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Abstract In this paper we formulate a geometric theory of the mechanics of growing
solids. Bulk growth is modeled by a material manifold with an evolving metric. The
time dependence of the metric represents the evolution of the stress-free (natural) con-
figuration of the body in response to changes in mass density and “shape”. We show
that the time dependency of the material metric will affect the energy balance and the
entropy production inequality; both the energy balance and the entropy production
inequality have to be modified. We then obtain the governing equations covariantly
by postulating invariance of energy balance under time-dependent spatial diffeomor-
phisms. We use the principle of maximum entropy production in deriving an evolu-
tion equation for the material metric. In the case of isotropic growth, we find those
growth distributions that do not result in residual stresses. We then look at Lagrangian
field theory of growing elastic solids. We will use the Lagrange—d’ Alembert principle
with Rayleigh’s dissipation functions to derive the governing equations. We make an
explicit connection between our geometric theory and the conventional multiplicative
decomposition of the deformation gradient, F = F.F, into growth and elastic parts.
We linearize the nonlinear theory and derive a linearized theory of growth mechanics.
Finally, we obtain the stress-free growth distributions in the linearized theory.
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1 Introduction

In classical continuum mechanics, one usually models mass-conserving bodies. The
traditional framework of continuum mechanics is suitable for many practical appli-
cations. However, in some natural phenomena mass is added or lost in a deformation
process. This is particularly important in biological systems where growth and re-
modeling are closely linked to mechanical loads. In the case of soft tissues, elastic
deformations are large and the theory of linear elasticity is not adequate. This has
been the main motivation for extensive studies of large deformations in biomechan-
ics in recent years (see Cowin and Hegedus 1976; Skalak et al. 1982; Fung 1983;
Naumov 1994; Hoger 1997; Humphrey 2003; Klarbring et al. 2007 and references
therein).

It has been realized for a long time that mechanical forces directly affect the
growth and remodeling in biological systems (Hsu 2003). A continuum theory ca-
pable of modeling biological tissues must take into account changes of mass and
the coupling between growth/remodeling and mechanical stresses. In continuum me-
chanics, one starts by postulating that a body is made of a large number of “ma-
terial points” that can be treated as mathematical points. A material point consists
of “enough” number of particles (atoms, molecules, cells, etc.), so that it can rep-
resent the mechanical properties of the body, e.g. the density. Material points are
then identified with their positions in the so-called reference configuration. This
is called the material manifold. It is always assumed that the body is macroscop-
ically stress free in the material manifold. The material manifold is not neces-
sarily Euclidean and even not Riemannian; in general, the material manifold is
a Riemann—Cartan manifold in the case of solid bodies with distributed disloca-
tions, for example. It is relevant to mention that in most of the existing formula-
tions of finite-strain plasticity, instead of working with a Riemann—Cartan material
manifold, one assumes a multiplicative decomposition of the deformation gradient
into elastic and plastic parts, i.e. (Eckart 1948; Kroner 1960; Lee and Liu 1967;
Lee 1967)

F =Ty =F.F,, (1.1)

where ¢ is the deformation mapping. This means that locally the material deforms
plastically followed by elastic deformations to ensure compatibility. In other words,
one assumes that both the material and the ambient space manifolds are Euclidean
and one locally decomposes the total deformation mapping into incompatible elastic
and plastic parts. Motivated by plasticity, in the case of growth several researchers
(Kondaurov and Nikitin 1987; Takamizawa and Matsuda 1990; Takamizawa 1991,
Rodriguez et al. 1994) postulated a similar decomposition of F into elastic and growth
parts, i.e.

F = F.F,. (1.2)
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This has been the fundamental kinematical idea of all the existing models of growth
mechanics to this date (see Ben Amar and Goriely 2005; Hoger 1997; Lubarda and
Hoger 2002 and references therein).

Recently, Ozakin and Yavari (2010) introduced a geometric theory of thermoelas-
ticity in which thermal strains are buried in a temperature-dependent Riemannian
material manifold. In that theory a change of temperature leads to a rescaling of the
material metric with a clear physical meaning. In this paper we introduce a geometric
theory for growing bodies using similar ideas. We should mention that the analogy
between growth and thermal distortions was first realized by Skalak and his cowork-
ers (Skalak et al. 1996).

There are two possibilities in a growth process: (i) the number of material points
is fixed, and (ii) material points are removed or are added. Note that in a continuum
model the material points are assumed to contain several (or a large number of) par-
ticles, cells, etc. Erosion or accretion of cells corresponds to changes in volume (and
the corresponding mass) and shape of the material body. In our continuum model,
similar to many of the earlier models of bulk growth, we assume that the number of
material points is fixed. This means that we work with a fixed set B as the material
manifold and model growth by allowing 5 to have an evolving geometry. Consider
a two-dimensional problem, where the relaxed state of the material is described by a
surface. If the bulk of the material grows, as, for example, in a thin shell of biological
material undergoing cell division, the shape of the surface describing the relaxed state
will change. The stresses for a given configuration should be calculated in terms of
the map from the surface describing the relaxed state, to the current configuration.

While the multiplicative decomposition of the deformation gradient has been a
source of useful approaches to nonlinear problems, we believe that, in many cases,
such an approach obfuscates the underlying natural geometry. A multiplicative de-
composition seems natural if one starts with a stress-free material body and considers
processes such as plasticity which, in general, induce stresses. However, an initial
stress-free Euclidean configuration may not even exist in certain problems. Mathe-
matically, one can still consider an incompatible local deformation that brings the
material to a relaxed, Euclidean state, and measure deformations from this state, as in
the multiplicative decomposition described above. However, we believe that a more
natural way of looking at the problem involves treating the material manifold as a
non-Euclidean manifold, and giving its geometry explicitly in terms of the physics of
this problem. In passing, we should mention Miehe’s (1998) work, in which instead
of F = F¢F}, he introduces a “plastic metric”, although with no clear physical mean-
ing/interpretation for this metric. We will come back to a geometric interpretation of
F =F.F; in Sect. 3.

In this paper, we model growth by introducing a Riemannian material manifold
with an evolving metric. As will be seen, this formalism is very similar to the ap-
proach of Ozakin and Yavari (2010) to thermoelasticity; however, there are a few
important modifications. First, although we had a version of mass conservation in
thermoelasticity in terms of the changing material manifold, for the case of growth,
mass will in general be added to (or removed from) the material body; we will have a
mass balance. Thus, one can represent the amount of mass being added (or removed)
in terms of the changes of the differential form describing the material mass density.

@ Springer



784 J Nonlinear Sci (2010) 20: 781-830

Secondly, for the case of thermal stresses, the material metric was explicitly given
in terms of the temperature, but no such simple dependence exists for the material
metric in biological growth. We will begin by exploring the consequences of various
simple modes of growth, such as a cylindrically symmetric growth represented by a
radius-dependent conformal scaling of the metric. Assuming simple constitutive re-
lations, we will write the equations for the equilibrium configurations in terms of the
time-dependent metric, much like the case in thermoelasticity. We will also establish
the connection to the formulations involving a multiplicative decomposition of the
deformation gradient.

One should note that there is in fact no guarantee that a time-dependent Rie-
mannian metric and its Levi-Civita connection is capable of modeling all kinds of
growth. We believe that at the very least one needs to consider time-dependent con-
nections with torsion; however, “Riemannian growth” is a good starting point. We
aim to investigate the case of growth with torsion, as well as non-metricity in future
communications.

Efrati et al. (2009) have recently studied similar problems in the framework of
linearized elasticity by modifying the definition of linearized strain. Here, we start
with nonlinear elasticity, and instead of modifying any definition of strain we will
work with an evolving material manifold. We should mention that the idea of using
differential geometry in elasticity goes back to more than fifty years ago in the work
of Eckart (1948) who realized that the stress-free configuration of a material body
evolves in time and an Euclidean stress-free configuration is not always possible.
Later developments are due to Kondo (1955a, 1955b) and Bilby et al. (1955, 1957).

There have been growth models in the literature using mixture theories. For growth
mechanics purposes, a mixture theory is certainly more realistic than a mono-phasic
continuum theory. However, in this paper for the sake of simplicity and clarity of
presentation, we restrict ourselves to mono-phasic continua. We should mention
that our ideas are similar, in spirit, to those of Rajagopal and Srinivasa (2004b)
who have been advocating the idea of material bodies with evolving natural con-
figurations. Here, we work in a fully geometric framework and model a grow-
ing body by a continuum that has an evolving Riemannian material metric. One
should note that this is a very special case of a possible evolving material mani-
fold that we believe is sufficient for bulk growth purposes. In particular, we work
with Levi-Civita connections that are by construction torsion-free. We should also
emphasize that we are not, by any means, questioning the usefulness of the tradi-
tionally used F = F.Fgy decomposition of the deformation gradient. However, we
believe that although the existing models based on this multiplicative decomposi-
tion have been very useful in growth mechanics (see Ben Amar and Goriely 2005;
Garikipati et al. 2004 for some concrete examples.) they all lack a rigorous mathe-
matical foundation.

This paper is organized as follows. In Sect. 2 we modify the existing geometric
theory of elasticity for growing solids. We show that energy balance has to be modi-
fied and then study its covariance. We study the entropy production inequality and the
restrictions it imposes on constitutive equations. We also show how the Principle of
Maximum Entropy Production can be used to obtain thermodynamically-consistent
evolution equations for the material metric. We then look at isotropic growth and
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model it by a time-dependent rescaling of an initial material metric. We solve three
examples of isotropic and non-isotropic growth analytically. We then discuss how
an evolving material manifold can be visualized using embeddings. In the last part
of this section we obtain stress-free isotropic growth distributions. We then study
growth in the Lagrangian field theory of elasticity and show how the governing equa-
tions can be obtained using the Lagrange—d’ Alembert principle and using Rayleigh’s
dissipation functions. In Sect. 3, we make a connection between the exiting theories
of growth based on the decomposition F = F.F, and the present geometric theory.
The nonlinear geometric theory is linearized in Sect. 4. In particular, we obtain those
isotropic growth distributions that are stress free in the linearized setting. Conclusions
are given in Sect. 5.

2 Evolving Material Metrics and Bulk Growth

There have been previous works on the continuum mechanics formulation of bod-
ies with variable mass (see Lubarda and Hoger 2002; Ben Amar and Goriely 2005;
DiCarlo and Quiligotti 2002; Epstein and Maugin 2000, and references therein). In
these works it is assumed that the growth part of the deformation gradient is an un-
known tensor field and its evolution is governed by a kinetic equation. In writing
the energy balance, the corresponding thermodynamic forces show up. In the present
geometric theory, we work with an evolving material manifold instead of introduc-
ing new fields other than material mass density. Before going into the details of the
proposed theory, let us first briefly review the geometric theory of classical nonlinear
elasticity.

Geometric Elasticity A body B is identified with a Riemannian manifold B and a
configuration of B is a mapping ¢ : B — S, where S is another Riemannian manifold.
The set of all configurations of B is denoted by C. A motion is a curve ¢ : R —
C;t+— ¢; in C. It is assumed that the body is stress free in the material manifold.
For a fixed ¢, ¢;(X) = ¢(X, t) and for a fixed X, ¢x(t) = ¢(X, 1), where X is the
position of material points in the undeformed configuration B. Let ¢ : B — & be a
C! confi guration of B in S, where 5 and S are manifolds. The deformation gradient
is the tangent map of ¢ and is denoted by F = T'¢. Thus, at each point X € B, it is a
linear map

F(X) . TxB — T(p(X)S- (2.1)
If {x*} and {X*} are local coordinate charts on S and B, respectively, the components
of F are
d¢?
FiyX) = —X). 2.2
A(X) = 25 (%) 2.2)
The material velocity is the map V; : B — T, (x)S given by

dp(X,1) _d

ViX) =VX. 1) =— 3 Px(@). 2.3)
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The material acceleration is defined by

oVX,r) d
AX)=AX,t) = —— = —Vx(1). 24
1X)=AX,1) a1 ” x(?) (2.4)
In components
8 a
A9 = o +yavlve, (2.5)

where y;:. is the Christoffel symbol of the local coordinate chart {x“}. Note that
A does not depend on the connection coefficients of the material manifold. ¢; is
assumed to be invertible and regular. The spatial velocity of a regular motion ¢; is
defined as

Viio(B) > TS, vi=Viog !, (2.6)
and the spatial acceleration a; is defined as
a=v= Al + Vyv. 2.7
at
In components
a® = aaita %vb + yf vbue, (2.8)

Suppose B and S are Riemannian manifolds with inner products ((, ))g and {(, ))g
based at X € B and x € S, respectively. The transpose of F is defined by

F': TS — TxB, (FV,V)g=(V.F'v), VVeTxB, veLkS. (29

G
In components
(FTX))"a = g (O F? 5(X)GAE (X). (2.10)
The right Cauchy—Green deformation tensor is defined by
C(X):TxB— TxB, CX)=FX)"F(X), (2.11)
where g and G are metric tensors on S and B, respectively. In components
ch=(FN)* . Fp. 2.12)
One can show that
C'=¢*®). ie Cap=(8aro@)F aF’p. (2.13)

For bulk growth, we assume that the material manifold 53 remains unchanged but the
metric evolves, i.e. G = G(X, r).! When mass is added or removed, the stress-free

In mathematics, evolving metrics have been studied extensively. The most celebrated example is Ricci
flow (Hamilton 1982; Topping 2006), which was used in proving the Poincaré Conjecture by Perelman
(2002). Interestingly, for a seemingly very different application, i.e. growth mechanics, an evolving geom-
etry plays a key role.
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Fig. 1 Deformation of a
growing body as a map between
a Riemannian material manifold

with a dynamic metric and an u
ambient space with a fixed @
background metric

(B,G(#))

state of the body changes. Local changes in mass change the stress-free configuration
of the body. This is modeled by a time-dependent material metric that represents local
changes in volume and “shape” in the relaxed configuration (see Fig. 1). In Sect. 3,
we will make a connection between this approach and the conventional F = F.F,
decomposition of deformation gradient.

Incompressibility In growth mechanics it is usually assumed that elastic deforma-
tions are incompressible. In the classical theory in which F = F.F; is assumed, in-
compressibility implies detF. = 1, i.e. all the volume changes are due to growth. In
the geometric theory the following relation holds between volume elements of (3, G)
and (S, g):

dv=JdV, (2.14)

J= %8 oir (2.15)
= () . .
detG

Incompressibility of elastic deformations means that J = 1. Note that even when
J =1, still dv is time dependent as a result of the time evolution of the material
metric that makes dV time dependent. In other words, an observer in the ambient
space sees changes in volume that are only due to volume changes in the material
manifold. We will show the equivalence of J. = 1 in the classical theory with J =1
in the geometric theory in both some simple examples in Sect. 2.9 and in the general
case in Sect. 3.

where

2.1 Energy Balance

Let us look at energy balance for a growing body. The standard material balance of
energy for a subset U C B reads (Yavari et al. 2006)

1
,00<E + E<<V, V))) dv = fu po({(B, V) + R)dV +/a ((T, V) + H)dA,

U
(2.16)
where E = E(X, N, G, F, g o ¢) is the material internal energy density, N, pg, B, T,
R, and H are specific entropy, material mass density, body force per unit undeformed
mass, traction vector, heat supply, and heat flux, respectively.
We first note that the energy balance should be modified in the case of grow-
ing bodies with time-dependent material metrics. Note that when the metric is time

dr Jy
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dependent, the material density mass form m(X, ¢) = po(X, t)dV (X, ¢) is time de-
pendent even if pg is not time dependent. For a subbody U C B, the rate of change of

mass reads
d / X, dV(X,1) / 90 + ! t G dv (2.17)
— , 1) = — 4+ —potr| — . .
dr upo ul ot 2pO ot

Note that if pg is time independent, then the term % 00 tr(%) represents the change in
mass due to growth. Here, we assume that a scalar field of mass source/sink Sy, (X, t)
is given.” This mass source will change the stress-free configuration of the body and
(B, G(X, 1)) represents the time-dependent stress-free configuration of the body.

The rate of change of the material metric is a kinematical variable that contributes
to power. Therefore, the energy balance for a growing body with a time-dependent
material metric can be written as’

1
T upo(E +5 4V, V))) v

dE 909G

= /u {po(«B,V» +R) +poge o

+Sm(E+l((V, V)))}dv+/ ((T, V) + H)dA.  (2.18)
2 au

2.2 Covariance of Energy Balance

It turns out that in continuum mechanics (and even discrete systems) one can obtain
all the balance laws using energy balance and postulating its invariance under some
groups of transformations. This idea was introduced by Green and Rivlin (1964) in
the case of Euclidean ambient spaces and was extended to manifolds by Marsden and
Hughes (1983). See also Simo and Marsden (1984), Yavari et al. (2006), Yavari and
Ozakin (2008), Yavari (2008), Yavari and Marsden (2009a, 2009b) for applications
of covariance ideas in different continuous and discrete systems.

In order to covariantly obtain all the balance laws, we postulate that energy bal-
ance is form invariant under an arbitrary time-dependent spatial diffeomorphism

2Note that by definition

d
—/ po(x,r>dv=f Sm(X,ndv:/ Sm (X,0)dV,
dr Jy u U

o o
where S (X, t) is mass source in the initial material manifold with volume element d V. Note also that
o
physically § is given.
3Note that in Lubarda and Hoger (2002) the term analogous to %0 + % po tr( %) is denoted by rg. There,

instead of the term po% : % they introduce a term pRgrg. One should note that even if mass is con-
served at a point, still a change in shape can contribute to energy balance and is captured in our formulation.
See also Epstein and Maugin (2000) and Lubarda and Hoger (2002).
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&:8S— S, ie.

d

1
. ol EN+ =V, V') )dv
ar Mpo( +2(( )))

/ / / / / BE/ . 8G/
Z/Z:{{Po(«B,V»—i‘R)*I-,OOW e
+ S, (E/ + %((V’, V’))) } v + /u(«T/, V) +H')dA. (2.19)

0

Note that (Yavari et al. 2006)

R' =R, H'=H, P0 = Po, T =&.T, V=& V+W, (220)

where W = 3%5, o ¢. Note also that

3G 3G
G=6 =27 and E'X.N.G.F.gog)=EX.NGF&gop).
2.21)
Thus, at t =1y
d o _OF AN OE 3G O0E 0o
— = — ! — —_— . N oQ. .
di- TN dr T aG o ! agog VECY

We also assume that body forces are transformed such that (Marsden and Hughes
1983) B — A’ =&, (B — A). Therefore, (2.19) at t =t reads

[+ 2me(5)] (5 30w+ wevrwn Jav

+/ oE 8G+ 0F £ +(V+W,A)) |dV
— et — o ,
upo oG ot ago g weoeg

IE 0G
:/M{po(<<B,V+W>)+R)+poE.¥

+Sm<E+%((V+W,V+W>)>}dV+/ (T, V+ W) + H)dA. (2.23)
ou

Subtracting (2.18) from (2.23), one obtains

/[%-FltE—S}lWW-FVW dv
ik 2Por<at> m(2<< W)+ (V. >>)

oE
+/ po(  Swgopt <<A,W>>> av
U dgog

= / po((B, W))dV + / (T, W) dA. (2.24)
u ou
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From this and the arbitrariness of ¢/ and W we conclude that (Yavari et al. 2006)

dpp 1 G

- — t — | = S s 225
8t+2por<8t> m 2:25)

DivP + poB = poA, (2.26)

IE
200 - (2.27)
dgog
T =1, (2.28)

where P is the first Piola—Kirchhoff stress and T = Jo is the Kirchhoff stress. It is
seen that instead of conservation of mass we have a balance of mass and the remain-
ing balance laws are unchanged. Note, however, that divergence and acceleration
both explicitly depend on G, i.e. the time dependency of material metric affects the
governing balance equations. We will see examples in Sect. 2.9.

2.3 Local Form of Energy Balance

Let us now localize the energy balance. First note that

dp_pop OEAN OE G OE L O 029)
— — — o )
dr VE= N a Tac o T (VT g lveee.

Note that LyF = 0 because for an arbitrary Z € TxB

LF—8 *(F Z)—8 *( Z)—8Z—0 (2.30)

AREF P Tt Ty '
Using this and also noting that because the background metric is time independent,
we have

dE_BEdN+8E.8G+8E'd 231)
dt™  ONdr oG ar ag '
where d = %S}Vg o ¢ is the rate of deformation tensor.* We know that H = —(Q, N))

and (Yavari et al. 2006)
/ (T, V))dA :/ (((DiVP, Viy+t:2+4+1 :d) dv, (2.32)
au u

where 2,5 = %(Va‘b — Vo), and 7 is Kirchhoff stress. Thus, from (2.18) and us-
ing the balances of linear and angular momenta we obtain the local form of energy
balance:

dE 8E G
— +D —_— — d R. 2.33
PO +DivQ = po 3G 71 +7:d+po (2.33)

4This is the symmetric part of Vv, i.e. the symmetric part of the so-called “velocity gradient”.
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In terms of the first Piola—Kirchhoff stress, this can be written as

LY Q= 0L 3G L p.vv+ R, (2.34)
—_— 1V —_— . .
IOOd IOOaG a1 0 £0

where P: VoV = pe4 V4a.

Material Metric Evolution The evolution of the material metric is assumed to be
given through a kinetic equation of the form>
G

Frin YX,G,F,g)=®X,G,O0). (2.35)

See Ambrosi and Mollica (2004), Loret and Simoes (2005), Fusi et al. (2006), Am-
brosi and Guana (2007) for some examples written in terms of the evolution of Fy.
We will come back to this problem after first discussing the Second Law of Thermo-
dynamics for a growing body.

2.4 The Second Law of Thermodynamics and Restrictions on Constitutive
Equations

In the absence of growth, the entropy production inequality in material coordinates
has the following form (Coleman and Noll 1963):

R H
—/ ,ooNdV>/ po—dv+/ ZdA, (2.36)

where N = N(X, ¢) is the material entropy density and & = @ (X, ¢) is the absolute
temperature. This is called the Clausius—Duhem inequality.

When the material metric is time dependent, using balance of mass, the Clausius—
Duhem inequality is modified to read®

o0R H / o 1 G
— NdV > —dV —dA N[ — + =potr| — ) |dV
/;00 / +/u@ +u |:8t+2'00r ot
oE 0G
+ / poz gy, (2.37)

oG ot

This inequality can be localized to read

dN p()R Q oE 8G
— > —— —Div — . 2.38
£0 dt 9 iv ( )+,00 (2.38)

SA simple example that has been extensively studied is the Ricci flow (Hamilton 1982), which reads
G
ot

where R is the Ricci curvature of the metric G. Note that this flow smooths out a distorted 3-sphere
(Topping 2006).

6See also Epstein and Maugin (2000).

=—2R,
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Note that E = ¥ + N® and hence’

d _L(dE av @’(E &) 2.39)
d e\ d dr a2 ' ’

Substituting this into (2.38) yields

podE  pod¥ 2] ooR . [Q OF aG
— > — . — 2.40
6 (o>+ PoG s @AY

Now substituting the local energy balance (2.34) into the above inequality we obtain

dw .1
P:VoV—po-r — poNO = - dO-Q. (2.41)

We know that ¥ =¥ (X, ®, G, F,go ¢) and thus®

A A . AW G v
&L gy, 242
" 0% T ag e TaF Y (2:42)

Therefore, (2.41) is simplified to read

8q/+N O+ A P 'VV+1d@ Q+ alI/-G<o (2.43)
200 POoF YT M6 =" &
Following Coleman and Noll (1963) and Marsden and Hughes (1983) we conclude
that

ow ow

~— =_N and pp— =P, 2.44
20 and - po—m (2.44)

and the entropy production inequality reduces to po% G+ % de - Q <0.
Remark There have been objections in the literature on using the Clausius—Duhem

inequality in continuum mechanics (Green and Naghdi 1977; Marsden and Hughes
1983). Next, we show that in growth mechanics energy balance and a more general

"Note that ¥ = v(X,0,G,F,gop)and E=EX,N,G,F,gogp).
8Nota that because ¥ is a scalar its time derivative is equal to its Lie derivative along the velocity vector
field, and thus when the material metric is time independent we have

d 114 3(} v o o . oY 8G v
—V¥V=Lyw=—60+_——:—+—:LyF+ —:L —O+_ —:—+—:L

dr VW=356""96 o tor tog V8T 509 56 r T g VR
‘We also know that the same time derivative is equal to the covariant derivative of N with respect to velocity
vector, i.e.

4y Dy gy P, 1Y aG+av1/ L.

a Vi=507 TG oF | VVEE o iVve
LR L N [ T 3G+aq/ V.
90 3G "ot  9F & 30 3G aF =0

where we used the fact that % ¥ =0and V 3 F=V,V. See Nishikawa (2002) for a proof.
at
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notion of covariance are enough to obtain the restrictions (2.44) on the constitutive
equations. In passing we should mention that Green and Naghdi (1991) were able to
obtain their entropy balance using energy balance and invariance arguments in the
case of Euclidean ambient space. What we will show next is consistent with their
results.

2.5 Restrictions on Constitutive Equations Using a Thermomechanical Covariance
of Energy Balance

In this subsection, we follow Marsden and Hughes (1983) and obtain the restric-
tions (2.44) on the constitutive equations using the covariance of the energy balance
with no reference to the entropy production inequality. In the case of classical elas-
ticity, Marsden and Hughes (1983) started with the local form of energy balance and
postulated its covariance under the simultaneous action of time-dependent spatial dif-
feomorphisms and time-dependent monotonically increasing temperature rescalings.
Here we start with the integral form of the energy balance.

Let us consider spatial diffeomorphisms &; : S — S and monotonically increasing
temperature rescalings ¢, : Rt — R*. We assume that at t =1y, ¢ = 1 and %{, =2z
We also assume that under these transformations, the energy balance is invariant, i.e.

. Po E/+l(<V’,V’)> dv
dr Jy 2

R 8E/8G/,1//
=/M{p0(((B,V))+ ") + 0 P0G +S, (E +5<(V,V)>>}dV

+ / ((T', V) + H')dA. (2.45)
ou

Note that E = ¥ + @N. In the new frame ¢’ =& o ¢ and ®’ = ¢ ®. We assume that
E transforms tensorially, i.e.

E'X,N,G,F,g)=EX,N,G,E&F,E.g). (2.46)

The same transformation is assumed for the free energy density, and hence

d d v . L' oy

—v'=_—vX,¢0,G,EF, = o' +—:G VoV, (247
@t Tt X 0GR =Tm 0 T aE G g VoV, (247
where (VoV)?4 = V¥ 4. Therefore, at t =1t
d | 12 12
—y = —(0 +20)+ —:G + 5 (VoV + VoW). (2.48)
dr G
Thus, at t = 9, we can write
d d o o dN’ dN
—E' = — VoW — +NJO —0 - —6 . (249
A PR T +Z<a@ + ) +(dt dr ),zto (249)
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Energy balance in the new frame at ¢ = f is simplified to read

/[@# it SG]E—i—lVV—i—VW + Low, wy ) av
21 o <a:)( SOV V) + (V. W) + (W, >>)

+/ dE+alp : VoW + 2 8W+N e+ dN/O’ dNO
L lart T aE O 00 dr a )
+{V+W, A/|,:t0))} dv

0E 9G
:/Z:{[ 0((B =1y, V+ W) + R'[;— to)—i—p()aG o

+ Sm (E + (V. V) + (V. W) + %((W, W)))} av

+/u(((T,V+W)> + H'|i=) dA. (2.50)
bl

Assuming that B’ — A’ = &, (B — A) and subtracting the balance of energy (2.18) from
(2.45), we obtain

a0 1 3G 1
/[W*E potr (at)—Sm}<<<v,W>>+5<<W,W»)dv
+/ [ﬂ VoW + %+N O+ d—w@’—d—N@
| 5F 0 Z(ao ) <dt dr >,=,0
+((W,A)):| dv
- /u po[(B. W) + (R — R)l—y] 4V
+ / [(DivP, W) + 7 : (VW) — (DivQ' — DivQ),—,]dV.  (2.51)
u

where 7 : (VW)? = b Wqp. Assuming that R and Q are transformed such that
(Marsden and Hughes 1983)

dN'_, . (dN L
] —R_g“(EO—R) and Q' =¢&.Q, (2.52)

we obtain

/u [W + Epotr<¥> - sm] («v, W)+ 5 (W, W>>) av

—/((DivP+p0B—p0A,W))dV+/ [( 0% VoW —1: (VW))
U U oF

oy
— +N dVv =0. 2.53
+Zpo(ao+ ) } (2.53)
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Note that
(VoW)* 4 = g’ [(VW)’], . F€ .

Therefore, the arbitrariness of I/, W, and z implies that?

oo 1 G
920 4~ pote[ ) = S,
8t+2por<8t> m

DivP + poB = poA,
T =1,

P a—W—P

OBF =,

ow
@:

Thus, we have proven the following proposition.

(2.54)

(2.55)

(2.56)
(2.57)

(2.58)

(2.59)

Proposition Covariance of energy balance under spatial diffeomorphisms and tem-
perature rescalings gives all the balance laws and the constitutive restrictions im-

posed by the Clausius—Duhem inequality.

2.6 Covariance of the Entropy Production Inequality

In this subsection we study the consequences of covariance of the Clausius—Duhem
inequality. Again, let us consider the diffeomorphisms &, : S — S and monotonically
increasing temperature rescalings ¢, : Rt — R™. Let us postulate that the entropy
production inequality is invariant under the simultaneous action of these two trans-

°In a previous footnote it was shown that

dy 3o W G 0w o 0w 0% 3G v
& 300 T9G ar TaF 0T 300 TG ar og VE
Thus
L |
9F 0 3 \4:8
This holds for an arbitrary change of frame & : S — S as well, i.e. at t =1:
il Vo(V+W) = i 1L
oF Vo =g (V+W) 8-
Hence, for arbitrary W
W oW o
oF O T g TTWE
Noting that (Marsden and Hughes 1983) IE _ 0¥ " ihis means that 1Y W _pis equivalent to
=/ 9gop agoy 5 0°3F A

2p0 % =7, i.e. we have the Doyle-Ericksen formula.
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formations, i.e.

—/poNdv>f /R/dV+f idA+/ a—pé-i-lp(/)trE av
e’ e’ at 2 at

JOE" aG
+ / Poag 5 V- (2.60)

Note that (2.52) implies that

dN" R’ dN R d H H 2.61)
—_— = and — =—. .
dt © dt e o6
It can easily be shown that the inequality (2.60) is identical to (2.37), i.e. assuming
the transformations (2.52), entropy production inequality is trivially covariant.

2.7 Principle of Maximum Entropy Production

In this subsection we use the so-called maximum entropy production principle to ob-
tain a kinetic equation for G. This principle states that a non-equilibrium system with
some possible constraints evolves in such a way as to maximize its entropy produc-
tion (Ziegler 1983; Rajagopal and Srinivasa 2004a). This principle has found appli-
cations in many different fields of science. For a recent review see Martyushev and
Seleznev (2006). This principle has recently been used in growth mechanics for ob-
taining kinetic equations for the “growth velocity gradient” (Loret and Simoes 2005;
Ambrosi and Guana 2007; Fusi et al. 2006). Here, we use it in our geometric frame-
work.
For a growing body, entropy production in a subbody U C B is defined as

d R H
F(Z/{,t)z—/poNdV—/ PR av— [ Zaa
dr Jy u © au ©

9 1 IG IE oG
—/ ﬁ-i—— potr dv — /,00— —dVv
U ot 2 ot oG 0t
dN R Q IE oG

= 0> +Di = av
/[ g gt V(O) 05G 8t:|

= | Lav. 2.62
[ e

where A = @[po‘fi—';' — p()% + Div(%) — po% : 88_([;] is the rate of entropy production.
Using energy balance, we have

dv 1
A:—pod— +P: VOV—(—)d@ Q- ON. (2.63)
Note that
i =ON — 0w G P:VyV (2.64)
P T P3G " ar 0" '

@ Springer



J Nonlinear Sci (2010) 20: 781-830 797

Thus, we can write
ov

A=—ppoe:G— —dO - 2.
P3G :G d( Q. (2.65)

We now maximize A with respect to G under the constraint (2.65). Let us define

W
@ = AJH\(AeroE G+—d() Q) (2.66)

where % is a Lagrange multiplier. Maximizing @ with respect to G gives

94 P .,
oG A+ 175G '

Note that part of the entropy production rate is constitutively given, i.e. A =
A@O,G, G.F, g) — 1 5 dO - Q. As the simplest example let us assume that

) 1 L 1
A=,3trG2—5d(~)~Q=ﬂGABGCDGACGBD—5d(~)-Q. (2.68)
Thus
A )
—— =2BGACGBPGep. (2.69)
0G AB
Or
) 194 A v
Gi= 2L~ % (2.70)

289G 280+ D
Using (2.70) and (2.68) we can write

_ A2 , 0¥ QW 1d 0 @71
T480.+1270%G 3G ' '

At the same time using (2.70) and (2.65) we have

o 0w ow 1
__r o _de.Q. 2.72
=280+ 05G 96 099°Q 2.72)

Looking at (2.71) and (2.72) we see that A = —2 and hence

. 1 v
b= pp— 2.73
G ’3,00 3G (2.73)

2.8 Isotropic Growth

For isotropic growth, the material metric has the following time dependent form:

G(X, 1) =e*?XDGy(X), (2.74)
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i.e. a family of conformal material metrics model the growth. Thus

X 2
ICXD _ 982 0 x . (2.75)
ot ot

Therefore, balance of mass is simplified to read

dpo(X, 1 ARX, t
% + po(X, t)%em XD tr Go(X) = Sm(X, 1). (2.76)
Given G = G(X, 1), one has the following relation between volume elements at %,
and ¢:
avex,n=|LCXD 1y X 1) 2.77)
T det G(X, 1) 10 .
Or

dV (X, 1) = eN2XD gy, (X), (2.78)

where N = dim B. The mass form has the following representation:
m(X, 1) = po(X, 1) dV (X, 1) = eV XD my(X). (2.79)

Note that m(X, r) = N%m(X, t). The mass of a subbody ¢/ C B will have the fol-
lowing time-dependent form:

Mt(u)=f m(X, t). (2.80)
u
Hence

d 52

—MU) = | N—mX,1). 2.81

a +(U) /u a7 X, (2.81)
In the decomposition of the deformation gradient one has

F=FF® and F®=g(X, 1], (2.82)

where I is the identity map and g is a scalar field. We will discuss this decomposition
in more detail is Sect. 3. In the sequel we will obtain those isotropic growth distribu-
tions that are stress free. But let us first look at some simple examples of the evolution
of the material metric.

2.9 Examples of Bulk Growth
In this subsection we look at three examples of bulk growth and show how analytical
solutions for residual stresses can be generated for both isotropic and non-isotropic

growth.

Example 1 (Isotropic Growth of a Neo-Hookean Annulus) Let us consider a two-
dimensional, incompressible neo-Hookean material in a flat two-dimensional spatial
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manifold. The free energy density of a neo-Hookean material in two dimensions has
the form

=X, C=putrC-2), (2.83)

where C is the Cauchy—Green tensor, or equivalently, the pull-back of the spatial
metric, Cap = FA4F’p gab> and p is a material constant. In components

W = pu(F*AF’ ggaG*E - 2). (2.84)

The “2” is of no particular significance: when the material metric is fixed, it simply
shifts the free energy by a constant. When the material metric changes, its contribu-
tion to the free energy is proportional to the time-dependent material volume, which,
for a given growth distribution, is independent of the spatial configuration. We ignore
this term, and use ¥ = ¥ (X, C) = p tr C as our definition of the free energy.

Let us assume that initially the material has a flat annular shape R| < R < R,
without any stresses. We would like to calculate the stresses that occur in the new
equilibrium configuration after a rotationally symmetric growth, 2 = 2(R,t). In
polar coordinates, the spatial metric and its inverse read

_ [ 8r 8o\ _ 1 0 1 g ng B 1 0
g_<g9r 899)_(0 r2>’ 8 _<g0r ¢ )=\o 12) (2.85)

and thus detg = r2. The only nonzero connection coefficients are Yag = —T, yr% =
ygr = 1/r. For the rotationally symmetric time-dependent material metric we have

G- (Crr Gro\_oewn(l O
Gor Goo 0 R?)’

RR RO
-1 _ G G _ —2Q(R.0) 1 0
G _<G@R G@GJ)_C 0 1/R2 ’

and thus, detG = R?e*?(R:)_ The following nonzero connection coefficients are

(2.86)

needed in the balance of linear momentum:

Tgr=2'(R.1), r§o=-R—R°Q'(R.1),
(2.87)
Iy =TS =1/R+2'(R,1),

where 2'(R,t) = %. Given 2 = £2(R, t), we are looking for solutions of the form

¢(R,©)=(r.0) = (r(R.1), ©). (2.88)
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Thus'?
_ (TR, 0 (1R 0O
F_( 0 1), F ' = 0 1) (2.89)
This gives the Jacobian as
rr'
= RN (2.90)
Incompressibility dictates that
rr’ = Re*? (R0, (2.91)
This differential equation has the following solution:
R
r2(R,1) =ri(R,1) + / 262960 gt (2.92)
Ry

Note that 71 (R) is not known a priori and will be obtained after imposing the traction
boundary conditions at | and r,. In incompressible elasticity, P*4 is replaced by
P — Jp(F~1)™4,¢% where p is an unknown scalar field (pressure) that will be
determined using the constraint J = 1 (Marsden and Hughes 1983), i.e.

A
A=2uFpGAB — p(R)(F')"pg. (2.93)
Therefore, using (2.91), we obtain the nonzero-stress components

2R ' 221

2 R
PR ===~ p(R)ze PO = Le2ewn P20 £2 LYY

and %2 s

where p(R) is an unknown pressure.
Balance of linear momentum in components reads

aA BPaA aB bA c
P4 = XA +FABP + P )/b Fy=0. (2.95)

For the radial direction, a = r, we have

gPA
9XA
BPrR
~ R

PrAIA + FABPVB + PbAyV F(

+ (M + TSR P R+ PPy Fog

101£ one does not consider the intrinsic metric and instead uses the standard metric of the Euclidean space,
F has the following representation:

r(R,t) 0 e$2(R.1) 0

Thus, detFe = me_ZQ and hence Je =1 is equivalent to (2.91), as expected.
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gP"R 1 / rR 06
=% + E+29 (R,t) | P —rP”" =0. (2.96)
This gives
YuR R2 ")
p/(R) — i’l/z eZQ(R,t) 2(1 + RQ ) ZQ(R l) R2 *ZQ(R t)} (297)

Assuming that p(R;) = 0, we obtain

p(R)=/ 2ué 2Q(gz> (1_‘_%9/(%))_ g2 Q2R _ r2(§) 29(5:)}1&

2(E) rX (&) g
(2.98)
For a = 6, balance of momentum, (2.95), gives
6A aPo® 06 OR 06 6
P == + 13, P9 4 PORYOFr 4 POOyN FOg
= (Mg + T5e) P* =0, (2.99)

i.e., this equilibrium equation is trivially satisfied. Note that tr( Gy — 40’ and hence
balance of mass reads

dpo(R, 1)
ot

This differential equation can be easily solved for mass density.

Note that if one considerers a cylinder with the kinematics assumptions » =
r(R,t),0 = ©,z = kZ for a constant k, the residual stresses will be very similar
to what was just calculated.

+22'(R,)po(R, 1) = Sm(R, 1). (2.100)

Example 2 (Anisotropic Growth of a Neo-Hookean Annulus) Let us consider an
anisotropic growth represented by the following material metric:

G- e2.Q(R,l) 0 G_l— e—Z.Q(R,I) 0
- 0 RZe—Z.Q(R,t) ’ - 0 1/R262.Q(R,t) ’

(2.101)
and thus, detG = R?. The following nonzero connection coefficients are needed in
the balance of linear momentum:

rf=2'R,1), I'Ky=Re*RINQ(R,1)—1],

. ) (2.102)
IRy =T5r=1/R—2'(R,1).

Given 2 = £2(R, t), we are looking for solutions of the form ¢(R, ®) = (r,0) =
(r(R,1), ). Thus F and F~! have the forms given in (2. 89) and this gives the Ja-

cobian as J = . Incompressibility dictates that rr’ = = R.'"! This simple differential
equation has the following solution:

r(R,t)=vR2+C(t)=/R*— R} +r}. (2.103)

11y the classical formulation
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Note that r1 (R, t) is not known a priori and will be obtained after imposing the trac-
tion boundary conditions at r; and ;. Now, we get the nonzero-stress components,
thus:

R R,t
R_0pue22R0_Z__ _ p(R )r( ) and
r&0 2.104
(2.104)
poe zzuem(R’t) _ PR,
R? r2(R,t)’
where p(R,t) is an unknown pressure.
Balance of linear momentum in components reads
3PaA
P, = —xrt e P8 4 pPAya Fey =o. (2.105)
For the radial direction, a = r, we have
ap4 :
PrA‘A aXA + I'VABPVB + PbAyl:'CFLA
aPk R 0] R L) 6
(= r -’ r
aP™R 1 .
=% EP’R —rP?%% =0. (2.106)

This gives
R 2 R?
p(R,1)="1— ” —29<R’>[2 2RQ'(R, 1) — — SetRD _ 2}. (2.107)
r

Assuming that p(R1,t) =0, we obtain

2 2
P(R,t)—/ 2‘(‘; 29@’0[2—259/(5,;)——r;f)em@ﬁ— —rf@)]ds.

Note that 72 = R? + C and thus

R 5 )
PR, 1) = / fﬂefm(é‘t) |:2 —2EQ'(E, 1) — 3 -l;Cem(g,z) _ 25 dé.
7 R E + C ’ é s + C
| (2.109)
Assuming that p(R3, 1) =0, C(t) can be calculated using the above equation.

(R0 S (RD) 0
F=< 0 r(%t)) and Fg:( 0 e—.Q(R,t))'

Thus, Je = detFe = 1 would lead to the same incompressibility constraint 7’ = R.
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For a = 6, balance of momentum (2.95) gives

PGA aP(*)O

T e + e PP+ PURy L F R+ POy FPo = (Igp +T5e) P77 =0,

(2.110)
i.e., this equilibrium equation is trivially satisfied. It is seen that a growth that results
in only a change in shape and no change in volume can still result in residual stresses.

Note that tr( ) = 0 and hence the balance of mass reads

dpo(R, 1)

o = Sm(R.1). 2.111)

Example 3 (Spherical Growth of a Neo-Hookean Hollow Sphere) Let us consider a
hollow sphere with inner and outer radii R; and R,, initially in a coordinate system
(R, ®, @). Let us denote the spatial coordinates by (r, 8, ¢). The spatial metric has
the following form:

1 0 0
g=[0 -2 0 , (2.112)
0 0 rZsin?¢
with the nonzero connection coefficients y,, = —r, ng o =T sin® ¢, )/fe = yg =

1/r, yr b= y¢r = 1/r. For isotropic growth of the hollow sphere we consider the
following material metric:

1 0 0
G=e2®RD o R2 0 . (2.113)
0 0 RZ%*sin’®
The nonzero connection coefficients are
FI?R:Q/v Fel)e@:_R_RQQ/, F£¢=—(R+R2.Q’)sin2(b,
o o ® ® 1 (2.114)
>~ - /
Iro =Tor=Tre =Tor="75+5.

Under this symmetric change of material metric (growth) we look for solutions of the
formr =r(R,1), 6 = O, ¢ = &. Thus'?

r'(R)

0
F=| 0 1 (2.115)
0 0

— O O

121n the classical formulation

r'(R, 1) 0 0 efR2(R,1) 0 0
F= 0 r(lfe't) 0 and Fg= 0 eR(R.D) 0 .
0 o &0 0 0 eRRD

Hence, Jo = detFe = 1 would lead to the same incompressibility constraint. See Chen and Hoger (2000)
for more details.
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and hence
r’ e
- /
J= e (2.116)
Incompressibility gives us
R
r(R)=r}(R) + / 36263960 g (2.117)
R;
The only nonzero stresses are
R? r? 21 p
R_,», N 2 _ -3 06 e22 _ P
_Zﬂrze pR2 ’ P —R2 }’2’
(2.118)
P?? = e e22 P
R2sin’ @ r2sin® @

Again, the equilibrium equations for P?® and P?? are trivially satisfied. The only
nontrivial equilibrium equation reads

rA aPrA rB bA_r rc
Pww=57x + PP+ PPy Fey
aPrR )] 9 )]
TR +(TRr+ Tor+ Tar) P N+ POy Flo + PPPy  Flo
aprR 2 ;
=z +(§+3.{2/)PVR—FPGO—rsin2<1>P¢‘p:0. (2.119)

This gives
4 R4 2 2 3
PR, 1) = L A2RD| 2 4 onR ) — S 32Rn __ =320 | (5 120)
r4 R R4

Assuming that p(R) = 0, we obtain

p(R,t)=/R 4t o ’)[ 261 - 5o _T® aac r)} d.

r (&) § 3(E) g
(2.121)
Note that tr( G) — 652, and hence balance of mass reads
dpo(R, t
% +32'(R, 1)po(R, ) = S (R. 1). (2.122)

This differential equation can be easily solved for mass density.
2.10 Visualizing Material Manifolds with Evolving Metrics

In our geometric theory, we model growth in a fixed material manifold . We can
visualize the evolution of G(¢) by embedding B in some material ambient space
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X with a fixed metric H. For us this larger space would be the Euclidean space
with its standard metric. Consider a one-parameter family of isometric embeddings
it : B— X, ie. fH= G(t). For the sake of simplicity, let us restrict ourselves to
rotationally symmetric metrics, i.e. we look at metrics of the form

_(M*(R.1) 0
G_( 0 N2(R’t)), (2.123)

in some coordinate patch (R, ®), i.e. the metric has the form M?*(R,1)dR* +
N 2(R, t) d®?, where ¢ is the time. Note that M and N are independent of ®@. We
now look for solutions in the set of surfaces of revolution. Let us consider a time-
dependent curve y (s, 1) = (p(s, ), (s, t)) in the plane. The surface obtained from
this curve by revolution about the z-axis has the following parametric representation:

D (s,0,1)=(p(s,1)cos O, p(s,1)sin O, &(s, 1)). (2.124)
The induced Euclidean metric is (Peterson 1997):
Q*(dX? +dY? +dz%) = (p(s, 1) +E2(s, ) ds? + p(s,1)?dO?,  (2.125)

where a superimposed dot means differentiation with respect to s. Given
M(R, t)2 dR? + N(R, t)2 d®?, let us assume that p(s,t) = N(s,t) and hence

£(s,1) :\/MZ(S, 1) — N2(s, 1). (2.126)

Therefore

(s, 1) =fs \/Mz(ﬁ,t) — N2(¢, 1) de. (2.127)
S0

Of course, a solution may not exist. This happens when M2 < NZ2. This is not surpris-
ing, as not every rotationally symmetric metric arises from a surface of revolution. In
the following we consider an initially stress-free annulus under different rotationally
symmetric growth distributions.

Example 1 Consider isotropic growth, i.e.

Q22 (R) 0 o o
G=< o R2e29<R>>’ M=e?  N=Re (2.128)

Hence M? — N?> = —R§2'e*? (R’ +2). Let us look at two cases:

(i) £2(R) = —R: We have M2 — N2 =e 2R (2R — R?), which for 0 < R < 2 gives
the material manifold shown in Fig. 2(left).

(ii) £2(R) = —R? We have M2 — N2 = 4R%e~2R*(1 — R?), which for 0 < R < 1
gives the material manifold shown in Fig. 2(right).
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Fig. 2 Visualization of the
material manifolds of two
isotropic growth distribution of
an annulus as embeddings in
R3. Left: 2(R) = —R. Right:
2(R)=—-R?

Fig. 3 Visualization of the
material manifolds of two
anisotropic growth distribution

of an annulus as embeddings
inR3.

Left: 2(R) = cos? R, IT(R) =0.
Right: 2(R) =0, IT(R) = —In R?

Example 2 'We look at anisotropic metric evolutions represented by

Q22(R) 0
0 R2e2M(R)

>, M=e“, N = Re'l. (2.129)

‘We look at two cases:

(i) £2(R) = cos? R and IT(R) = 0: We have M2 — N2 = e2<°’R _ | > (. The ma-
terial manifold shown in Fig. 3(left).

(i) £2(R)=0and IT(R) = —In R?: We have M*> — N> =1 — o, which for R > 1
gives the material manifold shown in Fig. 3(right).

2.11 Stress-Free Isotropic Growth

In the context of growth mechanics, Takamizawa and Matsuda (1990) realized that
having a stress-free configuration is equivalent to vanishing of Riemann’s curvature
tensor, although they did not present any detailed calculations. In this subsection we
study this problem in detail and obtain stress-free isotropic growth distributions in
both two and three dimensions.

Let us first review some basic concepts in Riemannian geometry. For 7 : E — S a
vector bundle over a manifold S, £(S) the space of smooth sections of E, and X'(S)
the space of vector fields on S, a connection on E isamap V : X(S) x £(S) — £(S)
such that Vf, f1, fo € C®°(S),Vaj,a; € R

@ Vax+pxY= iV, Y + f2Vx,Y, (2.130)
(b) Vx(a1Y1 +a2Y2) = a1 Vx (Y1) + a2 Vx(Y2), (2.131)
© Vx(fY) = fVxY + (X)Y. (2.132)

A linear connection on § is a connection on 7S, i.e., V: X(S) x X(S) — X(S5). In
alocal chart {x'}

Vi, 0j = v} 0k, (2.133)
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where yi';- are the Christoffel symbols of the connection and 9; = 387 A linear con-
nection is said to be compatible with the metric of the manifold if

Vx (Y, Z)) = (VxY,Z)) + (Y, VxZ)). (2.134)

One can show that V is compatible with g if and only if Vg = 0. Torsion of a con-
nection is defined as

T(X,Y) = VxY — VyX — [X, Y], (2.135)

where
X, YI(F) =X(Y(F)) - Y(X(F)) VYFeC>®(), (2.136)

is the commutator of X and Y. V is symmetric if it is torsion-free, i.e. VxY — VyX =
[X, Y]. According to the Fundamental Lemma of Riemannian Geometry (Lee 1997)
on any Riemannian manifold (S, g) there is a unique linear connection V, the Levi-
Civita connection, that is compatible with g and is torsion-free with the following
Christoffel symbols:

1 agjr , 981 98ij
k kl J J
Yij 2g (axi + axJ oxt ) (2-137)

The curvature tensor, R, of a Riemannian manifold (S, g) is a (é)-tensor R :
T)S x TxS x TxS x TxS — R defined as
R, wi, wa, W3) = (Vi Vi, W3 — Vi, Vg, W3 — Vi, w,1W3) (2.138)
for o € TS, wi, wo, w3 € TxS. In a coordinate chart {x“}

_ Wpa e

R bed = 9x¢ oxd + yc('leylfd - yz?eybec‘ (2.139)
Note that for an arbitrary vector field w
W e — W eh = R%beaw® + T cpw® 4. (2.140)

An n-dimensional Riemannian manifold is flat if it is isometric to a Euclidean space.
A Riemannian manifold is flat if and only if its curvature tensor vanishes (Lee 1997;
Spivak 1999; Berger 2003). The Ricci curvature is defined as

Rup =R ach- (2.141)
The trace of the Ricci curvature is called the scalar curvature:
R = Rug. (2.142)

In dimensions two and three, the Ricci curvature algebraically determines the en-
tire curvature tensor. In dimension three (Hamilton 1982):

1
Rabea = gacRbd - gadec - gbcRad + gbdRac - ER(gacgbd - gadgbc)- (2143)
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In dimension two R,;, = Rgup, and hence scalar curvature completely characterizes
the curvature tensor and is twice the Gauss curvature. Note that any one-dimensional
metric is flat. In the following we obtain the stress-free growth distributions in di-
mensions two and three.

(i) The two-dimensional case. Consider a two-dimensional shell restricted to live on a
flat planar surface between two rigid planes. We assume that with no external or body
forces, initially the shell is stress free. Can one find the growth distributions that will
result in equilibrium configurations with zero stress? Uniform growth will obviously
result in uniform expansion/contraction, and hence no stress. Are there other isotropic
growth distributions with this property?

The spatial distances between material points are measured by the ambient space
metric (the “spatial metric”), which is Euclidean. A given growth distribution will
result in a change in the material metric. A configuration will be stress free if there
is no “stretch” in the material, i.e., if the material distance between two points is the
same as the spatial distance. This can happen only if the two metric tensors (spatial
and material) give the same distance measurements between nearby material points,
i.e. if they are isometric. As the spatial metric is assumed to be Euclidean, this means
that the material metric, after the change due to a given growth distribution, must be
Euclidean.

Riemann defined the curvature tensor of the metric and proved that a metric is
flat, i.e., it can be brought into the Euclidean form §;; locally by a coordinate
transformation, if and only if its curvature tensor is zero (Lee 1997; Spivak 1999;
Berger 2003). It turns out that in dimension two, a weaker requirement is sufficient
(Berger 2003): a metric is flat if and only if its scalar curvature (the Ricci scalar) is
zero. Let us now apply this condition to a two-dimensional metric that is obtained
from a non-uniform growth distribution on an initially stress-free, planar shell, i.e.,
Gy =¢e*28; ;. The Ricci scalar for a metric of this form is given by (Wald 1984)

R=—2e 2°v20. (2.144)

Thus, R = 0 requires V22 = 0, i.e., £2 has to be a harmonic function. Note that here
V2 is the spatial Laplacian. Growth is a slow process compared to elastic deforma-
tions and therefore time can be treated as a parameter and hence inertial effects can
be ignored. Hence, time in §2 is treated as a parameter.

It is worth emphasizing the distinction between local and global flatness, and the
implications for stress-free growth distributions. Although the surface of a right cir-
cular cylinder in three dimensions looks curved, it is locally, intrinsically flat. For any
given point on the cylinder, one can find a finite-sized region containing the point, and
a single-valued coordinate patch on this region, for which the metric has the Euclid-
ean form. Physically, this means that for any given point, we can cut some finite-sized
piece containing the point, and can lay the piece on a flat plane, without stretching it.
The surface of a sphere in three dimensions, on the other hand, is intrinsically curved;
it is impossible to make any finite-sized piece of the sphere, no matter how small, to
lie on a flat plane without stretching it. The curvature condition R = 0 (or V22 = 0)
is local. That making a full cylinder lie in a plane nicely (i.e., without tearing, fold-
ing, or stretching it) is impossible is due to the global topology of the cylinder; local
restrictions on curvature cannot constrain the global properties sufficiently.
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Fig. 4 (a) Zero-stress growth of an annulus to a cone. (b) Zero-stress growth of a simply-connected piece
of an annulus

Let us specialize to the case where §2 depends only on the radial coordinate R of
an initially flat annular piece of a material, Ry < R < Rj. The flatness condition gives

10 32(R, 1
V2o = L0 (RICRDY_ (2.145)
ROR IR
Solving this gives
e?? =£(@)RMY, (2.146)

where § > 0 and n are time-dependent constants. The metric rescaling (2.146), with
the proper identifications, is describing an annular piece from a conical surface, with
deficit angle & =27 (1 — 1/|c|), where ¢ = 1 + (Ozakin and Yavari 2010). Now, one
can show that it is not possible to make such a comcal surface lie on the plane without
tearing, stretching, or folding it. Thus, starting with an annular shell between two
rigid planes, a growth distribution of the form (2.146) will indeed result in stresses,
although the related material metric is intrinsically flat (see Fig. 4a). However, if the
material consists only of a simply-connected piece of the annulus (say, R] < R < R»,
0 < ®1 <O < O, <2m), the growth distribution (2.146) will just cause a stress-free
expansion of the material, between the two rigid planes (see Fig. 4b).

A remark on conformally flat manifolds and growth mechanics. A Riemannian man-
ifold (B, G) is conformally flat if there exists a smooth map f : B — R such that
G = f§, where § is the Euclidean metric. In isothermal coordinates the conformally
flat Riemannian metric has the following local form:

G = f(X)(dX] +--- +dX3). (2.147)

It is known that (Berger 2003) any two-dimensional Riemannian manifold is con-
formally flat and the map f is unique. A corollary of this theorem in our theory of
growth mechanics is that given any smooth curved 2D stress-free solid, there exists a
unique growth distribution such that in the new (grown) configuration, the 2D solid is
flat and still stress free. Equivalently, starting from a stress-free flat sheet, it is always
possible to deform it to any smooth curved shape by growth without imposing any
residual stresses.

(ii) The three-dimensional case. Let us next consider the three-dimensional case. In
three dimensions, a vanishing Ricci scalar is not sufficient to guarantee local flatness.
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However, a three-dimensional metric is flat if and only if its Ricci tensor vanishes
(Berger 2003). The Ricci tensor Ry of the metric Gy; = e2? Gy is given in terms
of the Ricci tensor 1% 1 of (O} 17 by the following relation (Wald 1984):

o o OKL
Rij=Rij—m—=2)V;V;2-G1jG VgVL2+n—-2)V2V;2

o oKL
—-(m—=2)GryG VgV, (2.148)

o ]
where n = dim B. Now, once again, assume that the initial metric G;yj= 875, R1j=0,
and n = 3, and replace the covariant derivatives with partial derivatives. This gives

Ryj=—070;2 — 81785 0x0,2 +08,20;2 — 8178505 20,2=0. (2.149)

This gives the following system of nonlinear partial differential equations in terms
of £2:

212 =25215 7, (2.150)
213 =825 3, (2.151)
223 =192,83, (2.152)
211+ V2 + 25+ 25 =0, (2.153)
Qm+ V22 + 027+ 25=0, (2.154)
23+V2+ 027 +25=0. (2.155)

This system of nonlinear equations were solved in Ozakin and Yavari (2010). The
general solution is

2(x', X2, X3, 1) = —In{eo®[(X")* + (X2)* + (X*)’] + c1 ()X + e2() X2
+aX? + ). (2.156)
In a special case if ¢c; = ¢p = c3 = ¢4 =0, we have

2(x", X2, x%) = —In(coR?), (2.157)

where R = /(X1)2 + (X2)2 + (X3)2. In order to understand what this solution rep-
resents physically, let us write the metric in polar coordinates.

ds? = e?[dR? + R*(dO? +sin® @ dP?) | = ﬁ [dR* + R*(d©* +sin” © d?)].
(2.158)
Now let us define

R=—. 2.159
R ( )
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In terms of R , the metric becomes
ds? = dR* + R*(d®? +sin® © d¢?), (2.160)

which is precisely the flat Euclidean metric in three dimensions. Thus, after the
growth, the metric is still flat, but the radial coordinate in which it is manifestly so
is related to the old radial coordinate by (2.159) (up to a simple shift of origin). This
means that particles at the two radii R; < R, move to the new radii Iél > 1?2, after
growth, i.e., the material gets “inverted”. This may not be possible for a solid ball
without tearing it apart, but it is perfectly possible for a piece from such a ball.

If only ¢4 is nonzero, we recover the trivial uniform growth. If only ¢ is nonzero
and assuming that the initial material metric is Euclidean for the half space X! > 0,
we have

Giy :Lf)a,], (2.161)
(X1H)?

where A = 1/(c1)?. This shows that the material manifold is conformal to the
Poincaré half space.

2.12 Lagrangian Field Theory of Growing Bodies

In the Lagrangian formulation of nonlinear elasticity, one assumes the existence of a
Lagrangian density

L=L(X,1G, 0 ¢Fg. (2.162)

The Lagrangian is defined in the reference configuration by
L= /B L(X. 1. GX). p(X). 9(X). FX). g(¢(X))) dV (X). (2.163)

In the case of a growing continuum, the material metric will be a dynamical variable
too. Thus, for growth of an elastic body we assume the existence of a Lagrangian
density £L = L(X, ¢, G, ¢, ¢, F, g) and write the Lagrangian as

L:/[,(X,t,G(X, 0, 9X, 1), 90X, 1), F(X, 1), gop(X,)dV(X), (2.164)
B

where dV (X) = +/detGdX! A --- A dX" = +/det G dX. Having the Lagrangian, the
action is defined as

1
S:/ Ldt (2.165)
I

0
and Hamilton’s Principle of Least Action states that

58 =dS - (3¢, 8G) = 0. (2.166)

The problem with this formulation is that it assumes that the solid is a conserva-
tive system. This is obviously not correct here as growth is a dissipative process, in
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general. There have been recent works on the Lagrangian formulation of dissipative
systems. One idea is to use fractional derivatives and assume that the Lagrangian is
a function of some non-integer time derivatives of generalized coordinates (Riewe
1997). It is not clear how one can use this idea for a general field theory and even if
successful how useful that theory will be. Another way of considering dissipation in
Lagrangian mechanics is to use a Rayleigh dissipation function (Marsden and Ratiu
2003).

Assume that there exists a Rayleigh dissipation function R = R(¢, G). For a
continuum with dissipative forces F, the Lagrange—d’ Alembert Principle states that
(Marsden and Ratiu 2003)

11 11
8/ /Edth—i—/ /FwS(pdt:O. (2.167)
0] B Io B

Assuming the existence of a dissipation potential R for a growing body, the two
dissipative forces are represented as

IR IR
F=—2" and Fg=——r. (2.168)
¢ IG

In this case, the Lagrange—d’ Alembert Principle states that

n n
8/ /E(X,t,G,go,gb,F,go(p)dth—l—/ /(F-Sqo-l—F(;-SG)dth:O.
rn JB tn JB

For the sake of simplicity, let us consider the two variations separately. 2109
Case I: If only the deformation mapping is varied, one has
38 =dS- (8¢,0)=0. (2.170)
This can be simplified to read (Yavari et al. 2006)
Or
PAa+ ;(fa + (FCaP = J0“ga) vl = pogarA” + g:; (2.172)

Case 2: In a material representation of classical nonlinear elasticity, the density is
not a dynamical variable but rather it is a parameter appearing in the Lagrangian.
It is through a reduction process (material to spatial) that the density ends up satis-
fying the continuity or advection equation (see Holm et al. 1998 for more details).
Here, we should note that unlike classical nonlinear elasticity, mass density varies,
in general, when the material metric changes. In other words, 6pg and 6G are related
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through the nonholonomic constraint of the mass balance. For a similar discussion of
the Lagrangian formulation of fluid mechanics in Eulerian (spatial) coordinates, see
Brethert (1970). We know that by definition of Sy,

d ° °
— ,Oo(X,t)dV=/ Sm(X,l)dV=/ Sm (X, 1)dV, (2.173)
dr Juy u u

o
where S, (X, 1) is mass source in the initial material manifold with volume element

d\j. Note that § is the quantity that can be given physically. Now balance of mass can
be rewritten as

t o o
/po(X,t)dV:/ 00(X, to)dv+/ / Sm (X, 1)dV dz. (2.174)
u u 1n JU

o
For a fixed S, let us consider mass density and material metric variation fields
po(X, t; €) and G(X, t; €). For an arbitrary € the above integral mass balance reads

! o o
/,oo(X,t;e)dngf po(X,to;e)dVe—F/ / Sm (X, 7)dV dr. (2.175)
u u o JU

Let us take derivatives with respect to € of both sides, evaluate them at ¢ = 0 and note
that all variations vanish at r = #y. This gives

1
/ <6,00 + 5'00 tr(6G)> dv =0. (2.176)
u
As U is arbitrary, we obtain
1
8p0 + 5'00 tr(6G) =0. (2.177)

We can write £ = poL, where £ is Lagrangian density per unit mass. Hence

1 1 _
5/ /Ldth:cS/ /pochdz
o B fo B

1 _ _ 1
= / / |:,008£ + L(S,oo + 5'00 tr(8G)>] dvde. (2.178)
fo B
Thus, using (2.177)

n 1
8/ /Edth:/ fBLdth, (2.179)
fo B to B

where in §£L the mass density is assumed to be fixed. Now substituting this in the
Lagrange—d’ Alembert Principle and assuming that G varies while ¢ is fixed, we ob-

tain
N V)
/ /(———.):SGdthzo. (2.180)
Io B aG 8G
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Therefore, the corresponding Euler-Lagrange equations are

9L IR

— =—. 2.181
G 9G ( )

Note that this is very similar to what we obtained using the principle of maximum
entropy production in Sect. 2.7.

Exgmple Assuming that R(G, C) is a quadratic function, i.e. R(G, C) =otrG? =

wGAMGBNGABGMN, we have
R )
e =2wGuNGAM GBN . (2.182)
AB
Thus
. 1 0L
G = TR (2.183)
Note that £L =7 — V), where
1
T= EPO«V, V) and V=poE + Vg, (2.134)

where Vp is the potential of body forces. Therefore, the evolution equation (2.183)

reads
. 1 0E
Gl =——pp—. 2.185
20™%G (2.185)
Note that £ =¥ + N® and hence

E v v 0e LIC) oy
— ==+ —— )+ N— = —. (2.186)
G 0G 00 G G G
Thus
. 1 L4
G=_ 1, 2.187
20736 (2-187)

which is identical to (2.73) if we choose w = % B.

3 Connection Between F = F.F,; and the Geometric Theory

In the literature of growth mechanics the idea of multiplicative decomposition of the
deformation gradient into elastic and growth parts is usually attributed to Rodriguez
et al. (1994), although it can be seen in several earlier works, like Kondaurov and
Nikitin (1987), Takamizawa and Matsuda (1990), Takamizawa (1991). Takamizawa
and Matsuda (1990) and Takamizawa (1991) considered a local stress-free configu-
ration by using a multiplicative decomposition of the deformation gradient, although
this decomposition is implicit in their presentation. They realized that the local stress-
free configurations are not unique but a corresponding metric is unique and defined
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a global stress-free configuration by equipping the original reference configuration
with this metric, giving it a Riemannian structure. Here we look at this metric and its
rigorous connection with F = FF,.

It should be mentioned that similar ideas were used in plasticity and ther-
moelasticity before the growth mechanics applications. For the less familiar appli-
cation in thermal stresses, the idea of decomposition of the deformation gradient
goes back to the works of Stojanovi¢ and his coworkers (Stojanovi¢ et al. 1964;
Stojanovié¢ 1969). See Vujosevi¢ and Lubarda (2002), Lubrada (2004) and Ozakin
and Yavari (2010) for a detailed discussion. These researchers extended Kondo’s
(1955a, 1955b, 1963, 1964) and Bilby’s et al. (1955, 1957) idea of local elastic relax-
ation in the continuum theory of distributed defects to the case of thermal stresses. !>

We have posed the following question in this paper: which space, as opposed to
the Euclidean space, would be compatible with a relaxed state of the body? We claim
that the answer to this question is: a Riemannian manifold whose metric is related
to the nonuniform growth. This metric describes the relaxed state of the material
with respect to which the strains in a given configuration should be measured. In this
framework, the constitutive relations are given in terms of the material metric, the
(Euclidean) spatial metric, and the deformation gradient F.

Let us consider one of the above-mentioned imaginary relaxed pieces. Relaxation
of this piece corresponds to a linear deformation (linear, because the piece is small)
denoted by Fy. If this piece is deformed in some arbitrary way after the relaxation,
one can calculate the induced stresses by using the tangent map of this deformation
in the constitutive relations. In order to calculate the stresses induced for a given
deformation of the full body, we focus attention to one such particular piece. The de-
formation gradient of the full body at this piece F can be decomposed as F = FFy,
where, by definition, F, = FFg ! Thus, as far as this piece is concerned, the defor-
mation of the body consists of a relaxation, followed by a linear deformation given
by F.. The stresses induced on this piece, for an arbitrary deformation of the body,
can be calculated by substituting F in the constitutive relations. One should note that
F. and F, are not necessarily compatible. However, as long as we have a prescription
for obtaining Fe and Fy directly for a given deformation map ¢ for the body and a
growth distribution, we can calculate the stresses by the following procedure. Note
also that if the material manifold is one-dimensional the decomposition of the defor-
mation mapping into elastic and growth parts is always possible. This is implicitly
assumed, for example, in Senan et al. (2008).

For isotropic growth, one has the following expression for Fy:

(Fo)p = g84. (3.1)

Given this formula for Fg, we can calculate Fe = FFg_l for a given deformation and
use a constitutive relation that gives the stresses in terms of F.. At first glance these
two approaches seem very different; however, they are related, as we demonstrate
next. We should emphasize that the following discussion is not restricted to isotropic
growth; given any F, our arguments can be repeated.

I3Note that the idea of local elastic relaxation was first proposed in the work of Eckart (1948).
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The constitutive relations of the two approaches are formulated in terms of dif-
ferent quantities: G(X, ¢) and F on one side, and F, = FFg_1 on the other. Let us
start with our approach, namely, assume that a constitutive relation is given in terms
of G(X,t) and F. This takes the form of a scalar free energy density function that
depends on G(X, t), F, as well as on the spatial metric tensor g, and possibly X
explicitly:

v=v(X,0,GX,1),F,gop). (3.2)

G, F, and g are tensors, expressed in terms of specific bases for the material and the
ambient spaces. A change of basis changes the components of these tensors, but ¥
does not change, as it is a scalar. Let us consider a change of basis from the original
coordinate basis E4 of the material space, with the following property:

(Ea,Ep))c =Gasg, (3.3)

to an orthonormal basis E i that satisfies

(B Esde=58,3- (3.4)

&>

A matrix F AB represents the transformation between the two bases:

E;=F;®Ep. (3.5)
The orthonormality condition gives
FACFEDGCDZSAé- 3.6)

Any F AC that satisfies this equation gives an orthonormal basis. Given such an F AC
we can also obtain an orthonormal basis for the dual space by using its inverse. Defin-

ing FCD as the inverse of the matrix FAB, ie., FABFAC = Sg and FABFCB = ‘Sf{’ we

obtain the dual orthonormal basis {EA} in terms of the original dual basis {E4}, thus:
B4 = A E5. 3.7)

For isotropic growth, Gcp = 22 XDsp = g(X, H%8cp gives14
Fi€=85e X0 =5C ¢ X,n), 3.9)

as a solution to (3.6). Here, 62 i is 1 for A = B, and O otherwise, i.e., 8 8; = 82 =1,

etc. One should note that (3.6) has other solutions, as well, which we will comment

14This means that
=g’ or e?=g (3.8)
as g is always positive. If growth is anisotropic, having an expression for G¢p all these arguments can be

repeated.
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on in the sequel. Now let us write the components of the total deformation gradient
F in the orthonormal basis {E ;}. The components are transformed by using F as

Bpa,. (3.10)

Using (3.9), (3.8), and (3.1), we can clearly see that the components F“A are given
precisely by those of Fe, the “elastic part” of the deformation gradient in the F = F.F,
approach:
FaA _ FABFaB _ 8§G—Q(X,1)FaB — (g(X, t))—légFaB — (Fg—l)ABFaB — (Fo)% 4.
(3.11)
Thus, F, is the original deformation gradient, written in terms of an orthonormal ba-
sis in the material space.!> We have also shown that there is no need for a mysterious
“intermediate configuration” as the target space of Fg; the latter simply gives an or-
thonormal frame in the material manifold, and as such can be treated as a linear map
from the tangent space of the material manifold to itself.

Although a coordinate basis {E4 = 8/dX“} is not necessarily orthonormal, one
can always obtain an orthonormal basis by applying a pointwise change of basis F 3 B,
Moreover, giving an orthonormal basis in this way is equivalent to giving a metric
tensor at each point; the inner product of any two vectors can be calculated by using
their components in the orthonormal basis. We have seen above that in the context of
growth mechanics, this means that a change in the material metric due to a growth
distribution can be given in terms of the “growth deformation gradient” of the local
relaxation approach. Given an orthonormal basis (E 4}, itis possible to obtain another

N/ . . .B.
one, {EA}’ by using an orthogonal transformation A it

E,=4;5E;, (3.12)

where A AB satisfies A ACA BD 8¢ p =845 Let the relation between the original co-
ordinate basis {E4} and the new orthonormal basis be given by the matrix F’ AB , as
follows:

f«:’A = F’ABEB. (3.13)

The relation between F and F’ is given by

B Ce B
FE = 4:CF%. (3.14)

Going in the opposite direction, one can see that F and F’ represent the same material
metric G, if and only if they are related through (3.14) for some orthogonal matrix

I5Note that given F B | the material metric can be recovered as

_eC gD s .
Gap=F aFP oz p-
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A AB . This means that there is an SO(3) ambiguity in the choice of F, and hence, in
that of Fy.

Using an orthonormal basis for the material manifold, we rewrite the constitutive
relation (3.2) as

U =¥(X,0,Gap =848, F'p = (F)*B. gab)- (3.15)

Hence, given a constitutive relation Riem i our (Riemannian) approach, one can
obtain a constitutive relation R in the “local relaxation” approach by simply going
to an orthonormal basis by (3.5) and (3.6), and ignoring the constant terms G 4p =
dap and g4p = 84p in the functional dependence.

WR(X, 0, (Fo)*3) = WR™(X, 0, Gap =848, F'5 = (Fe)* B, gab = Sab)-
(3.16)
Going in the opposite direction is also possible; starting with a free energy function
for the F = F¢F approach, one can derive an equivalent free energy in the geometric
approach.!

Balance of Mass In the F = F¢F approach, the mass balance reads Sy, = 33%0 +

po trLg, where Lg = FgFg_ 1. Usually, it is assumed that growth is density preserving

(Lubarda and Hoger 2002). We show that the term trL, is equivalent to % trg(%),
where by trg we emphasize the G-dependence of the trace operator. Note that

G 0G A AB 0 i B Ae BEH A A
tr<§>: ot G :E( AFPp845) (FaFpP8cP) =2F" sF 3" =2urLg.

Incompressibility In the F = F.F, approach, incompressibility is equivalent to
Je = 1. In the geometric theory, incompressibility means J = 1. These are equiva-
lent as is shown below:

detg 1

1=J= detF = —
\/det(FAAFBB 8/“?)

e det(F oFC ) = det F4 o = Je.

(3.17)

Absolutely Parallelizable Manifolds and Their Connection with Growth Mechan-
ics Whenever deformation is coupled with other phenomena, e.g. plasticity,
growth/remodeling, thermal expansion/contraction, etc., all one can hope for is to
locally decouple the elastic deformations from the inelastic deformations. Many re-
lated works start from a decomposition of the deformation gradient F = F.F,, where

167 simple example can make this clearer. Let us assume that free energy density in the classical approach
is u tr C. In components this reads

W = pu(Ce) ;584 = w(F AP 4) (F3 B P )8ups™ = u(FOAFP goay) (F 1A F 38645
:MFaAFbBBabGAB.

Thus, ¥ = ptrg C.
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F. is the elastic deformation gradient and F, is the remaining local deformation or
anelastic deformation gradient. Given an (inelastic) growth deformation gradient,
a vector in the tangent space of X € B3, i.e. W € Tx[3 is mapped to another vec-
tor, W= F,W. Traditionally, these vectors are assumed to lie in the tangent bundle
of an “intermediate configuration.” In the literature, the intermediate configuration
is not clearly defined and at first glance it seems to be more or less mysterious.
These vectors are closely related to parallelizable manifolds (or absolutely paral-
lelizable (AP) manifolds) (Eisenhart 1926, 1927; Youssef and Sid-Ahmed 2007;
Wanas 2008). In an n-dimensional AP-manifold M, one starts with a field of » lin-
early independent vectors {E,4)} that span the tangent space at each point. We denote
the components of E4) by Ef A) The dual vectors, i.e. the corresponding basis vec-

tors for the cotangent space are denoted by {E} with components {EEA)}. Note
that
E{VE{; =04 and EVE/, =6/ (3.18)

One can equip M with a connection I'/, such that the basis vectors {E4)} are co-

variantly constant, iel?
E{, =0. (3.19)
Note that
El 1k —E(y ks =R LikBly + Tk E{4)L- (3.20)
Therefore, (3.19) implies that
R k=0, (3.21)

i.e., M is flat with respect to the connection I” JI x - Note that

I aE{A) I gk
By =557 + [/kEG) (3.22)
Thus
OE!,
EW a)éf) + Il =0. (3.23)
Hence

e Bl _ oo 9B

Ioaxk T gxK
This connection has been used by many authors, e.g. by Bilby et al. (1955) and Kondo
(1955a) for dislocations, by Epstein and Elzanowski (2007) for material inhomo-
geneities, and by Stojanovi¢ et al. (1964) for thermal stresses. This connection is
curvature free by construction, but it has a non-vanishing torsion.

1o
FJK_

(3.24)

17Equivalently, the tangent bundle is a trivial bundle, so that the associated principal bundle of linear
frames has a section on M.
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For a growing body, in the local charts {X“} and {U} for the reference and inter-
mediate configurations, we have

dU" = (Fp)T 4 dx?. (3.25)
(Fg)! A can be identified with Ef 4)» and hence

I(FyhHA
rl,= (Fg)’A%. (3.26)
Note that this (growth) connection is curvature free but has a non-vanishing torsion. In
plasticity it is shown that torsion of this connection has a physical meaning; it can be
identified with the dislocation density tensor. For a growing body such a quantity does
not seem to have a physical interpretation and we prefer to work with a Riemannian
material manifold, whose curvature quantifies the tendency of the growth distribution
in causing residual stresses.

In summary, our geometric approach has a concrete connection with that of
F = F.F;: in the geometric approach we use a Riemannian manifold with a time-
dependent metric as the material manifold, while F = F.F,; implicitly uses the same
metric but in an absolutely parallelizable manifold that is not Riemannian. We believe
that our approach is more straightforward as we do not introduce an unnecessary tor-
sion in the material manifold but of course the Riemannian material manifold has a

non-vanishing curvature tensor, in general.

4 Linearized Theory of Growth Mechanics

The geometric linearization of elasticity was first introduced by Marsden and Hughes
(1983) and was further developed by Yavari and Ozakin (2008). See also Mazzucato
and Rachele (2006). In this section, we start with a body with a time-dependent mate-
rial manifold and its motion in an ambient space, which is assumed to be Euclidean.
Suppose a given body with a material metric G is in a static equilibrium configura-
tion, ¢. The balance of linear momentum for this material body reads'®

DivP + pgB = 0. .1

Now suppose the body grows by a small amount represented by a small change in
the material metric §G. ¢ will no longer describe a static equilibrium configuration.
Stress in this new equilibrium configuration ¢’ = ¢ + 8¢ will be P’ = P + §P. We
are interested in calculating the change in the stress (or the configuration), for a given
small amount of growth.

The linearization procedure can be formulated rigorously if instead of thinking
about two nearby configurations and the differences between various quantities for
these configurations, we describe the situation in terms of a one-parameter family

18Growth is a “slow” process compared to elastic deformations and hence inertial effects can be ignored.
Throughout this paper, time is treated as a parameter.
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of configurations around a reference motion, and calculate the derivatives of vari-
ous quantities with respect to the parameter. Let G¢(X) be a one-parameter family
of material metrics, and let ¢, be the corresponding equilibrium configurations and
P, the corresponding stresses. Let € = 0 describe the reference configuration. Now,
for a fixed point X in the material manifold, ¢.(X) describes a curve in the spatial
manifold, and its derivative at € = 0 gives a vector U(X) at ¢(X) (Yavari and Ozakin
2008):

de (X)

VX ==

4.2)

e=0

Considering §¢ ~ e%, we see that a more rigorous version of 8¢ is the vector

field U. U is the geometric analog of what is called displacement field in classical
linear elasticity.
The first variation (or linearization) of the deformation gradient is defined as

. 8(»01?,6 _
LF) = V&Fe|€:0 = v& < X > = vU. 4.3)
Or, in components
a
L) A=U"%=— + VL FP4UC, 4.4)

ax4

where the ylfc are the connection coefficients of the Riemannian manifold (S, g). Note

that for different values of €, the spatial leg of F¢ lies in different tangent spaces,

and this is why a covariant derivative with respect to % should be used. The right

Cauchy—Green strain tensor for the perturbed motion ¢; ¢ is defined as
Cap(e) = F*4(€) F’ 5(€)gan(e). 5)

Note that C, lies in the same linear space for all € € I, and the first variation of C can
be calculated as

d
3 CaBO =V FU 4 F 5(€)gab(€) + F'A©V 5 F'p()gar(€).  (46)

Therefore,

d
L(C)ap = i Cap(€) =F’p gap U% o+ F4 gap U 3. 4.7
e=0

The transpose of the deformation gradient has the following linearization (Yavari
and Ozakin 2008): L(FT) = (VU)'. Spatial and material strain tensors are defined,
respectively, by (Marsden and Hughes 1983)

1 1
e:E(g—qJ,*G) and E=§(€0z*g—G)~ 4.8)

Or, in components

1 1
eap = E(gab —Gas (Ffl)Aa(Ffl)Bb), Eap= E(CAB —Gap). (49
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We now show that linearization of E is related to € = %Eug, whereu=Uo¢p~'. We
know that

LC)ap = gap F aF B u)c + gap FPBF A u)c = FAF g ttgc + F B FCa up)c
=2F*4F’g eap, (4.10)

where €,5, = %(ua Ib + Up|q) 1s the linearized strain. Therefore
L(C) =2¢€. “4.11)

Thus
€ =9 L(E). 4.12)

In other words, the linearized strain is the push-forward of the linearized Lagrangian
strain. Obviously, if the ambient space is Euclidean and the coordinates are Carte-
sian, then the covariant derivatives reduce to partial derivatives and one recovers the
classical definition of linear strain in terms of partial derivatives, i.e.

1/0u, Oup
= (e T 4.13
Cab 2(8xb+8xa> +-13)

Note that when the linearized strain is zero the variation field is a Killing vector field
for the spatial metric g. In other words, this shows that this definition of linearized
strain is consistent when the variation field generates an isometry of the ambient
space.

For the one-parameter family of material metrics G, the variation of the material
metric is defined as

d
Gre— Ge. (4.14)
de e=0
In the case of isotropic growth
d d ds2
— | Ge=—e*Go=2—"5| G=§8G, (4.15)
de | .o de de |

where = 25£2. Now consider, in the absence of body forces, the equilibrium equa-
tions DivP = 0 for the family of material metrics parametrized by €: Div, P, = 0.
Linearization of the equilibrium equations is defined as (Yavari and Ozakin 2008)

| @ivePo=0. (4.16)

e=0

Once again, one should note that since the equilibrium configuration is different for
each e, P, is based at different points in the ambient space for different values of ¢,
and in order to calculate the derivative with respect to €, one in general needs to use
the connection (parallel transport) in the ambient space. For the case of Euclidean
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ambient space that we are considering and for a Cartesian coordinate system {x“},
(4.16) is simplified and in components reads

P (¢)

—xi T i) P Be) =0. (4.17)

Thus, the linearized balance of linear momentum can be written as

9 d d d
— | pe —| A PBrrd,—| PBe)=0. (4.18
XA de o (e)+ |:d€ o AB(G):I + AB g o (€) ( )
Note that
ow
PaA = gt — 4.19
g aFe 4.19)

where ¥ = ¥ (X, 0, F, G, g) is the material free energy density. In calculating

aA
%, we need to consider the changes in both F and G:

dPi4(e) 9P“dFPp 9P dGep

= 4.20
de anB de + aGCD de ( )
Let us define
aA B — aPaA :gac 32l1/ and ]BaACD — PaA :gac 3211/
dFbp OFbpaFc, Gep dGcpdFc,’
4.21)

where the derivatives are to be evaluated at the reference motion € = 0. Noting that
for the case of an Euclidean ambient space (see (4.4))

dr¢ aU?
A = (4.22)
de |._, dXA4
we obtain
d
= P (e) = A", BUY 5 + BACLSGep. (4.23)
€ e=0
Using
1 0Ggp 0Gcp 0Gpc
Ije==G"P - 4.24
BC ™5 axC aXB  9xD (4.24)
and
dGAB dG
—— = -GG =R, (4.25)
de de
we obtain
d
A
sriy = " GZOF/;“B(e)
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1 06Gpp 08Gcp 986Gpc
=—-GPsGeplyy + =GP - . (426
colas+ 5 axC T 9xB  9xPD (420
In the case of isotropic growth, this is reduced to
3 98
—| e =>——. 4.27
de|,_, AB(€) =5 5B (427

With these results, the linearized balance of linear momentum (4.16) becomes

3 98
A Byrb ACD B _
(A%5U° ) , + (B 3GCD)’A+§8X—BP“ =0. (4.28)
Assuming that A and B are independent of X, the linearized equilibrium equations
are simplified and read

aA B azUb

, B 308 _up
0X40xB

ACD

If the initial configuration is stress free, we have

9B
axA

a2ub
AaAhB _ _BaACDGCD

= 4.30
aXA40xE (4-30)

Let us now simplify the above linearized equations for a specific class of elastic
materials.

Saint-Venant—Kirchhoff Materials ~ Saint-Venant—Kirchhoff materials have a consti-
tutive relation that is analogous to the linear isotropic materials, namely, the second
Piola—Kirchhoff stress S is given in terms of the Lagrangian strain E = %(C —G) as
(Marsden and Hughes 1983) S = A(trE)G ™! + 2uE or, in components

A
S =rEapG PGP +2uEP = (CapGF =3)GP

+u(CapGACGBP — GCP), 4.31)

where A = A(X) and u = u(X) are two scalars characterizing the material properties.
We can obtain the tensor B¢C48 from S as follows:

] BN apac ascp
CAB __ b _ _
BUCAB — aGAB< a 8ic) =360 _F“DBGAB. (4.32)
Using
aGAB
G = —GAMGBN (4.33)
we obtain

BACPGep = —2CunF g (A GAEGMN +2uGAMGBN) + 3r + 20) F 5 GA5.
(4.34)

@ Springer



J Nonlinear Sci (2010) 20: 781-830 825

The initial metric is Euclidean; in Cartesian coordinates, G 4 g = 84 g. Since the ambi-
ent space is also Euclidean, we can choose a Cartesian coordinate system whose axes
coincide with the initial location of the material points along the material Cartesian
axis. This will give, F* 4 = §%, where a and A both range over 1, 2, 3. Hence

3A+2u

BUACD G p) = :

894, (4.35)
Similarly, for an initially stress-free material manifold, we obtain

For the case of an initially Euclidean material manifold with Cartesian coordinates
we have
277b

0°U
A B _
A% 3XA3xB — A+ Upap + 1Ua pb- (4.37)
Therefore, (4.30) reads
3x+2u 9
A+ wUpap + uUagpp = ——— —ﬂ (4.38)
2 X,

where we have identified the indices a and A. In analogy with thermal stresses, 834,
can be thought of as an eigenstrain. See Goriely et al. (2008) for a review of the
existing linearized growth models.

Stress-Free Growth Distributions in the Linearized Theory In this paragraph we
show that in dimension three, if g is linear in {X A },i.e.if B = a- X for some constant
vector a, then a stress-free body remains stress free after growth. This is very similar
to what is already known in classical linear thermoelasticity: temperature distribu-
tions linear in Cartesian coordinates leave a stress-free body stress free (Boley and
Weiner 1997; Ozakin and Yavari 2010).

Let us consider a one-parameter family of material metrics G¢ and assume that
the initial material metric is Euclidean, i.e. G¢=o = §. The corresponding curvature
tensor is R.. We need to calculate the linearized curvature, i.e.

d
R=—| R (4.39)
de e=0

This will give the solution to stress-free growth distributions. Note that §G =
%k:oGe corresponds to a linearized growth and is stress free if and only if 6R
vanishes. To calculate the curvature variation, we follow Hamilton (1982) and denote
the derivative with respect to € by ’. Following the definition of the curvature tensor,
we can write

/ _ ! PGyp 0> Gy PGy 9*Glyc
ABCD 2\ 0Xx43XC  3dxA9xDP  9xBIXC ' 9xByxD
1
+EGPQ(RABCPG/QD‘FRABPDG/Q(;)- (4.40)
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In the case of Ricci curvature

R:AB = GCDRACBD + (G/)CDRACBD = GCDRTACBD - GCPGDQG/PQRACBD.
(4.41)
Similarly, for the scalar curvature we have

R'=g""Ryp+ (G Rap=G"P Ry — G*GPCGpoRap.  (442)

If the initial material manifold is Euclidean, i.e. if Racgp =0 and R4p =0, we
have

1/0%Ggp  9%8Gpc  0%8Gap  0%5Gac
SR =—= - — , 4.43
ABCD =75 <8XA8XC aXA9xXD ~ 9xByxC BXBBXD> (443)

1/ 9% 828 828 828

SRap = — (200cn  90Ghe | 90Gap GAB \scD (4 44)

2\0X49XB  39XA9xDP 9xBIXC = 9XxCoxP

925G 925G

SR = BC saBscp _ 7 °7AB sABsCD. (4.45)

aXAaxD aXCaxD

In the case of isotropic growth we have §G 4p = B854 p. In dimension three, van-
ishing of the Ricci curvature is equivalent to vanishing of the curvature tensor. Thus,
SR sp = 0 reduces to

aXiQfxB + aXiZpr §Psap =0. (4.46)
This is equivalent to
Bi2=PB13=pB23=0, (4.47)
2811+ B2+ B33=0, (4.48)
Bi1+2B822+B33=0, (4.49)
B+ Ba+2B33=0. (4.50)

The three relations (4.47) imply that 8 = f(X") + g(X?) 4+ h(X?) for arbitrary func-
tions f, g, and h. The next three relations, (4.48)—(4.50), imply that 811 = B2 =
B33 =0 and therefore f”(X') = g”(X?) = h”(X?) = 0; and hence g is linear in
Cartesian coordinates of the initial material manifold.

In dimension two, §R = 0 reduces to

928
" sip=0. 4.51
SxAgxBE B (4.51)

This means that 8 has to be a harmonic function to represent a stress-free growth
distribution. Again, this is very similar to what we know from classical linear ther-
moelasticity (Boley and Weiner 1997; Ozakin and Yavari 2010).
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5 Concluding Remarks

In this paper, we presented a geometric theory of elastic solids with bulk growth.
We assumed that the material points are preserved but density and “shape” are time
dependent. We modeled a body with bulk growth by a Riemannian material manifold
with an evolving metric tensor. The time dependency of material metric is such that
the growing body is always stress free in the material manifold. We showed that
the energy balance needs to be modified when the material metric is time dependent.
Covariance of the energy balance then gives all the balance laws. We also showed that
entropy production inequality has a non-standard form when the material manifold
has an evolving metric. We showed that a more general notion of covariance of energy
balance that includes temperature rescalings, in addition to giving all the balance
laws, gives the constitutive restrictions imposed by the Clausius—Duhem inequality.
We then showed how the principle of maximum entropy production can be used to
obtain thermodynamically-consistent evolution equations for the material metric.

We showed how analytical solutions for the residual stress field can be obtained
in three examples of growing bodies with radial symmetries. We showed that even
if mass is conserved, i.e. when growth results in only shape changes, still one may
see residual stresses. In the case of isotropic growth, we studied stress-free growth
distributions using the material curvature tensor in both two and three dimensions.

A concrete connection was made between our geometric theory and the conven-
tional decomposition of the deformation gradient into elastic and growth parts. We
showed that, in a special coordinate basis, F¢ is our F. The present geometric theory
is more natural and does not introduce a mysterious intermediate configuration. We
linearized the nonlinear theory about a reference motion. Assuming that both the am-
bient space and the initial material manifold are Euclidean, we showed that growth
results in eigenstrains very similar to those of classical linear thermoelasticity. We
found those growth distributions that are stress free in the linearized framework in
both dimensions two and three.

Acknowledgements The author benefited from discussions with A. Ozakin. He is also grateful to an
anonymous reviewer for his/her good comments that led to the improvement of the original manuscript.

References

Ambrosi, D., Guana, F.: Stress-modulated growth. Math. Mech. Solids 12(3), 319-342 (2007)

Ambrosi, D., Mollica, F.: The role of stress in the growth of a multicell spheroid. J. Math. Biol. 48, 477—
499 (2004)

Ben Amar, M., Goriely, A.: Growth and instability in elastic tissues. J. Mech. Phys. Solids 53, 2284-2319
(2005)

Berger, M.: A Panoramic View of Riemannian Geometry. Springer, New York (2003)

Bilby, B.A., Bullough, R., Smith, E.: Continuous distributions of dislocations: a new application of the
methods of non-Riemannian geometry. Proc. R. Soc. Lond. A 231(1185), 263-273 (1955)

Bilby, B.A., Gardner, L.R.T., Stroh, A.N.: Continuous distribution of dislocations and the theory of plas-
ticity. In: Proceedings of the Ninth International Congress of Applied Mechanics, Brussels, 1956, pp.
35-44. Université de Bruxelles, Brussels (1957)

Boley, B.A., Weiner, J.H.: Theory of Thermal Stresses. Dover, New York (1997)

Brethert, F.P.: A note on Hamilton’s principle for perfect fluids. J. Fluid Mech. 44, 19-31 (1970)

@ Springer



828 J Nonlinear Sci (2010) 20: 781-830

Chen, Y.C., Hoger, A.: Constitutive functions of elastic materials in finite growth and deformation. J. Elast.
59(1-3), 175-193 (2000)

Coleman, B.D., Noll, W.: The thermodynamics of elastic materials with heat conduction and viscosity.
Arch. Ration. Mech. Anal. 13, 167-178 (1963)

Cowin, S.C., Hegedus, D.H.: Bone remodeling 1. Theory of adaptive elasticity. J. Elast. 6, 313-326 (1976)

DiCarlo, A., Quiligotti, S.: Growth and balance. Mech. Res. Commun. 29, 449456 (2002)

Eckart, C.: The thermodynamics of irreversible processes. 4. The theory of elasticity and anelasticity. Phys.
Rev. 73(4), 373-382 (1948)

Efrati, E., Sharon, E., Kupferman, R.: Elastic theory of unconstrained non-Euclidean plates. J. Mech. Phys.
Solids 57(4), 762-775 (2009)

Eisenhart, L.P.: Riemannian Geometry. Princeton University Press, Princeton (1926)

Eisenhart, L.P.: Non-Riemannian Geometry. Dover, New York (1927)

Epstein, M., Elzanowski, M.: Material Inhomogeneities and their Evolution. Springer, New York (2007)

Epstein, M., Maugin, G.A.: Thermomechanics of volumetric growth in uniform bodies. Int. J. Plast. 16,
951-978 (2000)

Fung, Y.C.: On the foundations of biomechanics. J. Appl. Mech. 50, 1003—-1009 (1983)

Fusi, L., Farina, A., Ambrosi, D.: Mathematical modeling of a solid-liquid mixture with mass exchange
between constituents. Math. Mech. Solids 11(6), 575-595 (2006)

Garikipati, K., Arruda, E.M., Grosh, K., Narayanan, H., Calve, S.: A continuum treatment of growth in
biological tissue: the coupling of mass transport and mechanics. J. Mech. Phys. Solids 52(7), 1595—
1625 (2004)

Goriely, A., Robertson-Tessi, M., Tabor, M., Vandiver, R.: Elastic growth models. In: Mondaini, R. (ed.)
Mathematical Modelling of Biosystems. Springer, Berlin (2008)

Green, A.E., Naghdi, PM.: On thermodynamics and nature of second law. Proc. R. Soc. Lond. Ser. A 357,
253-270 (1977)

Green, A.E., Naghdi, PM.: A demonstration of consistency of an entropy balance with balance of energy.
Z. Angew. Math. Phys. 42, 159-168 (1991)

Green, A.E., Rivlin, R.S.: On Cauchy’s equations of motion. Z. Angew. Math. Phys. 15, 290-293 (1964)

Hamilton, R.S.: 3-manifolds with positive Ricci curvature. J. Differ. Geom. 17, 255-306 (1982)

Hoger, A.: Virtual configurations and constitutive equations for residually stressed bodies with material
symmetry. J. Elast. 48, 125-144 (1997)

Holm, D.D., Marsden, J.E., Ratiu, T.S.: The Euler—Poincaré equations and semidirect products with appli-
cations to continuum theories. Adv. Math. 137(1), 1-81 (1998)

Hsu, FH.: The influences of mechanical loads on the form of a growing elastic body. J. Biomech. 1,
303-313 (2003)

Humphrey, J.D.: Continuum biomechanics of soft biological tissues. Proc. R. Soc. Lond. Ser. A 459, 3-46
(2003)

Klarbring, A., Olsson, T., Stalhand, J.: Theory of residual stresses with application to an arterial geometry.
Arch. Mech. 59, 341-364 (2007)

Kondaurov, V.I., Nikitin, L.V.: Finite strains of viscoelastic muscle tissue. PMM J. Appl. Math. Mech. 51,
346-353 (1987)

Kondo, K.: Geometry of elastic deformation and incompatibility. In: Kondo, K. (ed.) Memoirs of the
Unifying Study of the Basic Problems in Engineering Science by Means of Geometry, vol. 1, pp. 5—
17. Division C, Gakujutsu Bunken Fukyo-Kai (1955a)

Kondo, K.: Non-Riemannien geometry of imperfect crystals from a macroscopic viewpoint. In: Kondo,
K. (ed.) Memoirs of the Unifying Study of the Basic Problems in Engineering Science by Means of
Geometry, vol. 1, pp. 6-17. Division D-I, Gakujutsu Bunken Fukyo-Kai (1955b)

Kondo, K.: Non-Riemannian and Finslerian approaches to the theory of yielding. Int. J. Eng. Sci. 1, 71-88
(1963)

Kondo, K.: On the analytical and physical foundations of the theory of dislocations and yielding by the
differential geometry of continua. Int. J. Eng. Sci. 2, 219-251 (1964)

Kroner, E.: Allgemeine kontinuumstheorie der versetzungen und eigenspannungen. Arch. Ration. Mech.
Anal. 4, 273-334 (1960)

Lee, E.H.: Elastic-plastic deformation at finite strains. J. Appl. Mech. 36, 1-6 (1967)

Lee, J.M.: Riemannian Manifold. An Introduction to Curvature. Springer, New York (1997)

Lee, E.H., Liu, D.T.: Finite-strain elastic-plastic theory with application to plane-wave analysis. J. Appl.
Phys. 38, 19-27 (1967)

Loret, B., Simoes, EM.F.: A framework for deformation, generalized diffusion, mass transfer and growth
in multi-species multi-phase biological tissues. Eur. J. Mech. A-Solids 24(5), 757-781 (2005)

@ Springer



J Nonlinear Sci (2010) 20: 781-830 829

Lubarda, V.A., Hoger, A.: On the mechanics of solids with a growing mass. Int. J. Solids Struct. 39, 4627—
4664 (2002)

Lubrada, V.A.: Constitutive theories based on the multiplicative decomposition of deformation gradient:
Thermoelasticity, elastoplasticity, and biomechanics. Appl. Mech. Rev. 57(2), 95-108 (2004)

Marsden, J.E., Hughes, T.J.R.: Mathematical Foundations of Elasticity. Dover, New York (1983)

Marsden, J.E., Ratiu, T.: Introduction to Mechanics and Symmetry. Springer, New York (2003)

Martyushev, L.M., Seleznev, V.D.: Maximum entropy production principle in physics, chemistry and bi-
ology. Phys. Rep. 426(1), 1-45 (2006)

Mazzucato, A.L., Rachele, L.V.: Partial uniqueness and obstruction to uniqueness in inverse problems for
anisotropic elastic media. J. Elast. 83, 205-245 (2006)

Miehe, C.: A constitutive frame of elastoplasticity at large strains based on the notion of a plastic metric.
Int. J. Solids Struct. 35, 3859-3897 (1998)

Naumov, V.E.: Mechanics of growing deformable solids—a review. J. Eng. Mech. 120, 207-220 (1994)

Nishikawa, S.: Variational Problems in Geometry. American Mathematical Society, Providence (2002)

Ozakin, A., Yavari, A.: A geometric theory of thermal stresses. J. Math. Phys. 51, 032902 (2010)

Perelman, G.: The entropy formula for the Ricci flow and its geometric applications (2002). http:/
arXiv.org/math.DG/0211159v1

Peterson, P.: Riemannian Geometry. Springer, New York (1997)

Rajagopal, K.R., Srinivasa, A.R.: On thermomechanical restrictions of continua. Proc. R. Soc. A
460(2042), 631-651 (2004a)

Rajagopal, K.R., Srinivasa, A.R.: On the thermomechanics of materials that have multiple natural
configurations—Part I: Viscoelasticity and classical plasticity. Z. Angew. Math. Phys. 55(5), 861—
893 (2004b)

Riewe, F.: Nonconservative Lagrangian and Hamiltonian mechanics. Phys. Rev. E 53(2), 1890-1899
(1997)

Rodriguez, E.K., Hoger, A., McCulloch, A.D.: Stress-dependent finite growth in soft elastic tissues. J. Bio-
mech. 27, 455-467 (1994)

Senan, N.AF,, O’Reilly, O.M., Tresierras, T.N.: Modeling the growth and branching of plants: a simple
rod-based model. J. Mech. Phys. Solids 56, 3021-3036 (2008)

Simo, J.C., Marsden, J.E.: On the rotated stress tensor and the material version of the Doyle—Ericksen
formula. Arch. Ration. Mech. Anal. 86, 213-231 (1984)

Skalak, R., Dasgupta, G., Moss, M., Otten, E., Dullemeijer, P., Vilmann, H.: Analytical description of
growth. J. Theor. Biol. 94, 555-577 (1982)

Skalak, R., Zargaryan, S., Jain, R.K., Netti, P.A., Hoger, A.: Compatibility and the genesis of residual
stress by volumetric growth. J. Math. Biol. 34, 889-914 (1996)

Spivak, M.: A Comprehensive Introduction to Differential Geometry, vol. III. Publish or Perish, Houston
(1999)

Stojanovié, R.: On the stress relation in non-linear thermoelasticity. Int. J. Non-Linear Mech. 4, 217-233
(1969)

Stojanovié, R., Djurié, S., Vujosevi¢, L.: On finite thermal deformations. Arch. Mech. Stosow. 16, 103—108
(1964)

Takamizawa, K.: Stress-free configuration of a thick-walled cylindrical model of the artery—an application
of Riemann geometry to the biomechanics of soft tissues. J. Appl. Mech. 58, 840-842 (1991)

Takamizawa, K., Matsuda, T.: Kinematics for bodies undergoing residual stress and its applications to the
left ventricle. J. Appl. Mech. 57, 321-329 (1990)

Topping, P.: Lectures on the Ricci Flow. Cambridge University Press, New York (2006)

Vujosevi¢, L., Lubarda, V.A.: Finite-strain thermoelasticity based on multiplicative decomposition of de-
formation gradient. Theor. Appl. Mech. 28-29, 379-399 (2002)

Wald, R.M.: General Relativity. The University of Chicago Press, Chicago (1984)

Wanas, M.L.: Absolute parallelism geometry: developments, applications and problems (2008). arXiv:
2r-qc/0209050v1

Yavari, A.: On geometric discretization of elasticity. J. Math. Phys. 49, 022901 (2008)

Yavari, A., Marsden, J.E.: Covariant balance laws in continua with microstructure. Rep. Math. Phys. 63(1),
1-42 (2009a)

Yavari, A., Marsden, J.E.: Energy balance invariance for interacting particle systems. Z. Angew. Math.
Phys. 60(4), 723-738 (2009b)

@ Springer


http://arXiv.org/math.DG/0211159v1
http://arXiv.org/math.DG/0211159v1
http://arxiv.org/abs/arXiv:gr-qc/0209050v1
http://arxiv.org/abs/arXiv:gr-qc/0209050v1

830 J Nonlinear Sci (2010) 20: 781-830

Yavari, A., Ozakin, A.: Covariance in linearized elasticity. Z. Angew. Math. Phys. 59(6), 1081-1110
(2008)

Yavari, A., Marsden, J.E., Ortiz, M.: On the spatial and material covariant balance laws in elasticity.
J. Math. Phys. 47, 042903 (2006). 85-112

Youssef, N.L., Sid-Ahmed, A.M.: Linear connections and curvature tensors in the geometry of paralleliz-
able manifolds. Rep. Math. Phys. 60, 39-53 (2007)

Ziegler, H.: An Introduction to Thermomechanics. North-Holland, Amsterdam (1983)

@ Springer



	A Geometric Theory of Growth Mechanics
	Abstract
	Introduction
	Evolving Material Metrics and Bulk Growth
	Geometric Elasticity
	Incompressibility
	Energy Balance
	Covariance of Energy Balance
	Local Form of Energy Balance
	Material Metric Evolution

	The Second Law of Thermodynamics and Restrictions on Constitutive Equations
	Restrictions on Constitutive Equations Using a Thermomechanical Covariance of Energy Balance
	Covariance of the Entropy Production Inequality
	Principle of Maximum Entropy Production
	Isotropic Growth
	Examples of Bulk Growth
	Visualizing Material Manifolds with Evolving Metrics
	Stress-Free Isotropic Growth
	Lagrangian Field Theory of Growing Bodies

	Connection Between F=FeFg and the Geometric Theory
	Balance of Mass
	Incompressibility
	Absolutely Parallelizable Manifolds and Their Connection with Growth Mechanics

	Linearized Theory of Growth Mechanics
	Saint-Venant-Kirchhoff Materials
	Stress-Free Growth Distributions in the Linearized Theory

	Concluding Remarks
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


