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Abstract

In this paper, we revisit our previous work in which we derive an effective macroscale
description suitable to describe the growth of biological tissue within a porous tissue-
engineering scaffold. The underlying tissue dynamics is described as a multiphase
mixture, thereby naturally accommodating features such as interstitial growth and
active cell motion. Via a linearization of the underlying multiphase model (whose
nonlinearity poses a significant challenge for such analyses), we obtain, by means of
multiple-scale homogenization, a simplified macroscale model that nevertheless retains
explicit dependence on both the microscale scaffold structure and the tissue dynamics,
via so-called unit-cell problems that provide permeability tensors to parameterize the
macroscale description. In our previous work, the cell problems retain macroscale
dependence, posing significant challenges for computational implementation of the
eventual macroscopic model; here, we obtain a decoupled system whereby the quasi-
steady cell problems may be solved separately from the macroscale description.
Moreover, we indicate how the formulation is influenced by a set of alternative
microscale boundary conditions.

2010 Mathematics subject classification: 92B0S5.

Keywords and phrases: multiscale homogenization, mixture theory, tissue growth, tissue
engineering, porous flow.

1. Introduction

Tissue growth is a complex and inherently multiscale phenomenon, whose unified
description requires the integration of insight obtained at one scale with observations
at another. For example, growth processes (or disease manifestation) at the organ
scale are driven by microscopic events at the (sub)cellular scale that themselves
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are influenced by macroscopic dynamics. Such complexity leads inevitably to
formulations that are analytically and computationally intractable or are otherwise
highly idealized. For this reason, a significant area of research is dedicated to
developing various mathematical and computational techniques that enable efficient
coupling between dynamics occurring on multiple scales (see, for example, the
papers [1, 14, 21] and the references therein).

This article follows on from the work of Holden et al. [9], in which the derivation
of a coarse-scale description of the tissue dynamics that nevertheless retains aspects
of tissue microstructure and cell behaviour was considered. Here, we show that the
formulation derived therein may be significantly simplified. To effect this, we again
employ the method of multiple-scale asymptotic homogenization (see, for example,
the books [2, 22] and the papers [7, 12] for reviews). The key feature of this approach
is to derive suitable macroscale equations from an underlying microscale description,
rather than stating them ab initio. Coupling to the microscale physics is enabled by
defining suitable problems on a prototypical “unit cell”’, by which to specify effective
coeflicients in the macroscale description.

A series of recent studies have employed these methods in a biological setting
to consider growing tissues. We refer the interested reader to the work of Holden
et al. [9] for more extended motivation and background literature, but note here that
a common feature of such studies is the highly idealized representation of growth.
This deficiency was addressed by Holden et al. [9], wherein we instead employed
a multiphase model to describe the microscale tissue dynamics. In particular, this
approach accommodates nutrient-limited interstitial growth, as well as cell aggregation
and repulsion. An effective macroscale description is obtained via a linearization
that ameliorates problems associated with complex mass transfer considered in the
multiphase model (see the paper by Collis et al. [4] for a discussion) and allows
one to obtain via homogenization techniques a more tractable description that permits
coupling between microscale and macroscale processes. The derived model comprises
macroscopic partial differential equations (PDEs) describing the evolution of the
cell population, nutrient concentration and cell and interstitial fluid flow. These
are coupled to the underlying microscale structure and dynamics via suitable cell
problems. Importantly, and in contrast to other similar studies, these unit-cell problems
are themselves parameterized by the macroscale dynamics, so that the microscale and
macroscale descriptions are fully coupled. Here, we modify our previous analysis [9]
to obtain the more standard structure, obtaining a system in which the quasi-steady
cell problems may be solved separately from the macroscale description, thereby
greatly simplifying the computational difficulty that would be associated with fully
coupled multiscale descriptions. We reiterate that the effective description that we
obtain embeds microscale modelling choices, both in terms of the model governing
equations and the associated boundary conditions describing, for example, cell-
scaffold interactions or nutrient transport into the growing tissue. We therefore
consider several alternative microscopic boundary conditions to indicate how the
macroscopic formulation is modified.
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This paper is organized as follows. In Section 2 we briefly recapitulate the
microscale model and boundary conditions of Holden et al. [9]. In Section 3 we
perform a multiscale homogenization to obtain an effective macroscale description
and consider alternative microscopic boundary conditions in Section 4; Section 5
summarizes our results and provides suggestions for future work.

2. Model formulation

We consider a model of broad relevance to tissue-engineering applications where
tissue growth occurs on a structured periodic scaffold, such as can be achieved through
the use of 3D printing [11, 25]. We emphasize that this article follows on from the work
of Holden et al. [9] and the underlying model set-up considered herein is identical to
that study (itself following closely Lemon et al. [13] that builds on the general theory
of multiphase porous flow developed in the literature [3, 8, 15]) and so only a very
brief descriptive summary is included here.

The microscale domain is denoted Q, with boundary d€, and has characteristic
length scale . This domain comprises scaffold Qg, tissue {7 and interstitial fluid Q;.
The scaffold boundary is denoted by 0€2s and the tissue—interstitium boundary by I'
(see Figure 1 for a schematic diagram). The macroscopic length scale (associated with
the full extent of the scaffold) is denoted L. The length scales in question are well
separated such that

l

c=—-<1.
L

We model the porous scaffold material as a rigid solid, and the tissue as a two-
phase mixture of cells (with volume fraction 8,) and water (6,,) which covers the
scaffold, whilst the interstitial space contains only water. Both cells and water are
modelled as viscous fluids (with pressure p; and velocity v;; i € {n, w, I}), described
by a Stokes flow. Increase in the cell volume fraction of the mixture depends on
the concentration of a generic diffusible nutrient (denoted c;; i € {T, I}) as well as
the availability of water. Tissue growth is represented by movement of the boundary
I', occurring as a consequence of nutrient-limited phase transition within the tissue
domain or cell aggregation/repulsion (these being effected by the specification of
suitable additional pressures ¢,(6,) in the cell phase). Coupling between the tissue
domain and the surrounding interstitium is described by suitable mass flux conditions
across the tissue—interstitium interface as well as continuity of tangential velocity,
stress and nutrient concentration. No-slip and no-penetration are imposed on the
scaffold surface. We emphasize that our model describes a complex free-boundary
problem in which the interface position I' is not known and should be determined as
part of the solution. However, in the multiscale analysis that follows, the boundary
velocity remains undetermined. In order to close the model, we are therefore required
to specify constitutively this motion; this issue was considered in detail by Holden
etal. [9].
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FiGure 1. Schematic diagram of the microscale domain Q illustrating a periodic scaffold covered with
a layer of tissue, indicating the scaffold Qg, tissue Q and interstitial fluid €; domains. The scaffold
boundary is denoted by Qg and the tissue—interstitium boundary by I'.

The equations governing the multiphase mixture, interstitial flow and the nutrient
transport within the microscale domain are given in (2.1)—(2.6) and (2.10)—(2.12) of
Holden et al. [9]; boundary conditions are specified in (2.13)—(2.17) of that paper.
This microscale model is nondimensionalized via scalings detailed in Section 2.2
in [9]. We note that alternatives to the boundary conditions describing the cell-scaffold
interactions, and interfacial nutrient transport specified above, may be appropriate for
certain specific biological systems. These are considered in Section 4.

3. Multiple-scales analysis

Following our previous work, we reduce the degree of nonlinearity of the
microscale model to enable a more straightforward multiscale analysis by linearizing
the equations about a uniform steady state, across Qr, as follows:

6, =0+ 80,1+,

with corresponding expansions for the other model variables and where 0 < 6 <« 1
and asterisks denote steady-state values. The linearized model is given by equations
(2.18)—(2.22) in [9].

We now work with the linearized version of the model and, for the sake of
clarity, suppress the associated subscripts. To derive a suitable macroscale description
incorporating the microscale growth, dynamics and structure, we follow [5, 20, 24] in
using the method of multiple scales. Correspondingly, we rescale such that the time
scale under consideration is that of macroscale advection, and the pressure scaling
results in the appropriate leading-order problem

- 1
t=éf, p=;p,
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in which tildes denote the rescaled variables. This choice of time rescaling
results in a quasi-steady problem at leading order, thereby simplifying the analysis.
Correspondingly, as in [9], we rescale growth and uptake processes to O(g). In the
subsequent sections, we drop the tilde notation for convenience as we work exclusively
with the rescaled variables.

Next, we introduce a macroscale coordinate X, where X = ex (x being the
microscale coordinate) and expand all variables in the general multiple-scales form
as follows:

px, X, 1,6) =y O X, 1) + ey Vx, X, 1) + -,
V=V,+eVy, V?=V2+2eV, Vy+&Va.

Moreover, in addition to the boundary conditions [9, (2.13)—(2.17)], we require that
Y@ fori=0,1,...are periodic in x. Analysing the equations at each order, and via the
averaging process over the domain Q;,

1
(&) =—= f dv 3.1
AT

(where Q = Q; U Q7 U Qg), allows us to obtain a description of the macroscale growth
and transport.

3.1. Velocity and pressure ansatz Following arguments in earlier works [6, 9, 20],
we find that pressures, nutrient concentrations and cell volume fractions are
independent of the microscale variable x, that is,

POX, 0 =pX, 0= pOX, 0+ 660X, 1), (3.2)
OX, 0 =P X, 1) = (X, 1), (3.3)
00 = 69X, ), (3.4)

in which p© and ¢©® denote the overall leading-order pressure and concentration,
which are uniform across Q7 U Q.

The governing equations at O(g) are given by (3.6)—(3.8) in [9] and, therein,
we followed, for example, [6, 7, 16, 20, 24] in exploiting the linearity of the O(¢)
momentum equations by taking an appropriate Darcy-type form for the macroscale
velocities and microscale pressures to be given by the following ansatz:

W= -KVyp® and p"=-a; - Vxp® - p; forie{mw, 1.  (3.5)

In (3.5), K; are tensors describing the permeability, a; are first-order tensors imparting
microscale pressure variation and p; are the mean (microscale-invariant) values of the
first-order pressures in ;.

This choice of ansatz results in unit-cell problems that are parameterized by the
macroscale pressure and cell volume fraction (through ¢®), so that the microscale
and macroscale descriptions are fully coupled (see the paper by Holden et al.
[9, (3.12)—(3.14)]). This provides a significant challenge from a computational point
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of view. Here, we seek to remove this complexity; since both the macroscale water
pressure and pressures associated with active cell behaviour terms appear linearly in
the momentum equations (3.6¢,d) and (3.7b) in [9], a more appropriate form for the
macroscale velocities and microscale pressures is given by

v = —KVxp) - MVx¢, (3.6)
P =—a;-Vxp)) = bi- Vx4 - pi. 37

for i € {n,w}. In the interstitial domain, the original ansatz (3.5) remains suitable.
Note that rather than an ansatz in terms of the overall macroscale pressure p©, in
equations (3.6) and (3.7), the macroscale velocities and microscale pressures are given
as linear functions of the macroscale common mixture pressure p(vf,)) and extra pressure
due to cell aggregation ¢5,0).

3.2. Microscale cell problems Substituting (3.6) and (3.7) into the conservation of
mass and momentum equations (3.2a,b) and (3.6¢,d) in [9] (recalling that the mass
transfer terms have been rescaled to O(g)), we obtain the following modified Stokes-

type cell problems in Qp:
V. -K'=0, V,-M =0, (3.8)
V.- Kl =0, V.-M =0, (3.9)
Via, — I~ V.K, - B6,(K, —K,) =0, (3.10)
Vi), 1 - pViK, - B6,K, - K,) = 0, (3.11)
V., —1-V:M, - B0, (M, - M,) =0, (3.12)
V.b,, - uViM,, - B6,(M, - M,,) = 0. (3.13)

In Qy, standard Stokes problems are obtained via (3.3a) and (3.7b) in [9], as follows:

V. Kl =0,
Ve, —I—uV2K; =0.

These cell problems are coupled together through the boundary conditions (3.4a—c)
and (3.8d) in [9] specified on the interface, I', which supply

Kin=0, Kln=0, Kn=0, Mn=0, Mn=0,
—ar®n+ (VKy +(VKr)Dn = —a; o n + w(VK; + (VK)"n,
~br ®n+ (YMr + (VM7))n = 6:[-a; ® n + u(VK; + (VK)"n], (3.14)
in which (3.2) has been employed to replace p®, and where
Kr=6K,+u6,K,, ar=6a,+06,a,,
Mr=0,M, +uo;M,,, br=06b,+06b,.
Lastly, on 9€)g, no-slip and no-penetration provide

K,=0, K,=0, M,=0, M,=0. (3.15)
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For uniqueness in the above cell problems, we use a standard approach [17, 20, 23, 24]
and impose that in the relevant domain

(@y)=0, <b;)=0. (3.16)

We note that, while a standard Stokes-type cell problem is obtained in Q;, the
multiphase dynamics in Q7 leads to significantly increased complexity. In particular,
we obtain a set of coupled modified Stokes problems, determining the permeability
tensors K;, M; and extra pressures a;, b; for each phase, which are further coupled to
the flow in ; via stress and velocity continuity boundary conditions. Furthermore, we
highlight that whilst the number of cell problems has increased as a result of the change
in ansatz from that employed by Holden et al. [9], we find that the permeability tensors
are no longer dependent on macroscale pressures. The system we obtain therefore
represents a significant simplification, taking the more familiar form, where the quasi-
steady cell problems can be solved separately from the macroscale description that we
obtain below.

3.3. Averaging The macroscale flow is obtained by averaging (3.7) via the
definition (3.1) to obtain

¥ = ~K)Vxp = (M)Vxe,

wherein pﬁg) and ¢5,0) (via 9;0) and (2.6) and (2.19) in [9]) are obtained from the
following system, derived from the average (exploiting the divergence theorem) of
(3.6a,b,e) and (3.7a,c) in [9]):

9 .

gwf% +0,(Vx - 0+ 0D mdp) = (SO, (3.17)

Vx - (KVxp© + MVx¢?) = (1 - p)S D)y, (3.18)
oc® .

d)rU,W +c* (1 = pUS Oyp = (A, (3.19)

where ®@7y; = |Qr U Q,]/|Q2]. We note that equation (3.19) arises from the average
of the sum of (3.6e) and (3.7¢) in [9]; on application of the divergence theorem and
boundary conditions, terms associated with c(Tl) and cﬁl) vanish.

The tensors K and M are given by

K= (0K, + 0. K,)r + Ky, M=(0:M,+0,M,)r +(0.K),

where the individual permeability tensors K; and M; are determined from the set of
coupled Stokes problems (3.8)—(3.16).

We remark that while the modification to the unit-cell problems outlined above is
significant, the impact of our modification to the approach of Holden et al. [9] on the
macroscale description is less significant, being restricted to the redefinition of the
relevant permeability tensors and the associated velocities and pressures (in particular,
in the explicit appearance of ngbﬁlo) terms associated with active cell motion).
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The governing system itself is of identical structure and comprises a macroscale Darcy
flow PDE, coupled to reaction equations describing tissue component volume fractions
and nutrient concentration. Lastly, we note that as is common in analyses of this type,
the macroscale model we obtain is not closed: we are required to specify constitutively
the O(e) boundary velocity v(rl) -n (see the papers [6, 10]). This was explored by
Holden et al. [9] by means of detailed investigation of the travelling wave properties
of the microscale multiphase model, but we do not pursue this here.

Lastly, we note in passing that in the limit case of inviscid water (that was employed
in [9] for illustrative numerical simulations) the overall pressure p® is zero and
consequently so is pﬁf,)) + 6, 5,0). This means that the new ansatz (3.6)—(3.7) can be
rewritten as

w
n

1
Vl(.o) = [—K,' + §M1:| pr(o)

1

P = [_ai + _*bi:| vxpy = pis
9”[

which is equivalent to (3.5), where the terms in square brackets are given by single

tensors.

4. Alternative boundary conditions

In the model described above, we impose no-slip and no-penetration conditions
on the scaffold boundary Qg and continuity of nutrient flux and concentration on the
free interface I'. While these are physically sensible choices in general, reflecting the
solid nature of the scaffold material and passive diffusive transport of nutrient into the
tissue domain, in some cases a less restrictive choice may be of interest. For example,
as well as the active motion embodied by the intraphase pressure ¢,, cells may
exhibit significant haptotactic motion on the scaffold surface itself. This is especially
pertinent to the tissue-engineering application under study, in which scaffolds may
be manufactured to incorporate substrate-bound chemoattractants thereby promoting
cell ingress (see, for example, the papers [18, 19, 26] and the references therein).
Additionally, other descriptions for solute transport across I' may be appropriate, for
example accommodating aspects of active transport, binding kinetics or membrane law
behaviour.

4.1. Cell motion on the scaffold surface As a simple alternative choice of
boundary condition permitting cell motion on the scaffold surface, we now consider a
slip condition of the form

o,
on’
where b is a constant of proportionality and d/dn denotes the normal derivative. We
retain the no-penetration condition v; - n = 0 on 0€Qg, since the scaffold is assumed to
remain solid. We remark, however, that it would be straightforward to accommodate,

vn:b xEF,

https://doi.org/10.1017/51446181119000130 Published online by Cambridge University Press


https://doi.org/10.1017/S1446181119000130

376 E. C. Holden et al. [9]

for example, scaffold dissolution, invoking the approach and scaling arguments of
O’Dea et al. [20].

The effective macroscale equations remain the same in each case, and the only
change to the Stokes problem is in the tissue—scaffold boundary conditions. The above
equations give

oK, oM,
B M = b B
on ! on
as the set of alternative boundary conditions to be applied on K,, and M,, at 9Qs in the
Stokes problem. (Note that the slip condition is of similar form to that obtained by
Irons et al. [10] in a similar cell problem for a porous medium growth model.)

K,=b Kn=0, Mn=0

4.2. Nutrient flux As noted above, we have imposed continuity of flux and
concentration on the tissue—interstitium interface I.  For completeness, we also
indicate the influence of alternative concentration flux boundary conditions. As
discussed by Shipley and Chapman [24] two further, widely used, options are
suggested, which we now consider.

Option I — Membrane law The flux of nutrient concentration across the boundary is
proportional to the concentration jump. This widely used approach demands

(evi = DyVep)-n = (crvr — DrVer) -n = r(cr = cr), 4.1)
where r is a constant reflecting the permeability of the tissue boundary to nutrient flux.

Option 2 — Concentration jump due to species solubility Alternatively, a
concentration jump may be permitted, as a consequence of reduced solubility in the
tissue compared to the interstitium (compare with Henry’s law for gases, in which the
concentration ¢ and partial pressure P of a gas in solution are related through ¢ = yP,
where y denotes the solubility):

acy = cr, “4.2)

where we assume for simplicity that @ is a constant, although in a more general
formulation it may be suitable to specify @ = a(6,).

In the following, we investigate the choice of boundary condition, and scaling of
associated constant, on the effective macroscale description. Note that the choice of
condition has no direct impact on the Stokes problem on the periodic cell.

4.2.1 Membrane law. Firstly we linearize the boundary condition (4.1); assuming
that at steady state, the nutrient concentration is equal and uniform across both
domains, Q; and Qr,

1 1
c'\vi—-vr— —V¢/|-n=c"\vr —vr — —Ver|-n=r(cr — ).
Pel PeT

In the subsequent multiple-scales analysis, we consider two further scaling subcases
on the membrane permeability, namely, » = O(1) or r = &F with 7 = O(1). At leading
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order, the boundary condition in each case reads as

(0) (0)
LR PN PO {r(cT )

“Pep CTT T Per YT T 0.

We recall that the leading-order problem is quasi-steady, so there is no growth of
Qr, flux of fluid across the interface or nutrient uptake; correspondingly, and in line
with the linearized model set-up, it is consistent to assume that there is no induced
diffusive transport of nutrient across I" either. In the first subcase (r = O(1)), this
implies that since r # 0, cg)) = cio), whilst in the second subcase (r = &7), there is
already no interfacial transport at this order and a concentration jump can arise. In
both cases, the leading-order concentration in each domain is independent of x.

Following through the rest of the analysis as described above and in [9] for O(1)
membrane permeability, we find that the effective macroscale equation is unchanged,

o ) o
DOry; 8t + (1 = XS, = —(A7)r.

In the second subcase, there are minor differences imbued by the fact that a leading-
order concentration jump may be permitted and we obtain the following macroscale
representation in each domain:

oY
O — o+ ¢ (1= PSP = ~((ey” = e = (M),
0 P 0 0
= (e = ¢

which are identical to those presented by Shipley and Chapman [24], except that
advective transport is linearized in our description. Macroscale nutrient concentration
in this case is given by two coupled equations, one for each of c(79) and cﬁo).

4.2.2 Concentration jump due to species solubility. We remark that when
linearizing the model equations, we can no longer assume that at steady state
the nutrient concentration ¢* is uniform across the entire unit cell (unless a =1,
which returns to our original representation). We instead suppose that the nutrient
concentration is uniform in each domain, connected by the boundary condition, that
is,

CT=C;+(5CT1+"',

cr=ci+docpn +-,

where
acy = ¢y, 4.3)

and the steady-state concentrations ¢, are defined as in Section 2.3 in [9].
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The linearized and rescaled equations for the nutrient concentration are given by

8
Zl V(O + Oovy)) = —V cri— Ay inQr,
ocy 1
Ly v (v = —W2 in Q;,
e, (civrn) Pe, cr1 in&Yy
1 +
c;wiit—vr1)-n——Vci-n| =0,
Pe; _
acypp =cr,p on I. (44)

All other equations remain unchanged from the original analysis, except that in the
cell proliferation and nutrient uptake terms c* is replaced by c7.. In the following, the
subscripts associated with the linearization are omitted for clarity.

At leading order, we find, via standard arguments, that both C;O) and c(TO) are
independent of the microscale and related by the leading-order version of (4.4). At
O(¢e), the relevant equations are

(0)
——te T[vx @y + G0 0) + Vx - (6 + G, )]

i
Lo O —AQinQy, (4.5)
" Per
dc (0) 1 1
7 + (Ve v+ Iy v = 2D inQ, (4.6)
1 +
0 =) n = o= (VacV + ch§-‘”> : n] =0, @7
€; -

(1) (1)
ac;” =c;’ on I.

On averaging (4.5) and (4.6) over their domains,

(0)

oc 1
Or =L 4 (1 - p)(S© :< V) > —(AO),, 48
T, +cp(1 = pXS, D Per cpe - (A7 (4.8)
ac\” 1o o
L g _ 49
! ot <P€[ ‘I n>r ( )

Averaging boundary condition (4.7) over I and rearranging, we find that

1 M > < 1 M > £ v o0
—(—v = (¢t — ,
< xCp R -\ 7 xC; - (cp = XOr

Per

Where
0 1 1 1 1 * 1 1

describes the leading-order flux of material across the boundary of the tissue domain.
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(0)

Summing (4.8) and (4.9) and exploiting (4.3) and (4.4) to eliminate ¢; and c, ",

1 aC(TO) « ~\ /a0 " 1 0 0
((DT + E(DI) o t (1= pUSr = ¢ (1 - c_x)<Q( N —(ADyr
and Q© must be determined. Note that when @ = 1, that is, when we have continuity
of concentration on the boundary, we obtain (3.19) as in the original model and Q¥
no longer appears.

5. Discussion

In this paper, we have revisited and extended the work of Holden et al. [9] to derive
a new effective description for a growing tissue, by means of two-scale asymptotics.
We considered a rigid periodic lattice-like structure covered by a layer of growing
tissue. The model is therefore applicable to problems in regenerative medicine, such as
tissue growth within a tissue-engineering scaffold (our primary motivation) or biofilm
growth, for example in the subsurface or the fouling of filters.

Multiscale homogenization techniques are increasing in popularity in biologically
inspired models, with a recent series of studies seeking to incorporate growth [4, 6,
9, 20, 23]. As in [9], here, we seek to accommodate a more complex description
of tissue growth than one comprising a solid undergoing accretion [20, 23] or
volumetric growth [4], by employing a multiphase fluid tissue model that naturally
accommodates aspects such as interstitial growth and active cell motion, while still
obtaining a tractable macroscale description. (A multiphase approach was used
by Collis et al. [6]; however, exploiting the limit of large interphase drag reduces
the dynamics to effectively an accretion-type process.) In [9], this deficiency was
addressed to obtain an effective description of tissue growth that retains active cell
motion, caused by cellular aggregation or repulsion. Analytical progress was effected
by a linearization that ameliorates problems associated with complex mass transfer
considered in the multiphase model; however, the macroscale description obtained
was fully coupled to the microscale unit-cell problems, thereby providing a significant
computational challenge in the general case (decoupling is obtained in the inviscid
limit case). Here, we address this feature by adopting a more suitable solution ansatz
to describe the velocities and pressures in the system that respects the linear structure
of the relevant momentum equations. This analysis provides a macroscale model of
very similar structure to that presented in [9], parameterized by permeability tensors,
provided by a set of modified Stokes-type cell problems. The contribution of this
work is that, unlike that presented in [9], the cell problems are independent of the
macroscale description, leading to a system whereby the quasi-steady cell problems
may be solved separately from the macroscale description, thereby greatly simplifying
the computational difficulty associated with fully coupled multiscale descriptions.
Moreover, we also demonstrate how the model formulation is changed under a set
of exemplar alternative microscale boundary conditions associated with, for example,
cell motion over the scaffold surface or alternative nutrient flux dynamics across the
tissue—interstitium boundary.
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