flux associated with v,,, f,, is the internal
source, and ¢, is the net production rate. By labelling each of these phys-
ical quantities with the indices k = S, F, o, Eq. (1) can be specialized to
the solid phase (index S), fluid phase (index F') and the generic chemical
constituent (index a) of the fluid phase. The specialization of Eq. (1) to
the subsets of the porous material occupied by the solid and fluid is nec-
essary because physical quantities are assumed to be smooth inside each
component of the medium, but experience jump conditions at the fluid-
solid interface [8]. These jump conditions yield certain constraints on the
thermo-mechanical quantities, and can be stated as balance laws at the
fluid-solid interface, i.e.,

Zivzl [pm,o/ll)m,oc(u - Vm,a) - %m,a”F : nFS’+ ( )
2

[pm,Swm,S(u - Vm,S) - %m,S”S ‘Ngp Z 07

where u is the interface velocity, ngg and ngr (npg = —ngp) are the unit
normal vectors pointing out of the fluid and solid phase, respectively, and
the symbols [...]| and [...]| ¢ indicate that, at the interface, the limit of the



A multiscale description of growth... 25

expressions within brackets is to be evaluated from the fluid and solid side,
respectively. It is worth to remark that Eq. (2) is satisfied as an inequality
only in the case of entropy.

Mass 1 0 0 Afi:s
Momentum| V,, s | Om.s gm.s r st g+ )\TZS

~gr
TmS(UmS+ 2 mS

Energy Un,st| Om,5-Vin,s1 8m,5* Vim,s+
15 e hm’ " +>\grs Vs + 9m,s
§Um,S qm7S m,S

Entropy Sm,S Pm,S bm,S 7¢,gr m s+ Cm s+

Fm,S’

Table 1: Mesoscopic variables referred to the solid phase.

Mass 1 0 0 ffr}zl o
Momentum| v,, , Om.a Sm.a fCh oVm.a + )\Ch

ACh (Uma—i_; rzno)

Ener Unmat!| Oma-Vmat V.ot
gy : mZ,a m,a Vm,a %m,a m,a _|_)\ch v, + em’a
§vm7o¢ qm,a m,o _
Entropy Sm,a Pm,a bm,a fgrﬁasm,a + Cm,a +

Fm,a

Table 2: Mesoscopic variables referred to the a-th chemical substance.

In order to refer Egs. (1) and (2) to the mesoscopic balance of mass,
momentum, energy and entropy, it suffices to use the physical quantities
defined in Tables 1 and 2. In Tables 1 and 2, U, o, Un,s and Sy,.0, Sm.s
are the internal energy and entropy densities per unit mass, respectively,
Om.as Om,s are the Cauchy stress tensors, Q. o, Qm,s and QY q, Pm.s are
the heat and entropy flux, respectively, .o, 8mn.s are body forces per
unit mass, Apma, Pm.s and bm.a, bm,s are the internal sources of internal

energy and entropy, 7 and f’ﬁf ¢ are mass net production rates, ACh

ma

and /\fn s denote the intrinsic productions of momentum, Hma, Hm s and

Cm o Cm s are the net productions of energy and entropy, respectively, and
'y, I'ms are the entropy net production rates. It is worth to notice
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that the production rates of mass and momentum of the solid phase, f’f,: S

and 72%5\7%5 + /A\%’S, are due to growth (i.e., these two quantities would
vanish in the absence of growth), while the production rates of mass and
momentum of the a-th chemical species, ff,f,a and fg’}mva,m + 5\%‘0, are
assumed to be due to chemical processes only. We introduced the velocities
Va.m and ¥, g, the energies Ua,m and Um,s, and the entropies S*%m and S’m,s
because, as suggested by [6], the mass production rates 7, and 79, & may
be endowed with their own velocities, energies, and entropies, respectively
(thus, in general, Vom # Vams Vm.s # Vinss Uam # Usm, Un.s # Un.s,

A

Sa,m 7£ Sa,my and Svm,S # Sm,SH)‘

By hypothesizing that chemical reactions take place within the pore
space, the net production of mass, momentum, energy, and entropy referred
to the fluid phase as a whole must equal zero. This implies the following
set of constraints on the mesoscopic source terms:

N ach
Za:l pm,arm,a - 07

ZaNzl Pm,a(fﬁﬁa{’m,a + /A\frlzl,a> =0,
ZN: Pm a[ffr?a(ﬁm ot
a=1 ) B )

ZaNzl pm,a(ffr}:},a‘gm,a + CAm,oz) = 0.

In order to “bring” the mesoscopic balance laws (1), (2), and (3) to
the scale at which the porous material is regarded as a macroscopic mix-
ture, we postulate the existence of a suitable Representative Elementary
Volume (REV), Q, and we average each physical quantity by employing
averaging operators [8][13]-[15][16] defined on ©. An REV is a subset of
the porous material such that its size, represented by its measure |{2|, de-
fines a length-scale which is much larger than the typical length-scale of
mesoscopic heterogeneities, and much smaller than the length-scale of the
macroscopic inhomogeneities.

We undertake the upscaling (or homogenization) procedure by intro-

ducing an averaging operator which provides the average of a given physical
quantity 1, over the REV, Q(x), centred at  (x can be identified with
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the centroid of the REV), i.e.,

1
1
]y, Yol x +Ea()dee, (4)

where £ = r — x € Q(x) is the relative vector coordinate of a point lying
inside the REV centred at x € B;, B, is the portion of space occupied by
the mixture at time ¢, and ~vq is the characteristic function of the REV,
defined by

w©=1{ 5 " Cmere. ®

We also define the apparent and intrinsic volume averages,

<wm>k (t,x) = <’7k:7v/}m>9 (t,x), (6)

() (t,%) =

i e (039, 7

the mass average of 1, with respect to the k-th phase (i.e., k = S, F),

G (t,%) =

(Yepmi)g (t,%) Ok tPm i) (8 %), (8)

and the mass average of v, with respect to the a-th chemical substance,

1
<’7Fpm,a>g (t, X

ma@ax) = ) <'7Fpm,a¢m,a>g (t,x). (9)

In Egs. (6)-(9), 7&(t,r) is the characteristic function of the set Q(t,x) C
Q(x) occupied by the k-th phase at time ¢, and ¢y (t,x) is the volume
fraction of the k-th phase, i.e., ¢r(t,x) = |Qx(t, x)|/|2(x)].

The "upscaled” version of the mesoscopic balance law (1) can be ob-
tained by using the definitions given in Egs. (4)-(9), and appealing for two
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theorems [13]-[15] that provide the result of the application of the appar-
ent volume averaging operator, (.),, to the time and space derivatives of a
given mesoscopic field, respectively, i.e. [8][13]-[15],

5 |80 (o) ™| + V- [0 () U Fona®| = V- T "o

= oF <pm,a>§ [fT,aa + Ima” + Ea(Pmatma) + Ral,

% [¢s <Pm,s>§1/17,ss] + Vi - [¢S <pm’3>3m5m5} v, Js

(11)
= os (Pm,s>g [%S + Gms® + Es(pm,s¥m,s) + Rs).

In Egs. (10) and (11), Vx denotes differentiation with respect to the
centroid of the REV, x, J, and Jg represent macroscopic fluxes, and the
quantities Es(pm. s¥m.s), Ea(Pmalma), Ns, and R, are macroscopic source
terms accounting for the transfer of the fields v, ¢ and v, , across the
solid-fluid interface [8] (see Appendix A for details).

3 Macroscopic description

Macroscopic balance laws of mass, momentum, energy, and entropy must
be studied for the N fluid components (or chemical species), and the solid
phase. Alternatively, we can write, for each balance law, N — 1 equations
referring to the NV — 1 chemical species (we recall that the N-th fluid com-
ponent is water), one equation for the mean thermodynamic properties of
the fluid phase as a whole, and one equation for the solid phase. In order
to do that, it suffices to substitute the macroscopic thermodynamic quan-
tities reported in Tables 3, 4 and 5 into Eqgs. (10) and (11). The quantities
in Tables 3 and 5 are the macroscopic counterparts of the mesoscopic fields
defined in Tables 1 and 2, respectively, while the quantities in Table 4 de-
scribe the overall behaviour of the fluid phase. The explicit form for all
these quantities is given in Appendix B.

It is also necessary to provide the upscaled version of the constraints
stated in Egs. (2) and (3). By employing the averaging operators defined



A multiscale description of growth...

59

. a Ga = Gma” + EalPmatbma) + Ra =
Quantity Ym.a J. GgZ N Cr%oz a\Pm at m,o a
Gq Go
Mass 1 0 fgh fg’"
Momentum| v, Oq P + AP v, + My,
fCh(U + 1@2) P (Uy + lv2)
Ener U, + | 04.Vy+ a el 2va @ T 27
&Y 1 o —i—)\gh Vo + 0, +1m,, - v, + €,
51}& da _
Entropy Se, Pa f;hSa + (o + Ty ffjsa + Na

Table 3: Macroscopic thermodynamic quantities associated with the a-th
chemical substance

o F Gr=G% + G%
Quantity J ! F
Mass 1 0 0 orprRY
Momentum| v IF 0 ¢rprREVE + ¢rprTr
tr 1,2
Energy Up + | op.vet+ | 0 ¢rprlp(Ur + 305)
12 +¢rprTr - Vi + ¢rprQF
2VF ar
Entropy Sr ©oF drprlr | dpppRYESE + Op

Table 4: Macroscopic thermodynamic quantities associated with the fluid
phase as a whole

—S GS = G? + Ggr
Quantity J - T

% S Gg Gg
Mass 1 0 PspsRE dspsRE
Momentum| vg os PspsREvs + dspsTy PspsRE Vs

Rtr U 192 AT (T

Energy Us+ | 05.vs+ ¢SpSA s(Us + QUS) A | PspsRE (Us+

1,2 +¢spsTs - vs + dspsQs | 1 2)

2Ys 9s _ ~ 2Vs .
Entropy Ss | s PspsRESs+Ps+ospsls | dpspsRE Ss

Table 5: Macroscopic thermodynamic quantities associated with the solid

phase

in section 2, the macroscopic balance laws at the fluid-solid interface read
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(cfr. Eq. (2))

Mass ¢FPFR? = —CbspSRtsr (12)

GrprREVE + ¢pppTp =

Momentum . -
—(pspsREvs + ¢spsTs),

¢FpFQF + ¢rprTr - Vit A
Enerqgy gzﬁFpF{i’il"(UF + %v%) = —[pspsQs+ (14)
¢spsTs - vs + dspsRE (Us + 202)],

OF 21:1 Pa (722{:3& + 7o)+

Entrop
/ psps(RgSs + Ps) > 0.

(15)

Analogously, it is possible to obtain the macroscopic representation of
Eq. (3), i.e.,

Mass OF Zle pafh =0, (16)
Momentum  ¢p S0, pa(F ¥4 + AP = 0, (17)
Energy OF Zivzl P |TH( T+ %"&3) + S\Zh vy + 0, =0, (18)
Entropy ¢ >0, pa(isSe + (o) = 0. (19)

In order to reduce the number of unknowns featuring in the macro-
scopic balance laws, it is necessary to set up a constitutive theory fulfilling
the Second Law of Thermodynamics and consistent with the continuum
theory of mixtures. This is achieved by exploiting the Clausius-Duhem
inequality, and selecting appropriate independent constitutive variables on
the basis of specific hypotheses about the behaviour of fluid components,
the fluid phase as a whole, and the solid phase. In this paper, we adhere
to the constitutive framework established in [8]. We regard the fluid as
inviscid, and the solid as an incompressible thermo-elastic material (i.e.,
the substantial derivative Dgps/Dt = Oips + Vs - Vxps is equal to zero).
The latter assumption is acceptable as long as we deal with a saturated
biological porous material [6]. Indeed, in this case, it is reasonable to ad-
mit that growth is able to change the solid phase volume fraction while
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“preserving” its intrinsic mass density [6][17]. Furthermore, we assume
that all chemical substances are at the same temperature (i.e., Op = ©,,
Va = 1,...,N), and the solid and fluid phase are in thermal equilibrium
(i.e., Op = Og = ©). Although we are aware that multi-temperature
models have recently been proposed in Mixture Theory (cfr., for example,
[18][19]), we maintain this hypothesis because it simplifies the thermo-
mechanical treatment of our problem. The elastic deformation of the solid
is described by the solid phase motion, ys [20], i.e., a field mapping each
material point X in the reference configuration of the mixture, Bg, onto
B; (i.e., x = xs(t,X) € B;), and such that the components of velocity
are v&(t,x) = Oyx%(t, X). By virtue of the hypotheses stated above, the
variables to be treated as unknowns are: i) the fluid phase mass density,
pr; i) the solid phase volume fraction, ¢g (or, equivalently, ¢r = 1 — ¢g);
iii) the temperature, ©; iv) the S—motion, yg; v) the filtration velocity,
Vps = Vp—Vg; vi) the mass fractions of chemical constituents, ¢z = pg/pr
(6=1,....N —1); vii) the diffusive velocities of constituents relative to
the fluid phase, vgr =vg—vp (B=1,...,N —1).

We start the constitutive description of the material with the definition
of the Helmholtz free energy densities:

AF = AF(pF7Cﬁ7@)7

AS - AS(ES7 G)X)7
Ap — An = Agn = Apn(pr, cs,0) (20)

Here, Eg = %(FgFS —Ig) is the Green-Lagrange strain tensor of the solid
phase, Fg = Vxxg is the solid phase deformation gradient tensor, I is
the identity tensor in the reference configuration, Br. By virtue of these
relations, the entropy of the mixture is given by

- - 04y 0As
pS = ¢rprSr + ¢spsSs = ¢FPF% ¢SPS%> (21)

and the Cauchy stress tensor of the fluid and solid phase can be written as
gs = _¢Sp]: + agla

(22)
or = —¢rpl — Orpr Zﬁ;vz‘f cVar @ Vgr,
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where I is the identity tensor in the current configuration of the mixture,
B;, the thermodynamic pressure, p, is given by:

0A
2 F
— —_— 23
p PFap ( )

and the tensor o represents the elastic part of og. By expressing the
solid phase Helmholtz free energy density, Ag, as a function of Fg, and
introducing the first Piola-Kirchhoff stress tensor,

0Ags
Py =1 == 24
sPspPs OF (24)
where Jg = det(Fg), tensor o¢ can be written as
el 1 elp—T
Js

The variation of the fluid phase Helmholtz free energy density, Ap,
with respect to concentration (or mass fraction) ¢z of the S-th chemical
substance enables us to define the “relative” chemical potential

0A
YﬁN = Yﬁ — YN = Wj(pFacﬁ7@)a (26)

where Yz and Yy are the chemical potentials for the S-th chemical con-
stituent and water, respectively. On account of Eq. (26), it is possible to
prove that the Cauchy stress tensors associated with chemical species are
spherical (hydrostatic) tensors [§], i.e.,

C
OgN = 05 — £0N = —¢rpres(Yan — Apn)L. (27)

Finally, the constitutive expressions defining the momentum exchange
terms referred to the fluid phase and chemical substances are given by

¢rprTr = dpprfe + pVxor,
orpr(Ts —Tn) = drpresfs + Vxlorpres(Yon — Asn)]— (28)

PrpregVxYsn — On-Vx (f—]i) ,
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where ¢pppfr and ¢rpprcsfs represent dissipative terms describing the
drag forces exerted on the fluid phase and the (-th chemical substance,
respectively. In Ref. [8], a detailed derivation of explicit formulae for fr
and fj is presented, and it is shown how fr and f3 can be given a linearised
expression depending linearly on the filtration velocity, vpg, the diffu-
sive velocities, vgp, of chemical substances, and the temperature gradient,
V0. However, by assuming, for the sake of simplicity, that temperature,
©, is a constant (i.e., © = Oy), we can write fr and f5 as

fF = _AF-VFS + Z]B\;_ll AFB.Vﬁp,
(29)
N-1
fg = Aﬁ.VFS - Z’y:l AﬂW‘V7F7
where the tensors Ap, {Apg}g:_f, {Ag}lﬁvz_ll, and {Am}g;ll are material

coefficients depending on pr, ér, {cs});, and ©y. Equations (29) can be
used to derive the expressions of Darcy’s law of flow, and Fick’s diffusion
law in the context of porous materials. In order to resume this procedure,
we first write the momentum balance laws of the fluid phase and chemical

substances:

0
% + Vi (¢ppprvr @ Vi) = Vy - 0p =
(30)

bpprREvE + ¢pprTr,

0
(31)

brpresRave + ¢rpresTs.

By invoking the mass balance law, after some manipulations, Eqgs. (30)
and (31) can be rewritten as [8]

Dpvp

OrpF = Vi 0r + ¢pprTe, (32)
orpres (5 — ) =
(33)

Vx . Uﬂ — S—ZVX *ON + qupFCg(Tg — TN)
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By substituting Eqgs. (22), (27), and (28) into Egs. (32) and (33), and
assuming that inertial contributions are negligible for the class of biological
phenomena of interest, we obtain:

—¢rprAp.vrs + Orpr Z]@V;f Apg.vpr =

(34)
¢vap + vx ' [CbFPF Z(Jxvzl CaVaF ® VaF]a
N-1 6Y6N N-1 aYﬂN
Ag-vrs — 2721 Apy-vyp = VuYpn = a—pFprF ™ Zyzl de, X
(35)

If diffusive velocities, v, are sufficiently small, and the non-equilibrium
part of the fluid phase Cauchy stress tensor can be disregarded, Egs. (34)
and (35) become a set of linear equations involving the unknowns vgg
and {Vﬁp}g:_ll. A simple solution to this set is obtained in the case in
which, at the pore scale, all chemical substances are present in the inter-
stitial water at a very low concentration. This assumption implies that,
at the macroscale, the overall fluid phase mass density can be safely ap-
proximated by the constant mass density of water, i.e. pr =~ py, and the
fluid phase can be thus considered as incompressible (i.e., Dppgr/Dt =
Opr + vE - Vxpr = 0). Moreover, since in this paper the fluid phase is
also assumed to be macroscopically inviscid, its mass density pr can be
replaced by the thermodynamic pressure p in the list of unknowns treated
as independent constitutive variables. By introducing the diffusive current
Js = ¢rprcavar, the formal solution to the set (34)-(35) can be written
as

N-1

vis = —Kp.Vyp — 25:1 Drp.Vxes, (36)
N-1
Js = ¢rprcgvpr = —Kg.Vyp — 2721 Dg,.Viec,. (37)

Here, tensors Kr, Kg, and Dpg, Dg, are the permeability, and diffusivity-
dispersivity tensors of the fluid phase and chemical substances, respectively.
In particular, tensors Dpg and Dg, are defined by
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N-1 YN N-1 dY,s
Dpp = 27:1 Dry agﬁ » Doy =2 5-1 Dps a;N ) (38)

where Dp., and Dgs are material coefficients [8]. If, in the limit of very
low concentration of chemical substances, tensors Dpg tend towards the
null tensor, tensors Dy, vanish when indices 3 and « are different, and
pressure effects on the diffusivity current [Js are negligible, we can write
the “classic” expressions of Darcy’s and Fick’s laws, i.e.,

vrs = —Kp.Vip, (39)

jg = —Dg.vx05. (40)

Here, Dg replaces the tensors Dg, featuring in Eq. (37). By virtue of
Egs. (39) and (40), the unknown fields reduce to volume fraction ¢g (or
¢r), pressure p, the S—motion yg, and the mass fractions {cﬁ}]ﬁvz_ll. These
quantities are to be determined by solving the following set of field equa-
tions:

% + Vi - (¢spsvs) = ¢sps(RE + RY) = ¢spsRs, (41)
W + Vi (brprve) = drprRYE, (42)
Vi 08 = Vap — dppr REK . Vip, (43)

¢rpres)

o T Ve (9rprcsvE) = Vi [DsVics] + rprcals.  (44)

Equation (44) provides the macroscopic description of the transport
processes experienced by the chemical substances in the pore space of a
porous medium. Because of the presence of the advective current, ¢ppprcsvr,
the Fick-type diffusive current, —D3Vxcg, and the reaction term, ¢pp FCgRg,
we refer to Eq. (44) as to an advection-diffusion-reaction equation.
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4 Material form of the field equations

In order to bring the theory exposed so far into contact with the Continuum
Physics treatment of growth, it is convenient to write the field equations
(41)-(44) in material form. This is done by employing the formalism pre-
sented in [20]. In particular, since we aim at investigating how growth
influences the transport coefficients featuring in the advection-diffusion-
reaction equation of chemical substances, we put special emphasis on the
material formulation of Eq. (44). In the literature, the study of the trans-
port equation in material form can be found, for example, in [10][21][22].

In Mixture Theory, the material field Wy (k = a, F, S) associated with
a given physical quantity 1, defined on the domain B; C E (E = R? being
the three-dimensional Euclidean space) occupied by the mixture at time ¢,
is determined by performing the Piola transformation of v, with respect to
the S—motion x g [20]. By virtue of the S—motion, for every material point
X € Bg, there exists a point x € B; such that ¢y (t,x) = ¥(t, xs(t, X)).
This identity implies that the gradient and substantial derivative of
with respect to the n—th mixture component (n = «, F, S) can be written
as

Vit (t,x) = Fg' (¢, X).Vxbe(t, X), (45)
D, D
thbk (t,x) = gf’“ (t, %) + Vs (£, %) - Vithi(t,x) =
(46)
%(ta X) + VnS(ta X) ' inﬂk(ta X)a

where V,g = Fgl.vng is the material form of the relative velocity v,s =
Vp, — Vg.

By using Eqs. (45) and (46), accounting for the identity Vi - vg =
J5'0,Js, and applying the Piola transformations to Eqgs. (41)-(44), we can
rewrite the field equations as

I(ps® -

XesPs) _ o, (47)
I(pr® R
Norr) +Vx - (pr®rVrs) = prPr Ry, (48)

ot
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Vx - [P — JspF3l] = —ppr®p RO (F5'KpF5T).Vxp, (49)

oC ’
a—tﬂ +Vx - (CsVrps) = Vx - [A5.VxCs — C5Vs] + Cs R, (50)

where &g = Jg¢ps and &p = Js¢pr are the Piola transforms of the vol-
ume fractions ¢g and ¢p, respectively, Vpg = Fgl.vFS is the material
form of Darcy’s velocity vpg, P% is the first Piola-Kirchhoff stress tensor,
FglKFFgT is the material form of the permeability tensor, Cz = pp®Prcs
is the macroscopic concentration of the f—th chemical substance in the
reference configuration Br, Ag is the material form of the diffusivity ten-
sor, and V3 is an additional drift term due to the material inhomogeneity
of the fluid phase volume fraction. These two quantities are said to be the
material transport coefficients, and their expressions are given by

D
Ay = JF;'—L F.T 51
o= JsEs g Fs (51)

We remark that the term Vg vanishes identically if, and only if, the Piola
transform of the fluid phase volume fraction, 5, does not depend on
material points X . Since Vx®r = VxJs— VxPg, we conclude that, when
growth is considered, this can be true only in the following two special
cases: 1) neither volume fractions ¢r and ¢s depend on material points,
nor does the determinant of Fg, Jg; i) the “packing” of material points,
ascribable to VxJg in entirely compensated for by the spatial variation
of ®g. When these conditions are not respected, the term Vs reflects
the rearrangement of material inhomogeneities developed by growth, and
represents the spatial variation of the fluid phase volume fraction due to
the mass transfer and growth between the fluid and the solid phase.

Equations (47)-(50) can be recast in a form in which only the unknown
fields are put in evidence, i.e., &g, p, Fg, and {Cﬁ}g:_f. For this purpose,
by assuming that the intrinsic mass densities pg and pr are constants,
dividing Eq. (47) and Eq. (48) by ps and pg, respectively, and summing
up the resulting expressions, we may write
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— = ®gRg, (53)

Jgtr(LS)—VX-[(Jg—és)(FglKFFgT).VXp] = (I)SRs—F(Js—(I)S)R?:, (54)

Vx - [P — JspF3T] = —pp(Js — @) RE(F5'KrF37T).Vxp, (55)

oC,
ot

In order to close Egs. (53)-(56), it is necessary to provide self-consistent
expressions for the sources {Rg}g;f, R, and Rg. Since R is bound to
satisfy the constraint

= Vx - [A5.VxCs — CsVs + C3(F5'KpF3").Vxp| + CsRz. (56)

A N ~
Ry =Y _ ko, (57)

we can conveniently assign the sources {Ra}{j:l on the basis of phenomeno-
logical laws that involve the unknown variables mentioned above [8]. On
the other hand, it is possible to prove that the source Rg has to fulfil
a relation based on the kinematics of growth. This is done by introduc-
ing the multiplicative decomposition of the deformation gradient tensor
[1)4][11] 20

Fs = F¢Gg, (58)

where F¢ is a purely elastic deformation tensor, and Gg is said to be the
growth tensor because it describes the anelastic deformation induced by
growth through the production of material inhomogeneities and continuous
rearrangement of material symmetries [11]. The growth tensor is relative
to an elastically released configuration B¢, which is obtained by applying
the linear map Gg to the tangent space TxBgr of Bg, for any X € Bg. It
can be shown that, in the case of density preserving growth [6], Eq. (58)
implies the kinematic relation

Rs = tr(LS), (59)

where LS = (0,Gs)Gyg' is the growth velocity gradient. Since the growth
tensor, Gg, has to be regarded as an independent constitutive variable, it
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must be assigned by prescribing an appropriate growth law consistent with
the Clausius-Duhem inequality (cfr. Ref [6] for details), i.e.,

LS = £S(t, X, CY,...,Cn_1, Ps,p, FY). (60)

In Eq. (60), tensor F¥ can alternatively be replaced by a suitable
stress measure Sg (for example, Sg can be identified with the second Piola-
Kirchhoff stress tensor [21][22], or the Eshelby stress tensor [11]). In some
cases [21][22], Eq. (60) can be also written as

0G
WS:FS(tvxacly"'7CN—17®S7p’SS7GS)' (61)

We remark that, by virtue of Eq. (59), the functional Fg has to account
for both the mass uptake due to growth and the mass exchange between
the solid and the fluid phase.

The elasto-growth decomposition enables us to reformulate the consti-
tutive law for P¢ in terms of F¢ = FsGg'. Indeed, by expressing the solid
phase Helmholtz free energy density as Ag(Fg, 09, X) = As(FsGg', Oy)
[11] (i.e., the explicit dependence of Ag on X is accounted for by the growth
tensor, Gg), Eq. (24) can be rewritten as

0As 0As

PY = 2 — —_—
JsPsps JsPsps R

-T
o G5 (62)

Substituting this constitutive relation into Eq. (55) implies that the ten-
sor fields Fg and Gg, although being independent, are coupled with each
other. This means that, since different growth laws (61) lead to different
deformation fields inside the tissue, it is possible to construct a functional
relation between Fg and Gg based on the fact that the solution to Eq.
(55) depends on the solution to Eq. (61) and thus on the initial condition
applied to it.

Equations (53)-(60), supplemented with suitable initial and boundary
conditions, constitute a set of coupled nonlinear equations whose solution
describes the macroscopic mechano-chemical behaviour of a tissue in the
presence of growth. To the best of our knowledge, determining a solution to
this problem is not an easy task. However, since the purpose of this paper is
to speculate on the possible influence of growth on transport processes, we
find it interesting to seek for a formal solution to Eq. (56), and discuss the
interaction with growth by substituting this result into the set of equations
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mentioned above. Apart from particular cases of exactly solvable nonlinear
transport equations, our procedure is possible if Eq. (56) is assumed to
be linear (i.e., the effective diffusivity tensor, Ag, and the mass exchange
rate, ]?ig, are independent on concentration of chemical substances), and
its formal solution is found by employing the Green’s function formalism
associated to the boundary value problem

¢ 0C -1 -T »
55 = Vx [AVXC = CV + C(Fg'KrFy").Vxp| + CR,

C(0,X) = C(X), VX € Bp,

L OéC(t, Xb) + ’}/[A(t, Xb)VXC(t, Xb)] . N(t, Xb) = f(t, Xb), VX, € 0Bg .

(63)

Here, the index (8 has been dropt because, in the following, we shall
assume that only one species of chemical substances is present in water.

5 Influence of growth on transport processes

An example of biological interest that may be suitable for our purposes is
the transport of chemical agents in a solid tumour at the avascular growth
stage. During this stage, the tumour cells are fed by nutrients diffusing
throughout the growing tissue, while mitosis is inhibited or promoted de-
pending on whether the concentration of a chemical agent, called growth
inhibitory factor (GIF), is greater or smaller than a given threshold value,
respectively [23][24]. The transport processes undergone by the GIF and
nutrients are usually studied by solving a boundary value problem, regard-
ing the tumour as a spheroid, the cellular phase as an isotropic material,
and assuming spherical growth [21][22][25][26]. In some cases, the solu-
tion of the advection-diffusion-reaction equation is found in the stationary
limit.

Here, we assume that growth is anisotropic, and characterized by a
time-scale, tg, largely separated from the time-scales t,4,, tp, and tg asso-
ciated with advection, diffusion, and reaction, respectively. Moreover, by
referring to diffusion as to the fastest process that is accounted for in our
study, we express the separation of scales by introducing a positive small-
ness parameter ¢ such that ¢p/t¢ = ¢ < 1. We motivate this assertion by



A multiscale description of growth... 71

saying that chemical substances diffusing throughout rapidly growing tu-
mours attain steady state on a time-scale much faster than the time-scale
associated with growth [22]-[24]. Indeed, according to some data reported
in the literature (cfr., for example, [24]), we can assume that the radius
of a tumour spheroid is of order Lgy, ~ 10~ mm, the characteristic value
of diffusivity is D, ~ 107>mm?s~!, the time-scales associated with growth
and diffusion are t; ~ 10%s, and tp ~ 103s, respectively, and the smallness
parameter ¢ is thus € ~ 1073, Under these hypotheses, we propose a pic-
ture in which growth is able to interact with the evolution of the chemical
substances (i.e., the GIF or the nutrients) by varying very slowly in time
the transport properties Vg, A, and V featuring in Eq. (56).

A process in which the parameters driving the evolution of a given
physical quantity change very slowly in time is sometimes said to be an
adiabatic process [27], whereas the set of approximations involved to solve
the equations governing the process constitutes the adiabatic approrima-
tion. Although this approximation may fail in the case of other biological
tissues, e.g., articular cartilage (in this case, the time-scale of diffusion pro-
cesses is not largely separated from the time-scale associated with growth
[6]), we believe that it can give physical insight to study the problem stated
in Egs. (53)-(60).

In order to apply the adiabatic approximation, we have to define all the
time-scales involved in Eqs. (53)-(60), and relate them to the time-scales
tp, taaw, tr, and tg. We identify to with the time-scale associated with
the production of material inhomogeneities. Thus, by accounting for the
definition of the growth velocity gradient, LY, we rewrite Eq. (59) as

~ 1 -
Rg = —Rs = tr(L$), (64)
G

where Rg represents the nondimensional overall source of mass for the solid
phase. Substitution of Eq. (64) into Egs. (53) and (54) implies that tg
also coincides with the time-scale associated with deformation, and the
evolution of ®g, respectively. Moreover, by referring to ¢ Rrir as to the time-

scale characterizing the mass transfer rate RY, we assume that it is of the
same order of magnitude of g (i.e., tgr ~ tg). This implies that Rj
rescales as | .
R = — R = —RU. (65)
trir ta



72 A.Grillo, G.Zingali, D.Borrello, S.Federico, W.Herzog, G.Giaquinta

Finally, we identify ¢tz with the time-scale characterizing the production
rate of chemical substances, R, and define tp and t,4, by introducing the
notation

LQ
= o
(66)
L L? tp

W. Kpe Pe

todv =

where L is a characteristic length of the tissue (e.g., the radius of the
tumour spheroid, Lg,), We, K., and p. are the characteristic values of
Darcy velocity, Vg, permeability, Kz, and pressure, p, respectively, and
Pe =W.L/D, is Péclet number.

In the following, we perform a perturbative analysis of the field equa-
tions (53)-(60). For this purpose, we introduce the nondimensional vari-
ables ¥ = t/tp, 7 = t/tg, and Z = X/L, and express a given physical
quantity ¥ as a two-scale function [28], i.e.,

U(t,X) = 00,1, Z), (67)

where W, and W represent the characteristic and nondimensional part of
U, respectively [29]. Equation (67) means that, even though 9 and 7 are
related by the identity 7 = ei), they are regarded as formally indepen-
dent because they measure the “rapidly” and “slowly” varying part of V¥,
respectively [28]. The nondimensional derivatives of U are given by

VxU(t,X) = 2V, 0(d,7,Z),

. . 68)
O v, [00 100 (
(X)) = | =, 7 Z) + —— (3,7, Z)] .

o 6 X) = | 50 D) + - 55 (0.7 2)

By virtue of Egs. (66)-(68), the nondimensional form of the field equa-
tions (53)-(56) reads
—— + -5 = Pshis, (69)

_ 1 _ _ _
Jstr(Lg) — gpevz [(Js —@5)(Fg'KrFg").Vzp] = ®sRs+ (Js — Pg) RY,
(70)
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1 _ Pe o prWZ 1 Btr (=11 T~ -
Vg |PY — 2 JpFT| = 2~ (Jo—P)RN(FI'KyFT).
6Vz ST el spFg pSAScP€< s—Ps)Rp (Fg KpFg").Vzp,
(71)
oC 10C 1 _ _ o 1tp -
4 =V, A, — PeC(FI'KyFT).Vzp| + -=CR.
87+5819 ng [ Vzc CV+ 60( S FIg )Vzp}—i-gtRCR)
(72

The perturbative analysis is carried out by expanding the generic nondi-
mensional field ¥ in asymptotic series, i.e.,

(9,7, Z) = Z:’

ko
0 3 \If(k) (19, T, Z). (73)

The expansion (73) has to be used both for the independent unknown
fields ®g, p, Fg, and C, and the quantities Rg, PZ, A, V, and R. The
asymptotic series are assumed to exist and converge to their asymptotic
solutions in the limit ¢ < 1. By inserting Eq. (73) into Egs. (69)-(72), and
regrouping the terms of the same power of £, we obtain a set of equations
which have to be satisfied asymptotically for any infinitely small . Since
the coefficients of each power of € are independent of the parameter itself,
each coefficient has to be identically zero in order to satisfy the equation for
any arbitrary small . By arresting the expansion (73) up to the first order
in g, Egs. (69)-(72) generate three sets of equations found by equating
the coefficients of e71, €%, and €', respectively. The first set involves only
the zeroth-order terms of the fields expanded according to Eq. (73), while
the second and the third set contain both the zeroth- and the first-order
term of the same physical quantities (terms of order higher than the zeroth
are sometimes referred to as correctors). The fields, obtained by solving
the first set of equations, must be inserted into the second set in order to
determine the general form of the first-order correctors. Finally, the third
set provides the consistency conditions that complete the determination
of the first-order correctors. By following this procedure, it is possible to
describe how the effect of growth is “felt” by each physical quantity, for
each order of the asymptotic expansion (73). For example, it can be proven
[12] that the zeroth-order material volume fractions, ® gy and ®p(), are
only functions of the slowly varying time coordinate, 7, i.e.,
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8@5(0)
o

This result means that the time variation of ®g) is significant only
if observed over a time-scale comparable with the time-scale dictated by
growth, tq.

Here, for the sake of conciseness, we focus only on the zeroth-order
approximation of the boundary value problem (63). Moreover, by assuming
negligible drift velocity Vg (this is equivalent to assume Pe ~ ¢ in Eq.
(72)), we obtain

~0. (74)

ac, A . -
55> = Vz - [A0).-VzCo) — Clo)Vo)) + 2C0) R0,

Ciy(0,0,Z) =C(Z), T=¢e0=0,VZ € By (75)
dC(g) + f’?[A(o).sz(o)] -N = I{f, VZy, € OBg ,
where we introduced the notation

~ YeDe L _fe
= K = —

a L adp’ o

3 : (76)
the ratio tp/tg is treated as a parameter, and the zeroth-order transport
coefficients A(g) and V(g are given by

F—l Dg =T

Ay = Js0) S(0) pr® g (o) FS(O)’

(77)
Vio) = B0 Vz In(Pr()-

By virtue of Eq. (74), it can be proven that A, Vo), and R depend
only on space coordinates Z, and the slowly varying time variable 7, but
are independent on v. This conclusion allows for studying Eq. (75) as an
initial boundary value problem with separable variables.

Since we are interested in the behaviour of concentration C|g) for suffi-
ciently long time, we have to look for the asymptotic solution to Eq. (75)
(i.e., the solution obtained in the limit ¥ ~ e~'). This solution is expected
to be independent on the rapidly varying time coordinate, 9. Rather, it
can be identified with the function of 7 and Z that satisfies the boundary
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value problem

Vz - [A0)-VzCo) — CopViol + 2Co Ry =0,
_ _ (78)
aCoy + £7[A0).VzC)] - N = wf, VZ, € 0Bg .

In order to rewrite Eq. (78) in a more concise form, and account for
the term T/(o) (TJ(O) represents the zeroth-order drift contribution due to the
material inhomogeneity of the field ® (), we apply the commonly used
transformation

Clo)(7,Z) = Cly (7, Z)er 2, (79)

with calculated value A(7,Z) = 5 In(®(0)). By substituting Eq. (79) into
Eq. (78), we obtain

A * tD x D%
VZ . [A(O)VZC(O)] + EC(O)R(O) - O,

{C_t + f’_Y[N : A(O)VzA]}C(*O) + f:Y[N : A(O)Vzc(*o)] = /'if;_A, VZ, € 0Bgr ,
_ _ _ S (80)
where R{y = Ro) — 5Vz - Vo) — Vo) - A5 Vo)
By denoting by Gy, (7, Z, Z’) the Green’s function associated with Eq.
(80), the formal solution can be written as

A(T,Z) o* —A(7,Zy)
C (T Z) _ f € g(o)(fvzvzb)e
UNE OBr 1+{a+E7IN(7,Zy) A 0y (1,24).Vz, A(7,Z,,

iR “JF(Ta Zb)dAb

(81)
MDA () (1,25).V 2, Gl (1.2,2) N(1,Zp) Je =A™ Z0)

_ (0)
faBR 1+H{a+&Y[N(7,Zy)-A 0 (7,2y).Vz, A(T,Zp)]} Rf(T, Zo)dAy,

where Z;, € 0Br , and dA, denotes the surface measure on 0Bg.

An analogous procedure can be followed to determine the first-order
concentration Cy)(7,Z). In this case, the differential equation in the cor-
responding boundary value problem contains terms depending explicitly
on C(o)(7,Z) and its space and time derivatives. Since these terms are all
defined by means of Eq. (81), they can be regarded as a source. Thus, the
differential equation determining C(yy(7,Z) has to be treated as inhomoge-
neous.

Since the transport coefficients A(o) and \7(0) are related to Gg through
Fg, and the Green’s function QE‘O) (1,2,Z') depends on A gy and Vg), we can
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conclude that Q(*O) (1,Z,7') is influenced by the growth tensor, Gg. If we
assume that growth is anisotropic, we can write Gg as a sum of a spherical
and a deviatoric part, i.e., (Gg)% = g0 + (G5)% (here, the Greek index
«a refers to the coordinates in the intermediate configuration Bg), and we
can perform a formal Taylor expansion of the Green’s function around the
spherical tensor ¢gé%, so that Q(*O) (1,Z,7') can be split as

Gioy(r,2,Z) = G (7. 2.2) + G (1.2, 7). (s2)

where G ¢ "(7,Z,Z') refers to the Green’s function evaluated in the case
of purely spherical growth, while g(*[%e”(ﬂ Z,7') accounts for the deviatoric
part of Gg. Analogously, by expanding the effective diffusivity tensor,

A(o), around ¢d%, we find
Ay(1,2) = AB (7, Z) + Al (7, Z). (83)

By substituting Eqs. (82) and (83) into Eq. (81), and restricting for
the sake of conciseness to the case 4 = 0, we can write the concentration
C(O) (T, Z) as

Coy(7.2) = C)' (1, 2) + Ci (7. 2), (84)

where the terms C’fg)h( Z) and C’dev(T Z) are defined by the formulae

A DG (7 N

lif(T, Zb)dAb

C’Sph (1,Z) faBR

1+a (85)
- faBR ARG ) Ve :;T 2 N2l kf(T, Zy)d Ay,
CE(T.Z) = [og, A(T’Z)gZ(%ev(ﬁza;Zb)(A(ﬂZb) Kk f (T, Zy)dA,
~ JoBg eA(T,Z)[A?g)h(ﬂZb).VZbgaj):f;ZZb)N(ﬂZb)]E_A(T’Zb) kf (T, Zy)dA,
MTBALE (7,2,).V 7, G (o (7.2,2) N(7,Zy)]e ™" %0) - 0
- faBR 1+a Kf(7, Zy)d A,

eA(T’Z) [A?S)U (Tzzb) ‘Vzbg*dev (T,Z,Zb) 'N(Tzzb)}eiA(T’Zb) r

- fBBR (01)+d K/f(T, Zb)dAb
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6 Summary and discussion

We expressed the macroscopic transport equation (44) in material form
(cfr. Eq. (50) or (56)), and showed how material transport properties are
influenced by the growth tensor. Under the hypothesis of largely separated
time-scales, we studied the transport of a given chemical substance (e.g.,
GIF or nutrients) in a growing tissue as a process in which the mechanical
state and material symmetries vary adiabatically in time. This approxima-
tion enabled us to perform an asymptotic analysis of the boundary value
problem (63). In particular, we determined the zeroth-order formal solu-
tion of the transport equation in terms of its associated Green’s function,
and we showed how the concentration can be “modulated” by the time
evolution of the growth tensor (cfr. Eq. (84)). Equation (84) implies that,
for a given growth tensor, Gg, the concentration of a chemical substance,
C(t,X), can be split into the sum of the concentration computed as if the
growth tensor were spherical, i.e., C*""(¢, X), and the concentration due to
the deviatoric part of the growth tensor, i.e., C%(¢, X). Since the growth
tensor changes in time, and yields a continuous variation of the transport
coefficients, the term C?%v(¢,X) can be interpreted as a modulation of
the concentration C*P"(¢,X) due to the continuous rearrangement of the
transport coefficients induced by anisotropic growth. The assumption of
anisotropic growth is made in order to account for some effects (probably
ascribable to genetic information, chemical interactions, etc.) that may es-
tablish preferential directions in the mechanisms that govern the evolution
of the tissue. From the mathematical point of view, anisotropic growth
can be considered by choosing appropriate initial conditions to the growth
law (61). For example, this can be done by imposing that, at ¢ = 0, the
growth tensor Gg(0,X) has a non-vanishing deviatoric part. The result
commented above was obtained as a possible application of the Theory of
Upscaling [8][13]-[15], briefly exposed in sections 2 and 3, to the biological
problem explained in section 5.

We used the Theory of Upscaling for two reasons: i) we needed to find
an upscaled advection-diffusion-reaction equation in which the Fick-type
current was consistent with the constitutive framework established at the
macroscopic scale; 77) we had in mind to relate the pore scale concentration
of chemical substances with their average concentration in order to inves-
tigate the possible repercussions of growth on the mesoscopic dynamics
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of the tissue. Indeed, by expressing the macroscopic density of chemical
substances as
F C C

= m = — = —’ 87
and assuming that mesoscopic density can be written as
pm(t,r) = p(t,x) + b(t,r) - Vep(t,x) (88)

(where b(t,r) has to be e zero-mean field over the subset Qp(t,x) C Q(x)),
the modulation felt by p through the material concentration C' is reflected

Ol Py

Acknowledgements

The Authors are grateful to Prof. Sabine Attinger, Prof. Jean-Louis Au-
riault, Prof. Majid Hassanizadeh and Prof. Shoji Imatani for useful dis-
cussions and providing references. This work was supported by CNISM -
Consorzio Nazionale Interuniversitario per lo Studio delle Scienze Fisiche
della Materia (National Inter-university Consortium of Study of the Phys-
ical Sciences of the Matter).

References

[1] Taber L. A., Biomechanics of growth, remodelling and morphogenesis.
Appl. Mech. Rev., Vol. 48, 487-545, 1995.

[2] Garikipati K., Arruda E. M., Grosh K., Narayanan H., Calve S., A contin-
uum treatment of growth in biological tissues: the coupling of mass transport
and mechanics. J. Mech. Phys. Solids, Vol. 52, 1595-1625, 2004.

[3] Mow V. C., Lai., M., Biorheology of swelling tissue. Biorheology, Vol. 27
(1), 110-119, 1990.

[4] Humphrey J. D., and Rajagopal K. R., A constrained mizture model for
arterial adaptations to a sustained step change in blood flow. Biomechan.
Model. Mechanobiol., Vol. 2 (2), 109-126, 2003.

[5] Ateshian G. A., On the theory of reactive mizture for modeling biological
growth. Biomechan. Model Mechanobiol., in press, DOI 10.1007/s10237-
006-0070-x, 2007.



A multiscale description of growth... 79

[6]

[9]

[10]

[11]

[12]

[14]

[15]

Loret B., and Simes F. M. F., A framework for deformation, generalized
diffusion, mass transfer and growth in multi-species multi-phases biological
tissue. Eur. J. Mech. A - Solids, Vol. 24, 757-781, 2005.

Biot M. A., Variational Lagrangian-thermodynamics of non-isothermal fi-
nite strain mechanics of porous solids and thermo-molecular diffusion. Int.
J. Solids Structures, Vol., 13, 579-597, 1977.

Hassanizadeh S. M., Derivation of basic equations of mass transport in
porous media, Part 1. Macroscopic balance laws, Adv. Water Resour., Vol.
9, 196-206, 1986.

Rajagopal K., R., Diffusion through polymeric solids undergoing large de-
formations, Material Science and Technology, Vol. 19, 1175-1180, 2003.

Thiffeault J.-L., Advection-Diffusion in Lagrangian Coordinates, Physics
Letters A, Vol. 309 (5-6), 415-422, 2003.

Epstein M. and Maugin G. A., Thermomechanics of volumetric growth in
uniform bodies. Int. J. Plasticity, Vol. 16, 951-978, 2000.

Grillo A., Zingali G., Borrello D., Federico S., Herzog W., Giaquinta G.,
Interaction between growth and transport phenomena in living miztures.
Journal of Physics: Conference Series, 62, 4371, 2007.

Hassanizadeh S. M., and Gray W. G., General conservation equations for
multi-phase systems: 1. Averaging procedure, Adv. Water Resour., Vol. 2,
131-144, 1979.

Hassanizadeh S. M., and Gray W. G., General conservation equations for
multi-phase systems: 2. Mass, momenta, energy and entropy equations,
Adv. Water Resour., Vol. 2, 191-203, 1979.

Hassanizadeh S. M., and Gray W. G., General conservation equations for
multi-phase systems: 3. Constitutive theory for porous media flow, Adv.
Water Resour., Vol. 3, 25-40, 1980.

Dormieux L., Kondo D., and Ulm F.-J., Microporomechanics, John Wiley
& Sons Ltd, England, 2006.

Lubarda V. A., and Hoger A., On the mechanics of solids with a growing
mass, Int. J. Solids Structures, Vol. 39, 4627-4664, 2002.



80

18]

[19]

[20]

[26]

[27]

A.Grillo, G.Zingali, D.Borrello, S.Federico, W.Herzog, G.Giaquinta

Ruggeri T., Galilean invariance and entropy principles for systems of bal-
ance laws-The structure of extended thermodynamics, Continuum Mech.
Thermodyn., Vol. 1, 3-20, 1989.

Ruggeri T., and Simi¢ S., On the hyperbolic system of a mixture of a Fu-
lerian fluids: A comparison between single- and multi-temperature models,
Math. Meth. Appl. Sci., Vol. 30, 827-849, 2007.

Quiligotti S., Maugin G. A., Dell’Isola F., An FEshelbian approach to the
nonlinear mechanics of constrained solid-fluid miztures. Acta Mech., Vol.
160 (1-2), 45-60, 2003.

Ambrosi D., and Mollica F., On the mechanics of a growing tumour, Int.
J. Eng. Science., Vol. 40, 1297-1316, 2002.

Ambrosi D., and Mollica F., The role of stress in the growth of a multicell
spheroid, J. Math. Biol., Vol. 48, 477-499, 2004.

Chaplain M. A. J., Benson D. L., and Maini P. K., Nonlinear diffusion of
a growth inhibitory factor Mathematical Biosciences, Vol. 121, 1-13, 1994.

Chaplain M. A. J., Avascular Growth, Angiogenesis and Vascular Growth
in Solid Tumours: The Mathematical Modelling of the Stages of Tumour
Development, Mathl. Comput. Modelling, Vol. 23, 6, 47-87, 1996.

Ambrosi D., and Preziosi L., On the closure for mass balance models for
tumor growth, Mathematical Models and Methods in Applied Sciences, Vol.
12, 5, 737-754, 2002.

Byrne H., and Preziosi L., Modelling Solid Tumour Growth Using Theory
of Miztures, Math. Medicine and Biol., Vol. 20, 341-366, 2003.

Shashikanth B. N., and Newton P. K., Vortex Motion and the Geometric
Phase. Part I. Basic Configurations and Asymptotics, J. Nonlinear Sci.,
Vol. 8, 183-214, 1997.

Lunati I., Attinger S., and Kinzelbach W., Macrodipersivity for Transport
in Arbitrary Nonuniform Flow fields Asymptotic and preasymptotic results,
Water Resour. Res., Vol. 30, 10, 1187-1198, 2002.

Auriault J. L., and Adler P. M., Taylor dispersion in porous media: Analy-
sis by multiple scale expansions, Adv. Water. Resources, Vol. 18, 4, 217-226,
1995.



A multiscale description of growth... 81

Appendix A.

The macroscopic fluxes J, and Jg featuring in Egs. (10) and (11) are given
by

1 —a
Ja N = W / [%m,a - pm,awm,a Vm,aa] ’ n’deAl‘a (89)
——S
JS N = ’A‘ / pm S@Z}mS VmS ] : n’YSdAra (90)

where N is the unit vector normal to the Representative Elementary Area

(REA), and the fields ¢ma = ma — Pma a0d Via® = Via — Vma®
represent the fluctuations of 1, , and v, ., respectively, with respect
to mass averages operators defined in Egs. (8) and (9). The quantities

SS(pm,Swm,S)> ga(pm,awm,a)a 3%Sa and §Roz are giVen by

1 1
ga(pm,awm,a) = T Fial [pm,awm,a<u - Vm,a)” : nFSdAr7
QbF <pm,a>§ |Q| AFs d
(91)
Ex(pmstins) = ———5157 | [Pmstoms( = Vis)llg - nisrdA
S\Pm,SWVm,S) — —— ST~ m,S¥m,S - Vm,S cNgsp r
¢s <pm,5'>§ ‘Q‘ Asr 5
(92)
R L L sl npsdA (93)
a = T Fio ~Sm,a -n r
Or <pm,a>11:: |Q| Qa poo
NS
§R5 = \Sm,S] ’5 : nSFdAr- (94)

Os <pm,s)g@ Qs[

The first pair of equations accounts for the transfer of v, , and v, ¢ due
to the relative motion between the interface and the a-th constituent, and
between the interface and the solid phase, respectively, while the second
pair describes the transfer due to the presence of the mesoscopic currents
S and Sy, s, respectively.

Appendix B.

The thermodynamic quantities given in Table 3 represent the macroscopic
fields obtained by averaging their mesoscopic counterparts (cfr. Table 1).
Mass density:

Pa = <pm,a>§7 (95)
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Mass production rate due to chemical reactions:

ach __ ~ch &
Ta _Tm,a )

(96)

Mass production rate due to transfer of mass across the fluid-solid in-

terface:
iy 1 1

o ¢Fpa |Q| Arg

,Om,a<u - Vm,a) ‘npgdAy, (97)

Velocity

Vo = Vima' s (98)

Stress tensor, o,, defined by
1 —a  —~—a
0o N = — / YE(Oma = Pm.aVima @ Vima ) ndA;, (99)
Al Ja

Velocity associated to the mass uptake, v,:

Vo = Vima - (100)
Exchange of momentum production due to chemical reaction, j\gh:
\ch 3 @ N a—~—a"
A= Ama + rf,’;a Vin.a (101)

Momentum exchange rate, m,, between the a-th chemical substance and
the solid matrix as a result of physio-chemical and mechanical interactions:

11
qupOé |Q| Aps

[PmaVima ® (0= Vi) + Omal|p DpsdAr. (102)

m,

Macroscopic internal energy density of the a-th chemical substance, U,:

(67

Us = Us" + 5(0ma")? . (103)

Macroscopic heat flux, qu:

1 —
da - N = W /147F{qm,a + Oma-Vma — Pm,a [Um,a+
1, o —~—a
_(Um,a )Q]Vm,a } : ndAr- (104)

2
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Macroscopic source of internal energy density, U,:

« —a «

Un=Una + 2(0ma )? . (105)

Macroscopic effect of molecular exchange of energy between the a-th chem-
ical substance and all other substances, 6,:

(87
—~—

éa = ém,a + S‘%Z,a ’ %a + ;Crra;a {Um’a + %@may] ) (106)

—_——
A

where (Afma = Um,a —U,.

Exchange of energy between the a-th chemical substance and the solid
matrix as a result of physio-chemical, mechanical, and thermal interactions,
Cq:

Omsa-Vima + Qmatp| MpsdAr (107)
Macroscopic entropy density, S,:
Se = Sma - (108)

Macroscopic entropy density flux vector, ¢,:
1 —
Po - N = 7 / ’VF[(pm,a - pm,asm,ocvm,a ] ’ ndAr~ (109)
Al Ja

Macroscopic source of entropy density, Sy

(6%

So = Sma - (110)

Macroscopic effect of molecular exchange of entropy between the a-th
chemical substance and all other substances, (,:

— o %

~ ~ (62N

Ca = Cma + 7, Sma - (111)

Macroscopic entropy production rate, I',:

(67

Ty = T (112)
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Macroscopic supply of entropy to the a-th chemical substance as a
result of thermodynamic interactions with the solid matrix, 7,:

1 1 —~—a

No = ——— Pm.aSma (W= Vo) + Omal| -NpsdAy. 113

In order to summarise in a single term, for each balance law, the combina-
tion of molecular effects and interface interactions, we define the quantities

Ry = it 4 717, (114)
T, =" + 1, (115)
Qa - éa + éaa (116)
by = (o + . (117)

The macroscopic thermodynamic quantities referred to the solid phase (cfr.
Table 5) are obtained by following an analogous procedure, substituting in
Egs. (95)-(113) the quantities defined in Table 1, and replacing the index
F by the index S in the intrinsic volume averaging operators.

The thermodynamic quantities given in Table 4 represent the macro-
scopic fields associated to the fluid phase as a whole.

Mass density, pg:
N

pr = Zazl Pa- (118)

Overall mass production rate, Rif

prRY = Zil patl - (119)
Velocity, vg:
PEVE = Z;\; PaVa- (120)
Cauchy stress tensor, op:
N
or =) _ [0a—0rpavar @ Var), (121)

where v,r = v,—Vp is the diffusive velocity of the a-th chemical substance
with respect to the fluid phase.
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Exchange of momentum between the fluid and the solid phase, Tr:

- N
,OFTF = Z 1 pa(f(t;vaF + Iha)-

Energy density, Up:
N 1,2
pFUF = Za:l pa<Ua + ivaF).
Energy density flux vector, qp:
N
qr = Zazl [0 — 0a-Var — Oppa(Ua + %UiF)VaF]-

Exchange of energy between the fluid and the solid phase, Qp:

N N
prQr = Za:l Patba + My - Vor + fZ[(Ua —Ur) + %UiF]}

Entropy density, Sg:
N

pFSF = Za:l paSa'
Entropy flux vector, ¢p:
N
$r = Za:l [Qpa - ¢FpaSaVaF]-

Entropy production rate, I'g:

pFFF = Zj:l para-

(122)

(123)

(124)

(125)

(126)

(127)

(128)

Supply of entropy to the fluid phase as a result of thermodynamic interac-

tions of all fluid components, ®:

N N
prPpr = Zazl pa[ﬁa + 7223"(521 - SF)]
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Opis rasta i transporta bioloskih tkiva sa vise skala

Proucavamo rastuca bioloska tkiva kao otvorenu dvofaznu mesavinu sa
razmenom mase izmedju faza. Cvrsta faza je identifikovana sa matricom
poroznog medijuma, dok je fluidna faza ukljucuje vodu zajedno sa svim
rstvorenim hemijskim supstancama koje se nalaze u prostoru pora. Pret-
postavljamo da hemijske supstance evoluiraju saglasno transportnim meh-
anizmima odredjenim kinematskim i konstitutivnim jednacinama i predla-
zemo da se rast posmatra kao proces sposoban da utice na transport
neprekidnim variranjem termomehanickog stanja tkiva. Usmeravanjem
paznje na slucaj anizotropnog rasta pokazujemo da takav uticaj postoji
neprekidnim ponovnim rasporedjivanjem materijalnih simetrija tkiva. U
cilju ilustracije ovog medjudejstva ogranicavamo razmatranje na transport
diktiran difuzijom i pretpostavljamo da su vremenske skale pridruzene
rastu i transportnom procesu razlicitog reda velicine. Ovo nam dozvo-
ljava da izvr§imo asimptotsku analizu “jednacina polja” sistema. U ovom
okviru, dajemo formalno resenje transportne jednacine pridruzenom Gri-
novom funkcijom i pokazujemo kako je makroskopska koncentracija date
hemijske supstance “modulirana” anizotropnim rastom.
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