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Abstract

We formulate a geometric nonlinear theory of the mechanics of accretion. In this
theory, the material manifold of an accreting body is represented by a time-dependent
Riemannian manifold with a time-independent metric that at each point depends on
the state of deformation at that point at its time of attachment to the body, and on the
way the new material is added to the body. We study the incompatibilities induced
by accretion through the analysis of the material metric and its curvature in relation
to the foliated structure of the accreted body. Balance laws are discussed and the
initial boundary value problem of accretion is formulated. The particular cases where
the growth surface is either fixed or traction-free are studied and some analytical
results are provided. We numerically solve several accretion problems and calculate
the residual stresses in nonlinear elastic bodies induced from accretion.

Keywords Accretion - Surface growth - Nonlinear elasticity - Residual stress -
Foliations - Material metric

Mathematics Subject Classification 74B20 - 74A05 - 74A10 - 53705

1 Introduction

Consider a body undergoing finite deformations while new material is being added
to its boundary. This is called accretion or surface growth. Examples of accretion
processes in Nature are the growth of biological tissues and crystals, the build-up of
volcanic and sedimentary rocks, the formation of planets, etc. Examples in techno-
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Fig.1 Motion of a nonlinear elastic body undergoing accretion. The material manifold is a time-dependent
set and the material metric G is not known a priori

logical applications are additive manufacturing (3D printing), metal solidification, the
build-up of concrete structures in successive layers, and the deposition of thin films.
The goal of this paper is to formulate the mechanics of nonlinear elastic bodies that
grow as a result of addition of new material on their boundary while deforming at the
same time. (See Fig. 1.) We do not assume any symmetries and formulate the most
general accretion assuming the absence of ablation. To our best knowledge, such a
general theory does not exist in the literature. In particular, calculation of stresses and
deformation during accretion and after the completion of accretion (residual stresses)
is necessary for the design of accreting structures.

In a deforming body, undergoing growth mass is not a conserved quantity and
the body after unloading may be residually stressed. There are two types of growth,
namely bulk and surface growth [accretion or boundary growth (Epstein 2010)]. In
bulk growth, in the language of continuum mechanics, material points are preserved,;
only the mass density and the natural (stress-free) configuration of the body evolve.
Due to its similarities with finite plasticity, the decomposition of the deformation
gradient into elastic and growth parts has been assumed in most of the works in the
literature (see Sadik and Yavari 2017 for a historical perspective). There are several
theoretical and computational works in the literature of (bulk) growth mechanics,
e.g., Takamizawa and Matsuda (1990), Takamizawa (1991), Rodriguez et al. (1994),
Epstein and Maugin (2000), Garikipati et al. (2004), Ben Amar and Goriely (2005),
Klarbring et al. (2007), Yavari (2010), Sadik et al. (2016). The recent book by Goriely
(2017) summarizes the recent developments in this exciting field.

In accretion (or surface growth), instead, new material points are added to the
boundary of a deforming body, meaning that the set of material points is time depen-
dent. (See Fig. 1.) Moreover, the relaxed (natural) configuration of the body explicitly
depends not only on the accretion characteristics (accretion flux, accretion velocity,
etc.), but also on the history of loading and deformation during accretion. The mechan-
ics of accretion is much less developed mainly because of the complexities involved in
modeling the kinematics of accretion and the intrinsic incompatible nature of accreting
bodies. For a history of accretion mechanics, see Naumov (1994) and Sozio and Yavari
(2017). Recently, Tomassetti et al. (2016) modeled a spherically symmetric accretion
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of a hollow spherical ball made of an incompressible nonlinear elastic solid coupling
nonlinear elasticity and diffusion. Accretion occurs on the inner boundary with fixed
radius as the new material is diffused from the surface of a rigid sphere, while the outer
boundary is time dependent. In particular, they defined a material manifold that is the
Cartesian product of the inner boundary of the sphere and a finite time interval. This is
understood as a submanifold of the Euclidean space R* with a material metric induced
from R*. A theory of surface growth coupled with diffusion was presented in Abi-Akl
et al. (2018). Lychev et al. (2018) presented a geometric theory for the mechanics
of “layer-by-layer structures,” which is relevant to our present work in so far as an
accreting body can be seen as a family of infinitely many two-dimensional layers.
In Sozio and Yavari (2017), we introduced a geometric theory of nonlinear accretion
mechanics for symmetric surface growth of cylindrical and spherical bodies. We used
this theory for the analysis of several model problems. Our objective in the present
paper is to develop a nonlinear theory of accretion mechanics without any symmetry
assumptions. This generalization is quite non-trivial.

In classical nonlinear elasticity, one uses a stress-free reference configuration and
motion is a time-dependent mapping from this configuration into an Euclidean ambient
space. In anelasticity (in the sense of Eckart (1948)), the body is residually stressed,
and hence, a global stress-free configuration is non-Euclidean, in general, which can-
not be isometrically embedded in the Euclidean ambient space. However, local relaxed
configurations can be defined using a multiplicative decomposition of the deformation
gradient. In other words, a global stress-free configuration of the body is incompat-
ible with the Euclidean geometry of the ambient space. This idea in the mechanics
of defects is due to Kondo (1955a,b) and Bilby et al. (1955). In a geometric formu-
lation of anelasticity, the geometry of the material manifold depends on the source
of anelasticity. In the case of point and line defects, the geometry depends on the
(areal or volumetric) density of defects (Yavari and Goriely 2012a,b, 2013a, 2014).
In thermoelasticity, the material metric depends on both the temperature distribution
and the thermal properties of the solid, e.g., (temperature dependent) coefficient of
thermal expansion (Ozakin and Yavari 2010; Sadik and Yavari 2016). In bulk growth,
material metric is explicitly time dependent; it depends on the mass flux through the
balance of mass (Yavari 2010; Sadik et al. 2016). For inclusions (or inhomogeneities
with eigenstrains) material metric explicitly depends on the distribution of (finite)
eigenstrains (Yavari and Goriely 2013b, 2015; Golgoon et al. 2016). The geometry of
material manifold of accreting bodies is slightly more complicated. Accretion can be
seen as the study of the formation of non-Euclidean solids (Poincaré 1905) through
a continuous joining of infinitely many two-dimensional layers (Zurlo and Truski-
novsky 2017, 2018). Therefore, a fundamental requirement for an accretion model
consists of expressing the geometry of a deformable 3D body with respect to its layer-
wise structure. The material manifold of the accreted body depends on the way the
layers are put together, that is described by the growth velocity. Note that in general,
at different points on the boundary new material is added at different directions and
with different speeds. One should note that the material manifold also depends on the
deformation the body is experiencing at the time at which each layer is added. The
formulation of the nonlinear mechanics of accretion introduced in this paper explicitly
uses a Riemannian material manifold with a priori unknown metric that describes this
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material structure. In particular, the continuous addition of two-dimensional layers
will be modeled using the geometry of foliations following the ADM formalism of
general relativity presented in Arnowitt et al. (1959).

This paper is organized as follows. In Sect. 2 a model for the kinematics of an
accreting body is presented. In Sect. 2.1 a continuously accreted body is defined. The
kinematics of an accreting body is defined as a pair of a spatial motion of a time-
dependent domain in Sect. 2.2, and a material motion of the layers in the material
ambient manifold in Sect. 2.3. In Sect. 2.4, the spatial growth velocity is defined and
then used to construct the material metric through the introduction of the accretion
tensor Q. In Sect. 3 we present a study of the curvature of the material manifold
following the procedure of the ADM formalism of general relativity. In Sect. 3.1
we decompose the material metric according to the material foliated structure, and
identify the first fundamental form of the layers. In Sect. 3.2 we focus on the second
fundamental form and on the curvature tensor. In Sect. 3.3 all the foliation quantities
are expressed in terms of the growth velocity, and then are used to construct the three-
dimensional non-Euclidean geometry of the accreting solid. In Sect. 4 the balance laws
and the initial boundary value problem of accreting bodies are discussed. In Sect. 5
two classes of problems are investigated: accretion through a fixed growth surface in
Sect. 5.1, and accretion through a traction-free growth surface in Sect. 5.2. Several
numerical examples are presented in Sect. 5.3. In the appendices, we tersely review
some elements of nonlinear anelasticity and the differential geometry of submanifolds,
surfaces in Riemannian manifolds, and foliated manifolds.

2 Kinematics of Accretion

In this section we formulate the kinematics of accretion. An accreting body is seen
as an evolving subset of a material manifold (Segev 1996; Ong and O’Reilly 2004)
endowed with a metric that at any point depends on the state of deformation of the
body at its time of attachment, and on the way the new particles are added to the body.
Unlike most anelastic problems, in accretion mechanics, the material metric is coupled
with deformation and is calculated after solving the accretion initial boundary value
problem (IBVP). In other words, the metric of the material manifold is an unknown
field to be determined as part of the solution of the accretion IBVP.

2.1 An Accreting Body

Definition 2.1 An accreting body is a connected, orientable 3-manifold M (possibly
with corners) that is embeddable in the ambient space R? together with a smooth map
T : M — [0, T], called the time of attachment map, with T being the final time,
satisfying the following properties:

(i) The sets B; = {X € M | t(X) < t} are connected 3-manifolds V¢ € [0, T];
(ii) The differential dr of the time of attachment map never vanishes, so that each
level surface Q, = t~!(¢) is a smooth 2-manifold;
(iii) All €2;’s are diffeomorphic to each other.
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We call M the material ambient space and 5, the body at time 7. The boundary 95,
is the union of €2;, the growth surface at time 7, and I1, = 915, \ €2;, the non-active
boundary (see Fig.?2).

As subsets of the boundary of an orientable manifold, all the €2,’s and I1,’s are ori-
entable surfaces. Notice that B, C B;, for t; < t, which expresses the monotonicity
of growth, or equivalently, the absence of ablation. Of course, M = Br. Property (ii)
expresses the continuity of growth, meaning that the layer added during the time inter-
val [z, t +dt] has an infinitesimal thickness. It is straightforward to check that for each
t € R one has

B, = U Q.. 2.1)

0<t<t

Therefore, property (ii) implies that the body is a union of 2-dimensional layers, a
foliation in the language of differential geometry (see Appendix C and the develop-
ments in Sect. 3). Finally, property (iii) is a regularity requirement, which will turn out
to be useful in the following developments, allowing us to define material motions.
Note that this requirement implies that one single layer defines the topology of the
entire family, so if one starts with a €y with some topological characteristics, these
will be preserved throughout the whole accretion process. The non-active boundary
represents that part of the boundary that is not involved in the accretion process.

Remark 2.2 The requirements enunciated for the pair (M, t) may be violated for some
accretion problems. For example, one may need to include the presence of an initial
body B3 that works as a substrate on which the new material starts being deposited. This
would violate property (ii), as B= Qo = 71(0) would not be a surface. Another
example is the case of accretion problems in which the growth surface changes in
a discontinuous manner, e.g., when accretion occurs on one side of the body and
suddenly stops and starts on a different side. This would violate the smoothness of
7. Another example is a change of topology of the layers €2, that violates property
(iii). In all these cases one can divide the problem into more regular pieces (M;, t;),
with 1 < i < n, that satisfy all the requirements. Then, the total body 5 at the end
of accretion will be the union of the initial body B with all the material manifolds
defined for all these regular pieces, viz. B = BU MU - UM,. Nevertheless, the

&

t
0

Fig.2 The material manifold of an accreting body. A schematic picture with labels for the material ambient
space M, the body at current time 13, the growth surface €2;, and the non-active surface I,
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material structure that will be defined in the following sections would not necessarily
be continuous through the interface of the different bodies.

2.2 Motion of an Accreting Body

The motion of a body subject to accretion is a time-dependent map with a time-
dependent domain, i.e., a family of maps ¢, : B, — S, with ¢t € [0, T], where
S is the ambient space manifold. For accretion applications we assume that S is a
three-dimensional Euclidean space. More precisely, indicating with C; the set of all
embeddings of B; in S, amotionisamap ¢ : R — {C; |0 <t < T} suchthat g, € C;.
We indicate with , the deformed configuration of each layer at its time of attachment,
ie., w; = ¢;(S2;), and with 7, the deformed non-active boundary, i.e., m; = ¢;(I1;).
Therefore, as ¢; is a homeomorphism for every #, one has

091 (By) = ¢ (0B;) = (2 UTIy) = @, () U (ITy) = w; U . (2.2)

As usual, the material and spatial velocity fields V; and v; are defined as V;(X) =
B‘%go(X , 1), and v; o ¢, = V,. The material and spatial acceleration fields A; and a; are
defined as A; = %Vt, and a; o ¢; = A,. The so-called deformation gradient F is the
derivative map of ¢, defined as F;(X) = T¢;(X) : TxB — Ty, (x)S.

We define amap ¢ : M — S, ¢(X) = ¢(X, 7(X)), that records the placement of
each point atits time of attachment. Note that for each layer 2; one has ¢|q, = ¢;lq,,as
when t(X) = ronehas ¢(X) = ¢(X, t). Hence, ¢ records the deformed configuration
wr = ¢:(€2;) = ¢(€2;) of each layer at its time of attachment. Therefore, one writes

¢<Bt)=¢( U sz) =J o= o 23)

0<t<t 0<t<t 0<t<t

Note that the same position in the ambient space S may be occupied by different
material points at different times, i.e., one may have (X1, 7(X1)) = ¢(X3, 1(X2))
for X1 # X, . This means that, in general, o, and w;, are not disjoint for #; # t,, and
therefore, the maps ¢ and 7T'¢ need not be injective, and hence, in general ¢ is not an
embedding, although it is smooth by construction. See Fig. 3 for a schematic sketch
of the mappings ¢; and ¢.

Finally, the two-point tensor F is defined as

F(X) = F(X, t(X)), (2.4)

recording the deformation gradient of each point X at its time of attachment 7 (X).

Remark 2.3 Even when ¢ is an embedding, its tangent map 7'¢ is invertible but is not
equal to F. In fact, in components one has

i ; 0T
=F,+Vvi— (2.5)

_ ag" 09" (X, (X))
(To) ;= = ax’’

Tax) T ax/
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Fig.3 The motion of an accreting body. On the left the evolving material manifold at three different times
11 < tp < t3 is shown. In the middle the deformed configurations at #1, 7, and #3 are shown. On the right
By is mapped by ¢ to the union of layers considered at their time of attachment. Note that ¢ may not be
injective

ie., T¢ = F 4+ V ® dr. In general, F is not the tangent map of any embedding, or in
other words, F is not compatible. Nevertheless, since F|TQ, = T¢lre, = Filrq, for
each ¢ € R, it is compatible on each single layer.'

2.3 The Material Motion

In the material manifold, the pointwise rate at which the material is added is not
uniquely defined. In fact, in order to define a velocity with which the growth surface
Q; is moving in M, one needs to identify points on different layers. This can be
achieved by defining a motion of layers in the material manifold.

Definition 2.4 A material motion is a 1-parameter family of diffeomorphisms & :
Qo x [0, T] — M such that (2, 1) = €. Its trajectories are called material
trajectories. We indicate with U the velocity of the material motion, viz.

UX,t) = %CD(X, t), (2.6)

and we call it the material growth velocity.

The existence of a material motion is guaranteed by property (iii) of Sect. 2.1. Clearly
it is not unique. On the other hand, the condition for a given nowhere-vanishing vector
field W on M to be a velocity for some material motion can be obtained by the
requirement t(® (X, t)) = t. Differentiating with respect to time one finds that W
is a material growth velocity for some material motion if and only if (dz, W) =
This means that all the growth velocity fields one can define on M must have their
T-component equal to 1 at every point (see Fig. 4).

! The tangent bundle 72, of €; C M, is the union of all Tx €2;’s for X € €, i.e., the set of all vectors
that are tangent to €2;. Therefore, with F|TQt we indicate the restriction of F operating on tangent vectors
on Q. TglTq, and Ft|1q, are defined similarly. We use the same notation for T'w;.
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Fig. 4 Left: examples of material trajectories induced by different material motions on the same material
manifold. Right: the velocities of the three different material motions must have the same t-component

A material motion can also be defined starting from a foliation atlas on M made
of charts (2!, 82, ), with the third coordinate defined globally and given by the
time of attachment map (see Appendix C). The material motion determined by such
coordinates is the one that preserves the “layer coordinates” (2!, £2) of each particle.
This means that if a point Xy € Q¢ has coordinates (El, g2, 0), then ®; maps it to
the point X with coordinates (E] VB2, t). Therefore, the trajectories of the motion are
the curves with constant layer coordinates, or t-lines. In this sense, the third vector of

—~

the basis induced by (al, =22, 7),1.e.,

U= — , 2.7)

is the material growth velocity associated with ®. Note that (dr, %) =1.

Remark 2.5 In general, two different foliation charts induce different material motions.
Let us consider two sets of foliation coordinates (2!, 22, 7) and (®!, ®2, 7). On the
overlapping region, one has the following change of coordinates

e'=64E" 8%, e?=0%E"2L1), t=1. (2.8)

This means that

U 3 aala+aa2a+a

2= 597 = o 3=l " a. am2 T a.
ot ®=const dr 9E! It 982 ot E=const
0! 9 +aa2 ' v 29)
~ 9t a2l | 9t amr U '

This implies that when the change of the layer coordinates depends on 7, in general,
U; # U,. On the other hand, its dual co-vector dt remains unchanged since the third
coordinate 7 is the same in both coordinate systems.

One should note that a material motion induces a foliation atlas, in the same way
that foliation coordinates define a material motion. Given a material motion ®, one
can fix coordinates (2!, E2) on 0, and extend them to M such that the coordinates
of a point X € M are B1(d~1(X, 1(X))), E2(®~ (X, 7(X))), and 7(X). In short,
we have shown that

Material motion <«—  Foliation atlas.
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Fig.5 Configurations, motions, and growth velocities. On the left the material growth velocity U is shown.
It is defined on the material ambient space M and is tangent to the trajectories of the material motion. The
middle configuration is the deformed configuration at time 7. The velocity FU is defined on the growth
surface and is tangent to the ¢; image of the trajectories of & (or the t-lines of the foliation coordinates
induced by the material motion ®). The right configuration is the union of all layers at their time of
attachment until time ¢ (in general ¢ is not an embedding). The total velocity w is defined on each layer
at its time of attachment and describes how the growth surface moves. It is tangent to the ¢ image of the
trajectories of ¢

It should be emphasized that in the present accretion model what is given is the map
7, which partitions the material manifold into a union of surfaces, and respects the
topology of the problem. The material motion ® is any flow on M that is compatible
with the foliation given by 7, i.e., such that (dz, U) = 1, with U being the generator
of ®.

The total velocity of the growth surface  in the deformed configuration has two
contributions: one due to accretion, and one due to deformation. In particular, noting
that 2, = P (R, 1), one can write w; = (2, 1) = @(2;) = (P (R, 1)), which
represents the motion of w, in terms of the coordinates of the material layers, i.e., the
map ¢ o ®; : Qp x R — §S. Its velocity w; is called the total velocity and can be
obtained recalling (2.5):

d _ _
w:E@ocp,):(T¢)U:(F+v®dr)U:FU+v. (2.10)

The term FU represents the contribution of accretion, while v is the contribution of
deformation. Figure 5 shows the three velocities U, FU and w, and their respective
configurations.

2.4 The Material Metric

We assume that at each time ¢ one can univocally identify a vector field u; on w; called
the growth velocity that describes the rate and direction at which new material is being
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Fig.6 Addition of an infinitesimally thin layer to the boundary of a deforming body. The two-point tensor
Q is defined as Qlg, = T'qtlq,

added.? In other words, if one considers accretion as the addition of material from the
exterior of the body, the velocity of a material point that is about to attach to the growth
surface is v; — w;, and its velocity relative to the growth surface is —u;. We assume
that u, is nowhere purely tangential and that it points outside of the deformed body
¢ (By). However, in general, it does not need to be normal to  (see Skalak et al. 1997),
Ganghoffer (2011), and the example in Sect. 5.1).> The growth velocity describes the
way in which the body would naturally evolve in the case of no deformation during
accretion. So it provides information on the material structure of the body. As a matter
of fact, we will see that the Riemannian material structure depends on the deformed
configuration of each layer when it joins the body and on the growth velocity u. Let
us define the following two sets

Lie={XeMI|t<t(X)<t+e€} and ;e ={x+sux,1)|xcw, 0<s <€},
(2.11)

forO0 <t <Tand0 < e < T — ¢ (Fig. 6). The first set represents the material added
during the time interval [z, # + €] in the material manifold. The second set represents
the layer added to the deformed configuration at time . Given a point X € L; ¢ (note
that this point has time of attachment ¢ < t(X) < ¢ + €), we move it to €2, following
its material trajectory. Let us denote this point by X, = ®; (dDT_(lX) (X)), and define the
map

qr - Lie — lt,e (2.12)

X = (X)) + (t(X) =D u(p(Xy), 1), ’
where the linear structure of the Euclidean ambient space S allows one to use a
translation operator. Choosing Cartesian coordinates in the ambient space,* the map
¢: can be written as

2 Tt is related to the flux of mass in the way explained in Sect. 4.1.

3 We assume that the growth velocity is a given vector field on the boundary of the deformed body. However,
in a coupled theory of accretion it would be one of the unknown fields. In this paper we assume that this
vector field is given and focus our attention on formulating the nonlinear elasticity problem. Extending the
present theory to consider the coupling between mass transport and elasticity will be the subject of a future
communication.

4 The translation operation would force one to work with shifters when using curvilinear coordinates
(see Marsden and Hughes 1983). Here, for the sake of simplicity, we use Cartesian coordinates.
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g (X) = @' (X)) + (T(X) — ) u' (p(X;, 1), 1). (2.13)

Therefore, referring to foliation coordinates for material indices and to Cartesian coor-
dinates for spatial indices, one has the following representation for the tangent map
Tq;

agi 3¢ w' du'
acA=m+(T—l)m=FA+(f—l)m, A=1,2,
ag! ,
and 20t _ i, (2.14)
ot

as on the growth surface T¢ = F. Evaluating at T = ¢, one obtains

_. gl )
—Fy, A=1,2, and % —ul (2.15)

T =t

3!
aEA

T=t

Definition 2.6 The accretion tensor Q is a time-independent two-point tensor field
defined as Qlg, = T'q;|q,, Vt, which from (2.15) is written as

Q(X) =F(X) + [u(@X), 1(X)) — FO)UX)] ® dr(X), (2.16)

for X € M.

Note that the accretion tensor can be understood as the tangent of a mapping that
takes a layer of material that is about to be attached to the body from the material
manifold and maps it to its current configuration right before attachment. It has been
constructed layer by layer, however, in such a way that it captures the out-of-layer

part of the mapping as well. Note that QU = u because (dr, U) = 1. With respect
to the frame {a%l e = U} induced by the fixed foliation chart (8!, 82, 1)

9 8 9
axl’ 9x27 9x3
, x3) in the ambient space S, Q has the following representation

ahl 2(X) aﬁz L (X) u (@(X), (X))
(070 = 8HI(X) aﬁz S (X) w2 (@(X), T(X)) |- (2.17)
90X 20 WP @(X). T(X))

in the material manifold M, and a frame {
2

} induced by a local chart

(xl,x

Note that the accretion tensor Q, similar to F, is not the tangent map of any embedding,
even though it is compatible on each single layer. In particular, Q|q = Flg = T'¢lq.

Throughout this paper, we consider accretion as the addition of undeformed mate-
rial. Under this assumption, each mapping ¢, sending layer ¢ in the material manifold
to its natural state in the ambient space is an isometry. Therefore, in the limit € — 0,
the set /;  represents the natural state of the material. For this reason, we define the
material metric on M as the pull-back of the Euclidean ambient metric g using Q,
ie.,

G(X) = Q"(X) g(p(X)) Q(X), (2.18)
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which in components reads
Grs(X) = Q'1(X) 8ij(@(X)) 075 (X). (2.19)

Note that the material metric G explicitly depends on the deformation at the time
of attachment of each single layer, and on the growth velocity u, that represents a
physical characteristic of the accretion process. Notice that G also depends on the
material motion @ via the material growth velocity U. As a matter of fact, if one
considers a different material motion, and hence, a different material growth velocity
U’, the material metric defined through (2.16) and (2.18) changes. This means that the
body will be represented by a different Riemannian manifold. One may think that the
elastic response of the body will be altered by this change. Nevertheless, it turns out
that this is not the case. This result, established next in Proposition 2.7, implies that
our accretion model is well defined.

Proposition 2.7 The elastic response of an accreting simple body is invariant with
respect to the choice of the material motion.

Proof Fixing (M, t), one can define a map G associating a material metric to any
pair of material and spatial motions, i.e., G = G[®, ¢]. We claim that for any other
material motion @ there exists a diffeomorphism A : M — M that pulls G[®’, ¢']
back to G[®, ¢], where ¢’ is the motion such that ¢, = ¢; o A for any ¢ € [0, T15 Let
us fix ®’. Given ® and ®’, one can define the diffeomorphism

A X ) (@70 (0), (2.20)

sending trajectories of @ to trajectories of @’. Therefore, ® = A o ®. Note that
M) = Q, or equivalently, T(A(X)) = 7(X). Now one defines the motion ¢’
such that ¢, = ¢/ o A for any r € [0, T]. Setting A = TA and F' = T¢’, one
has F(X, t) = F/(A(X), 1)A(X). Thus, since t(A(X)) = 17(X), one concludes that
F(X) = F'(A(X))A(X). Indicating with U’ the material growth velocity induced by
@', using (2.16) one can define

Q(X) =F(X) + [u(@(X)., (X)) — FX)UX)] ® dr(X),

) - _, _ 2.21)
QX)) =F(X)+ [ll(fﬂ (X), (X)) —F(X)U (X)] ® dr(X).

Note that U'(A(X)) = A(X)U(X), and as 7(X) = t(A(X)), dt is not affected by this
diffeomorphism, i.e., d7(X) = dt(A(X)))A(X). Hence, one has

QX) = F(X) + [u(@(X). (X)) - FX)HUX)] ® dr(X)
= F (LX) AX) + [u@ A (X)), T(X)) = F AX)NAX)UX)] ® dr(M(X)A(X)
= {F (LX) + [u(@ M (X)), T(X)) = F QXU ((X)] ® dr (A(X))} A(X)
= Q(AMX)A(X). (2.22)

5 Recall that a motion ¢’ for an accreting body is a time-dependent map with a time-dependent domain,
ie.p, : B — S.
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Setting G’ = G[®', ¢'], from (2.18) it follows that

G(X) = A*(X) Q" (L (X)) g (¢'(AM(X))) Q' (L (X)) A(X)
= A*(X) G/ (M(X)) A(X). (2.23)

This means that G = A*G’, and hence, (M, G) and (M, G') are isometric Riemannian
manifolds (through 1). Since the body is simple by hypothesis, this isometry implies
that if at a given time ¢ the mapping ¢, satisfies the balance equations for (B;, G|z,),
then ] = ¢, o A~ ! will satisfy the balance equations for (5;, G'| B,)~6 In other words,
the elastic response of the accreting body is independent of the choice of the material
metric. O

Remark 2.8 Despite what our intuition may suggest, in general w # u + v. In fact, as
shown in (2.10), one has w = FU + v, and in general u = QU # FU. This means
that the growth velocity u is not enough to tell how the growth surface is moved by
the addition of new material; it only provides information on the natural state of the
material that is being added. However, in some cases, e.g., when the growth surface
is subject to no external forces, one has w = u + v (see Proposition 5.4).

Remark 2.9 The material metric does not change in time. This means that the evolu-
tion of the material manifold simply consists of adding new material points, leaving
the already existing points unaltered and without adding any other sources of incom-
patibility. This feature is referred to as the “non-rearrangement property” of accreting
bodies (Manzhirov and Lychev 2014).” Of course this ceases to be true if one con-
siders the thermal effects that characterize many accretion problems, e.g., additive
manufacturing or solidification.

We denote by V and V2 the Levi—Civita connections associated with the Rieman-
nian manifolds (M, G) and (S, g), respectively. The Riemann curvature associated
with (M, V) is denoted by R , while the curvature tensor for (S, V&) vanishes. An
algorithm for the construction of the material manifold and all the related quantities
of an accreting body are summarized in Table 1. For some details on Riemannian
manifolds, see Appendix A.

Remark 2.10 In the case of addition of pre-stressed particles, the material metric is
defined in a similar way. The only difference is that the natural distances in the body
at the time of attachment are represented by a metric h;; # g;;. For instance, this
metric can be obtained by transforming the Euclidean metric using a pre-deformation
F (which in general is not compatible) so that h;; = Fh iFk j&nk- Therefore, setting
Gy = Q'1hij Q7 , one obtains G;; = Q'; Q7 jF";F*; gi. However, in this paper,
we assume that only stress-free particles are attached to the growth surface.

6 In simple bodies the mechanical response at each point only depends on the local state of deformation.
Therefore, in the elasticity of simple bodies, when two material manifolds (13, G) and (B, G’) are isometric
through A : B — B, if ¢ : B — S is a solution of the balance equations for (3, G), then ¢’ = ¢ o AL
B’ — S is a solution for (B, G').

7 In the linear analysis a similar assumption is used, e.g., in Kadish et al. (2005): “We assume that the
material of the sphere behaves elastically once it has accreted.” This means that incompatibility at a material
point is caused only at the time of its attachment (or before), and therefore, one can write €(x,1) =
€MC(x) + €°OMP(x, 1) for t > t(x) (see also Schwerdtfeger et al. 1998).
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Table 1 Summary of the steps needed in the construction of the material manifold of an accreting body in
terms of the history of deformation and the growth velocity

Construction of the material manifold of an accreting body

1. Choose a pair (M, t) representing the material manifold. This pair is problem dependent,
e.g., it must respect the topology of the growing body and its layers

2. Define a material motion for the layers in M. This can be done by fixing foliation coordinates
o) 1, Ez, 7), from which the material growth velocity is calculated as U = %

3. Use u to build the accretion tensor Q using (2.17). Note that Q is expressed in terms of the

configuration map so it is not known a priori; it is an unknown field in the accretion boundary

value problem

4. Express the material metric G using (2.18). Material metric explicitly depends on the accretion
tensor Q, and hence, is not known a priori

Remark 2.11 The material manifold M can always be defined as a subset of the
Euclidean space S. Consider Cartesian coordinates {x'} on S with the associated
frame {e;}. Note that, in general, these do not constitute a foliation chart for M. Let
Qi j and (Q_l)j i be the components of Q and Q! with respect to Cartesian coordi-
nates in all the indices. By definition, one has G;; = thShk Qk j- Consider the moving
frame & (X) = (Q~1)/; (X)e; on M. With respect to this frame one has

G (&.&) = G (@D ien (@7 jer) = (707G (e, e
=@ N0 W Q" kS = 8ij- (2.24)

This means that the moving frame represents the natural distances in the body. In
this sense, we can interpret accretion through a multiplicative decomposition of the
deformation gradient, i.e., F = F®Q, where the accretion tensor Q represents the
anelastic part, and F© = FQ~! represents its elastic part. The material metric G
represents the right Cauchy—Green strain tensor associated with Q.

3 An Accreting Body as a Foliation

An accreting body grows as a result of continuous addition of new layers of material
to its boundary. Therefore, it is natural to describe the accreting body in its material
manifold in terms of the geometry of the added layers, i.e., the geometry of foliations
in the language of differential geometry.® In this section, we describe the geometric
structure of the material manifold in terms of the growth quantities that were intro-
duced in Sect. 2. We follow the ADM formalism of general relativity, for which we
refer the reader to the seminal work (Arnowitt et al. 1959) or to the more recent
review (Golovnev 2013). As for some basic concepts of Riemannian geometry, geom-
etry of surfaces, and foliations, see the appendices.

8 We should mention that the idea of decomposing reference configuration of a body into two-dimensional
subbodies was investigated in the work of Wang (1968) on the so-called laminated bodies.
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Fig.7 A two-dimensional sketch of the local frames on M. It should be noted that the material unit normal
vector N is not the unit normal vector to ; in the “standard R3 sense”; it is with respect to the material
metric G

3.1 The Metric of the Material Foliation

The material manifold representing an accreting body can be seen as a foliated Rie-
mannian manifold, i.e., as a Riemannian manifold (M, G) partitioned into a collection
of surfaces (2, (N},), T € [0, T], with GT being the first fundamental form induced
by G on T'2;. The unit vector normal to each layer ©2; pointing in the direction of
increasing t is denoted by N;. Note that 2; is orientable being a subset of the bound-
ary of an orientable three-dimensional manifold, and thus, it is possible to define N,
globally. The associated 1-form is denoted by NZ. From here on we use letters from
A to G to denote indices in the set {1, 2} (layer indices), and letters from H to Z
for indices in the set {1, 2, 3} (3D indices). For the sake of simplicity, we drop the
subscript 7.

Let us fix some foliation coordinates (El, B2, 7). In the following developments,
we will mainly consider two moving frames—or local bases—on M (see Fig. 7), viz.

g:{a 0 9 _ kam @:{a 9 N} 3.1

AEIT 982 9t 0Bl 982’

The first frame is holonomic and is the one induced by the foliation coordinates
(2!, 22, 1), while the second frame is obtained by substituting U with N, and hence,
is in general anhonolomic. Their associated dual bases are

3 ={dzl g ar}, and §={6'6%6" =N} 3.2)

vl 2 o
NuotevthatudE1 # 6 , and qu # @ . In fact, setting § = {E{,Ey,E3} and § =
{E1, E>, E3}, one can write E; = EIAIi, where

1

N
10N! ) 10 -3
[A'i = 01N |, BA‘”YI]:= 01| (3.3)
00 N3 00 J
el
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i
The change of frame in terms of the co-frame fields is written as § = (A~ 1)1 01
with @7 indicating the 1-forms in the basis §*. Hence
N! .2 N?

1
=2 b~
mdf, 6 =dE —N3df, N N3df (34)

<1
—=de! -

With respect to the moving co-frame field § the metric is written as

S | ~ w2 w2~ owl w2 w2 o]
G=Gi110 0 +G»nb ®0 +G1n0 0 +6 0 )+N @N°. (3.5

Changing basis using (3.3), (i.e., Gy = (A_l)il Giy (A_l)jj) one obtains the metric
in the holonomic frame:

G =GdE' ®dE' + G»dE? @ dE? + G1» (dE' ® dE* +dE* ® dE')
N N? - N - N? -
<N3G11+ 3612) (dr ® d&' +dEl®dr)7(mG12+mG22> (dr ® d8* + dE? @ dr)
+ v 2G +2NINZG + N ZG L PR
— T T.
N3 1 (Nz)z 12 N‘é (N3)2
(3.6)

Therefore, the material metric has the following matrix representations in the two
moving frames

Gagp |0 G
[Gif]=| A8 7|, (G1=]| 748 |14 |, 37

0 |1 ng |G33

where the layer part coincides with the first fundamental form and has the same com-
ponents in the two frames as they share the two layer basis vectors. The components
N4, coming from the change of co-frames from §* to §*, constitute a 1-form ) repre-
senting the “shift” of the metric in the coordinates (E!, &2, 7). In particular, one has

na=Gas= (AN 4G4 N3, ke,

. NB
na = _GABF- (3.8)
As for the component G33, one has G33 = (A’l)igéij(A’l)jg, and it reads
G L (NAnEG +1 (3.9)
33 = (N*)z AB .

Using the same change of frame, one obtains the following representations of the
inverse metric G™! with respect to the two frames:

~AB ANB | NAN3
G”” + N°N” |IN“N (3.10)

sym ‘ (N3)?2
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3.2 The Curvature of the Material Foliation

Let us consider the following connections: (i) The Levi—Civita connection V on
(M, G), and (ii) the Levi—Civita connection V (or simply V) on each layer (Q2¢, Gr)
Since every leaf of the foliation is a surface in (M, G), on each layer the two connec-
tions V and V satisfy the Gauss formula:

VWZ = VyZ — G(VyZ,N)N, VY,Z e TS. (3.11)

The connections V and V have Christoffel symbols I' ;¢ and ' p¢, respectively.

Remark 3.1 As was explained in Sect. 2, Q|rq, = F|TQt = F/lrq,, so the first
fundamental form of the layer €2; is the pull-back of the first fundamental form of «
through the configuration map ¢y, i.e., G= 52 *(8lTw,) = ¢"(glTw,)- In other words,
2; and w; are isometric. Therefore, since V is the Levi-Civita connection for G it
can be shown that VWZ = Vng (FZ) for any pair of tangent vectors W, Z (Vg is
the covariant derivative induced on the surface w;). The connection V is called the
pull-back connection of V&. This property does not hold for the 3D connections V
and V& as G is obtained by “pulling back” g using Q, which does not constitute a real
pull-back because Q is not a tangent map (or a “deformation gradient”).

Remark 3.2 A measure of the anholonomicity of the frame § = {a% iz, N} is

given by the commutator coefficients 1! ik = [1:3 i E 1?] with E being 8% %,
or N.2 So one has

aNT

Yap=0, Yay=-"'ya= JEA” (3.12)

This means that the anholonomicity of § is given by the nonuniformity of the unit
normal vector with respect to F.!0 Since the Levi-Civita connection is symmetric
(I'! jx = I'! k; in a holonomic frame), one can write the commutator coefficients for

the moving frame { 9 , 9 N} as

9E!

9 The Lie brackets are defined in Appendix A.
10 The commutator can be calculated entirely with respect to the frame é, ie., ' ik = [E iz E k]l , which

has the following components
aNB  NB N3 __gN, L aN?
9EA N3 gEA” T N3

i v B v B
T Aap=0, Toun=—-"T"N4a=

Note that these coefficients do not constitute the components of a tensor, as they vanish in some frames (the
holonomic ones) and are nonzero in some other frames (the non-holonomic ones).
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where '/

|o;

g2, NL!

870 9

j & are the Christoffel symbols with respect to =1

=5

o]

Since the leaves are the level surfaces of t, one can write the outward normal
vector N and the associated 1-form N” in terms of the gradient of 7, i.e., in terms of
(Grad 7) = (d7)%. In particular, one has

Grad t b dr

- - 3.15
||Grad || ||Grad || ( )

These relations can be easily obtained from (3.10), as (Grad 7)! = G!/r,; =
G'783; = G'3. On each layer one defines the second fundamental form K as a
(g) -tensor defined as

K(Y,Z) = G(VYZ,N), VY,ZecTQ, (3.16)
so that Gauss formula (3.11) is written as

VyZ — VyZ = K(Y, Z)N. (3.17)

It can be easily shown that K is well defined and is symmetric. Moreover, the Wein-
garten formula reads

K(Y.Z) = —(WN’. Z), (3.18)
and in short K = —VN”. This allows one to obtain the components of the second
fundamental form:

INA 1 1 I3
Kap=———=+T Nr=T Ny = —=T . 3.19
AB axp T aBNi 4N = ~=17ap (3.19)

Remark 3.3 While the material first fundamental form G is the pull-back of the first
fundamental form g|7,,, on w;, this property does not hold for the second fundamental
form, i.e., K # ¢,*k. This is due to the fact that unlike the first fundamental form, K
is not an intrinsic object of a surface; it depends on the way the surface is embedded
in its ambient space. In the case of accreting bodies, the two ambient spaces M and
S (respectively for €2 and w) are not isometric, as the 3D metric tensors G and g are
mapped by the incompatible map Q. Therefore, for each layer in general K # ¢,*k,
even though for the first fundamental form one has G= g (see also Remark 3.1).

1 Note that the Christoffel symbols do not constitute a tensorial object; they transform in the following
way

Mg =@ hialjaker! e+ @ahialy e
where A11~ represent the change of basis given in (3.3), i.e., e = (A_l)iléi.

@ Springer



Journal of Nonlinear Science (2019) 29:1813-1863 1831

The Gauss equation relates the tangent part of R, which is represented by only
one independent component, say R 1212, to K and ’R that is represented by Ri212,
or by the Gaussian curvature g = det(GACKCB) = Ri212/ detG or by the scalar
curvature R = GABRCACB = 2g. It reads

Rapcp = Rascp + KapKpc — KacKpp. (3.20)
The Codazzi—Mainardi equations, instead, relate R to 6K, viz.
N¥Ruscp = NuR" gep = VpKpe — VeKpp. (3.21)

These equations express three components of R, namely R 1212, R1213, and R>123, in
terms of R and K. In other words, they describe the geometry of the non-Euclidean
3D accreted body in terms of the geometry of its layers. Note that the other three
components of the curvature tensor need more information than just the layer-wise
geometry.

3.3 The Geometry of the Material Foliation in Terms of the Growth Velocity

The growth velocity u can be decomposed into its parallel and normal components,
i.e., u = ul + u"n, where n is the unit normal vector to w pointing out of the image
of the body, and ul is the orthogonal projection of u onto T'w. Recalling that by
construction QU = u, for the material growth velocity U one can write

U=Q 'lu=Q 'u'+u4"Q"'n=Q v +u'N=Ul + U'N, (3.22)

where we define Ul = Q~!ull and UY = u" o ¢. Note that we have used the fact that
Q'n = N since the metric is transformed by Q itself.!2 Note also that G(U!l, N) = 0,
and so (3.22) is a unique orthogonal decomposition with respect to the material metric
G and the vector N. One can write Ul = U4 %, where the U#’s coincide with the

first two components of U with respect to 5= { 38:1 , a%’ N}. In particular, one has

9
U=U""—3 +UN. (3.23)

Comparing this with (3.3), one finds

N1 N2 1
1 _ 2 _ N __
U=y U=y U=
Ul U? 1
1 _ 2 3 _
N =05 N =5 N =ov (3.24)

12 Note that G(Q~'n, Q~'n) = (Q™*GQ~)(n,n) = g(m, n) = 1. Moreover, for any Y tangent to
there exists ay = QY tangent to w, so one has GQ 'n,Y) = GQ 'n, Q’ly) N A oo
g(n,y) = 0. Therefore, N = Q_ln.
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Hence

U4 9 1

_ b _ N
N=——yozrt gl N =0V (3.25)

Note that G33 = ||U||2G = ||u||§. From (3.8), the shift part is written as!3

na = GagU®. (3.26)

Therefore, the material metric and its inverse in the frame § read

~ = c ~AB | UAUB | _u4
(G,)] = Gap |GacU ’ [G”] _ G+ e |~ W (3.27)
7
sym | [|U] sym T

Using (3.27) to find the second fundamental form through (3.19), one obtains the
following expression in terms of the growth velocity and the first fundamental form
as

| B ~ ~
Kap=UNT?pp = sy (Vans + Viia — 3:Gag)
(3.28)

= 2U_N(GAC6AUC +GpcVaUS —0:Gap).

One can now write the derivative of the first fundamental form of each layer with

respect to T in terms of the material growth velocity, the first, and the second funda-
mental forms as

9:Gap = GacVAUC + GpeVaUC —2UNK 45. (3.29)

Note that 8; G 4 are the components of the tensor

~ d

(250 0,4) {6 (@ (25, 0))}. 330

s=1(X)

where @ indicates the material motion. Note that the map & o QD;(]X) is a diffeomor-
phism from {X € M|0 < t(X) < T —s}to{X € M|s < 7(X) < T}. The Lie
derivative of a (g)-tensoris given by (£z8)ap = 9cSABZC +SacIpZC +SpcdaZC,
and therefore, one obtains (EUG) AB = 07 G AB as the layer components of U vanish.

13 Indicating with g, the components of the first fundamental form of w (with respect to a coordinate
chart (€1, £2) on the surface), one also has 4 = Q94 0P B3 (0B cu = 0% pgacu®.
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Now it is possible to write the Christoffel symbols of the connection V in terms
of U, UV, and K (and of the coefficients of V). In particular, one has the following
expressions

- U
Mpc=Tpc — WKBC, (3.31)
UA UB
M, = Fi3 = N + KABW, (3.32)
UA 5 AUD N
M3 =T = —WBBUN —-uV [GAD + W} Kps + VaU?, (3.33)
1
My =y (anN + U, 0" + KABUAUB). (3.34)

Note that the coefficients (3.32), (3.33), and (3.34) are sums of terms that are tensor
fields in the layer tangent space 7'Q2, and hence, they are tensor fields. Note that T4 g¢’s
are not the coefficients of V, i.e., e #= f‘ABC, as K # 0.

As was mentioned earlier, the Gauss equation (3.20) gives Rjz12 in terms of R
and K, while the two Codazzi—-Mainardi equations (3.21) express Ri213 and R»123 in
terms of VK. Therefore, we still need to calculate the remaining three independent
components of R. In order to find them, one substitutes Egs. (3.31)—(3.34) into (A.18)
and obtains

NN Rjasp = (afKAB — VaVaUYN + UNKacKCp — £y KAB) . (339)

uN
with an abuse of notation £y Kap = (£y1K)ap. Note that from (3.20), (3.21),
and (3.35) one can obtain all the components of the curvature tensor R of the Rie-
mannian manifold (M, G) in the frame %* Therefore, we are now able to recover the
geometry of the 3D accreted body from the layer quantities G and K, and from the
material growth velocity Ul and UV (see Table 2).

Remark 3.4 If one assumes that the growth velocity is normal, i.e., Ul = 0, then, (3.35)
is simplified to read

1 -~
N'NRiass = T (a,KAB _ VUM + UNKACKCB> . (3.36)

__1
2UN
one also assumes constant U™, then one obtains

with K = 07 G AB- The expressions (3.20) and (3.21) remain unchanged. If

1
N'N'Riasp = 5 0:Kas + KacK g, (3.37)
with 3, Kap = — 515 8;0: G a.

2UN
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Table 2 Summary of the steps needed in the construction of the Riemann curvature tensor of the material
manifold (M, G)

Analysis of the local compatibility of an accreted body

1. Solve the accretion initial boundary value problem. This gives the first fundamental form
G, and the unit normal vector field N. Calculate Ull, UV, and the in- -layer Christoffel symbols
r4 pc- There are some cases, e.g., when the growth surface is fixed, in which one does not
need to solve the accretion initial boundary value problem as the material metric is known a
priori (see Sect. 5.1)

2. Calculate the second fundamental form K using (3.19)

3. Use Gauss’s equation to write the tangent part of the curvature Ropcp:
Rapcp = Rapep + KapKpe — KacKpp

4. Use Codazzi—Mainardi equation to find the components N HRua BC:
NARypep = NgR* pep = VpKpe — VeKpp

5. Use (3.35) to find the components N NX Ry 4 e p:

NIN'Rip8 = ULN (BTKAB —VaVeUN + UNKAcKC g — £y KAB)

For the sake of completeness, we calculate the Ricci and scalar curvatures. From
(3.20), (3.21), and (3.35) one can calculate the Ricci curvature tensor. In particular,

we consider components in the frame { N} where the material metric has

9
98’ 98 "2 ’
the representation (3.10). Notice that from the change of frame (3.3), for a 1-form «
one has ay = A’ ya;y = Na;. For the tangential components, one has

Rap = RacgpG P + N'N'Rjasp
= Rap+KacKSp — KcKap+ N'N' Ry, (3.38)

where (B.8) was used. The components (N, A) are calculated using (3.21):
N'Ria=N"RicapG P + N'N' N Ryjax =VcKk 4 —VaK ¢, (339)

with the term N'N/NKR; 74k = 0 by virtue of the anti-symmetry of R. For the
normal component Ry one writes

NINJRIJ = N]NJRIC“)GCD + NINJNKNLRIJLK

1
UN

(3.40)

(a,KCc —UNKC kP — AUN — UC?CUN) ,

vghere~ use was made of (3.29) and of the relation (£y (}) AB = GAC@BU ¢4
GpcVaUC. Expressions (3.38), (3.39), and (3.40) give the entirue“ Ricci curvature

tensor. Finally, one can calculate the scalar curvature R = Rj 7 Gl = Rup GAB +
NIN'R 1 of the material manifold, which reads

~ 2 - ~
R=R—-K°pkPc—KCcK -+ on (athc — AUN — UCVCUN). (3.41)
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4 Balance Laws and the Initial Boundary Value Problem of Accreting
Bodies

In Sect. 2 we defined the notion of an accreting body and a family of material manifolds
B;, t € [0, T]. We also defined a material metric on M, that was studied in detail
in Sect. 3, and that for most accretion problems is an unknown a priori as it depends
on the kinematics of the deforming body during the accretion process. Each of the
material configurations B; was therefore endowed with a metric obtained by restricting
G to B;, resulting in the identification of the pair (B;, G|p,) at time ¢ € [0, T']. This
constitutes the first step in formulating the accretion initial boundary value problem
(IBVP). The next step is to discuss balance laws and the constitutive equations for an
accreting body. These, together with initial and boundary conditions, define the IBVP
of accretion for the unknown motion ¢.

4.1 Balance of Mass

The material manifold is endowed with a volume form dV/, that in a coordinate chart
{X"} is defined as dV;;x = /det G €/, where €]k is the Levi—Civita symbol in
dimension three. Note that dV is well defined only for orientation-preserving changes
of coordinates. The Jacobian J (X, t) is a scalar on B, given by

[detgp(X. 1))
J(X,t) = —detG(X) detF(X,t). “4.1)
Evaluating at 7 (X), one obtains
Joo) = 8@ ) = det g(9(X)) det F(X)
det G(X) det [Q*(X)g(@(X)Q(X)]

_ detl_?‘ _ =
= Juig = (Q F) 4.2)

For any point X € M, U(X) points in the direction of increasing t, and therefore,
points outside of B;(x). Hence, the vector F(X)U(X) points outside of ¢, (5;). By
assumption Q(X) maps U(X) to a vector Q(X)U(X) = u(¢(X), (X)) that points
outside of ¢r(x)(Bz(x)), just as F(X ) does. On Tx 2. (x) the two tensors coincide.
Hence, since F(X) preserves orientation, so does Q(X). Therefore, det Q(X) > 0.
Since F|7rq = Q|rq, the tensor FQ ™! has the following representation with respect
to a foliation chart:

. 10 (0 HlF';
(o) iF =10 1 (@ DAF; |, (43)
0 0 (07H%F;

and so J = (Q~13; Fi5 = (dr, Q'FU). The Jacobian relates the volume forms in
the material and the ambient spaces as ¢;"dv = JdV, where dv is the standard volume
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form of the Euclidean space S. In this way, since f‘ﬂt(Bt) fdv = th (f o @) (pfdv),
one writes

/ fdv:/ Jf o dV. 4.4)
o (Br) B;

Each layer is in turn endowed with an area form dA, defined as dA;; = Vv det Ge 1J-
Note that the Jacobian of the map ¢|q is equal to 1 as €2; and w; are isometric.
Therefore, indicating with da the area form on w;,, one has dA = ¢*da, and hence

/ fda= | fogdA. (4.5)
Wy Q;

For an accreting body mass is conserved only away from the growth surface ;.
Unlike classical elasticity, mass is not conserved globally as new particles are joining
the body on its boundary. We indicate with pp(X) the mass density field in the material
manifold M, and with p(x, r) the mass density field in the deformed configuration
@ (B;). The local conservation of mass reads

po(X) = plp(X,0),NJ(X,1), XeM, t(X)<t=T. (4.6)

The total mass of the body at time ¢ is calculated as
Mo = [ ptend= [ mexav. 4.7)
@ (By) B,

where the equality holds by virtue of the local conservation of mass. Recalling the
definition of the frame §* given in (3.2), one writes

dV = /det[G,1dE" AdE? A dED = \[det[G};]8' A 6" A8
_ ( det[Gap 0" A62> AN, 4.8)

since det[G ;] = det[G 4 5] from the representation (3.7). Therefore, in the foliated
structure, the material volume form can be written as

dV =dA AN’ = UNdA A dr, (4.9)

as N’ = UNdr by (3.25). Invoking (4.9), one can now express the total mass as

t
M(t):/ </ ,oOUNdA>d1:. (4.10)
0 Qr

As was explained in Sect. 2.4, when stress-free material is added on the growth surface,
the accretion tensor Q is a local isometry, i.e., its Jacobian is 1, and hence, mass density
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Table3 History of a particle X in terms of the local deformation, Jacobian and mass density in the deformed
configuration right before attachment, at the time of attachment, and after attachment for ¢ € [7(X), T']

Local deformation Jacobian Density
Right before attachment Q(X) 1 po(X)
At the time of attachment F(X) T = $456% p(X)
After attachment F(X, 1) | B det F(X, 1) p(X, 1)

Note that a particle, in general, experiences a discontinuity in the local deformation at its time of attachment

of a particle before attachment is py (Table 3 recaps the history of deformation for a
single particle). Therefore, the rate of change of the total mass is written as

M(r):/ ,ooUNdA:/ pou" da, 4.11)
Q wy

as u" o ¢ = UV . This means that the rate of change of the total mass M (¢) is equal to
the flux of mass through the boundary of ;.

4.2 Constitutive Relations

We work in the context of hyperelasticity, i.e., we assume the existence of an energy
function of some measure of strain. The ((2)) right Cauchy—Green strain tensor is defined
as C” = ¢*g, and in components Cy; = F';F/ ;g;;. Its (}) variant C has components
Cl'y=G"HCy; = G F yFJ g;;. One defines F" as (F")!; = G!H Fhy gy,
so one has C = FTF. We assume the existence of an energy function W(X, C). Using
this function, the second Piola—Kirchhoff stress tensor S, the first Piola—Kirchhoff
stress tensor P, and the Cauchy stress tensor o are written as

ow 2

. ow
, ij— ZFi GIK
ack,” ° TNV ek,

< AW

—r pil —oFi,GIK
J

st =2G! Fly.

(4.12)

One can also express the strain energy density as a function of the deformation gradient,
and the metric tensors, i.e., W(X,F, G, g) = W F).!* Using this function, the
stress tensors are written as

. 0w . 1 .. oW

SI] Z(F—I)Il_gij aW , P Zgzj — o_lj Z_glj .
dF7; oF7; J© 0FJ;

(4.13)

Therefore, one obtains the constitutive relations for the stress tensors, e.g., P(X) =
PX,F,G,g).

14 Note that while a function W(X, C) is automatically objective, objectivity needs to be imposed on an
energy function W (X, F).
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Remark 4.1 The right Cauchy—Green strain tensor C explicitly depends on the material
metric G, which is determined by the accretion tensor Q, i.e.,

cly= N ig® O Y F ygnFI . (4.14)

Thus, it is possible to define the energy as a function W(X ,F,Q, g =
W (X, F,G(Q, g), g), which has the same form as the one usually considered in the
context of the multiplicative decomposition of the deformation gradient. As a matter
of fact, as was mentioned in Remark 2.11, this is one of the possible interpretations
of the accretion tensor. The tensor Q is in turn built from F and u. Therefore, one can
define a new energy function, viz. W(X,F,F,u,g) = W (X,F,Q(F,u), g).

4.3 Balance of Linear and Angular Momenta

The local balance of linear momentum can be obtained using covariance arguments
(Marsden and Hughes 1983; Yavari et al. 2006). For any point X in the interior of 5,
there exists an open setUd C B; such that 0L/ N9B; = P and X € U. Balance of energy
for such a subbody U/ is identical to that of a subbody in classical nonlinear elasticity
with the only difference being that the material metric is not known a priori. However,
this would not affect the covariance arguments. Covariance of energy balance for /
results in all the balance laws, and in particular, the balance of linear momentum,
which in terms of the first Piola—Kirchhoff stress and the Cauchy stress reads

DivP + poB = ppA, divEo + pb = pa, (4.15)

where b is the body force referred to spatial coordinates, B = b o ¢ is the body force
referred to material coordinates, and A = a o ¢ is the acceleration referred to material
coordinates. In components

VJPiJ + POBi = PoAi, ngaij + ,Obi = Pai- (4.16)

If an accretion process is slow, one can ignore the inertial effects. This is what we
will assume in our numerical examples. However, it should be emphasized that the
accretion theory introduced in this paper is not restricted to slow accretion processes.
The local balance of angular momentum follows from covariance of energy balance
as well and is expressed as PI/ F/; = PJ/ Fi, or equivalently, o'/ = o /i.

Invoking (4.4) and (4.9), the rate of change of linear momentum of an accreting
body is written as

d d d (!
—/ pvdv:—/ ponV=—/ [/ poUNVdA]dr. (4.17)
dr Jy, ) dt Jp, dr Jo /e,
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From Leibniz’s integral rule (% fot f(s,0ds = f(t,1) + fot %(s, t)ds, (4.17) is sim-
plified to read

d t
— [/ poUNVdA]drzf poAdV+/ poUNVdA. (4.18)
dr Jo [Ja, B, IR

Therefore, one can write the rate of change of linear momentum of an accreting body
as

d
—f pvdv:/ padv—}—/ pou’vda. (4.19)
dr Jy, ) ¢ (B)) w,

Recalling that pa = div8 o + pb, the rate of change of linear momentum reads

d
— pvdv = / pbdv + / tda + / pou"vda. (4.20)
dr @ (Br) @ (Br) A (By) Wy

Remark 4.2 On the growth surface wy, the traction vector can be decomposed as a sum
of a non-accretion part t"?, due to external loads and constraints, and an accretion part
t?, due to the flux of the new particles. Consider a particle that is about to join the
accreting body. From Table 3, one can write the mass 3-form of the particle before
attachment as dm = podv = pou’*da A dt. Since for a particle before attachment
J =1, 0one has dm = ppdV = poUYdA A dr. Right before attaching the body this
particle has velocity —u relative to the growth surface, and its absolute velocity is
v — u. After it joins the body it will have velocity v. Balance of linear momentum for
this particle in the time interval [¢, t 4 df] reads

(pouNda A dt)(v — u) + (—t*da) A dr = (pouda A dr)v, (4.21)
where —t%da is a vector-valued 2-form representing the force that the body exerts on

the particle. Therefore, the particle exerts the force t*da = — ppu"uda on the accreting
body. Hence

/ tda =/ t"*da —/ pou"uda. (4.22)
g (By) A (By) Wy

Therefore, substituting (4.22) into (4.20), one rewrites the rate of change of linear
momentum of the accreting body as

d

— pvdv = / pbdv + / t"*da + / pou” (v —u) da. (4.23)
dr o (By) @ (By) dg; (By) Wy

Note that when the growth velocity is small, the term t* can be neglected. If t"® vanishes
on wy, for small growth velocities, one can assume a traction-free growth surface.
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4.4 The Accretion Initial Boundary Value Problem

The motion of an accreting body is determined by solving the governing equations,
which consist of the equation defining the material metric G, the constitutive equations,
and the balance of linear momentum. To complete this set of equations, one needs to
impose initial and boundary conditions. At time ¢+ = 0 the accreting body By is
represented by the surface €29. We assume that the surface wg on which accretion
starts is known a priori, so one imposes ¢g = @, where ¢ : Qo — S and ¢(2p) = wyp.
We indicate with dy B; that part of d/3; where traction T is assigned (see Fig. 8). We
set Iy (B;) = ¢y (dnB;). The natural boundary conditions are given by

PYN; =T ondyB;, Vi €0, T],
or equivalently ai~/nj =t on ove:(By), Vtel0,T], (4.24)

where 7% = (ti Jy) o@. Jy is the Jacobian of the boundary motion, i.e., ¢;'da = Jyd A,
where J; = J/C!/N;N;. Note that P/ N; = UV P3. We indicate with dp5; the
part of 913, where ¢ is specified and note that dp¢;(5;) = ¢;(dpB;). The Dirichlet
(or essential) boundary conditions are given by

¢ =@ ondphB, vt €[0,T], (4.25)

where ¢, : dpB; — S is given. We assume that 03, = dyI5; U dp5;. However, in
general, there is no relation between the growth surface and the two portions of the
boundary just defined. In other words, one can have 2, N dpl5; # (¥, i.e., one can
impose essential boundary conditions on a portion of the growth surface. In summary,
the motion ¢ of an accreting body is a solution for the following accretion IBVP for
slow accretion:

G=QgopQ XeM,
P=PF, G g 0<t<T, Xehb,
DivP+p)B=0 0<t<T, Xe€B,

PN’ = T 0<t<T.XeaB, (4.26)
O =¢ 0<t<T, Xedph,
0o =¢ X € wy.

In the incompressible case, one needs a pressure field p as the Lagrange multiplier
associated with the internal incompressibility constraint J = 1. The accretion IBVP
in this case reads:

G=Q*(gopQ X eM,

P=PF, G, g+ pg’F* 0<t<T, XehB,

J=1 0<tr<T, Xehb,

DivP + poB = 0 0<t<T, XehB, 4.27)
PN’ =T 0<r<T, X e€anB,

o = ¢ 0<t=<T, Xe€dph,

po=¢ X € wyp.
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Fig.8 An accreting body in its
deformed configuration. Natural
boundary conditions are
assigned on 9y B;, while the
essential boundary conditions
are assigned on dp B3,

In Sect. 2.4 we showed that the Riemannian structure of an accreting body is
independent of the choice of the material motion, as any choice would result in a
material manifold in the same class of isometric Riemannian manifolds. It turns out
that the accretion IBVP is invariant under reparametrizations of the initial and boundary
data.

Proposition4.3 Let ¢’ : Qo — S be an embedding such that ¢'(29) = Q. Let
the displacement boundary conditions be modified such that on Qq they read ¢; =
@10 ¢ 0@ and on Q; they read ¢; = ¢, 0 ®; 0 ¢~ 0 ¢' o d; L. Then, the solution
@' of the accretion IBVP is such that ¢,(S2%) = ¢ () forall t € [0, T].

Proof Let us define the diffeomorphism A9 = ¢! o ¢’ of Qg into itself. This in turn

can be extended to a map A on the whole M such that A|g, = ®; 0o Xg o dDT_l, with
® indicating the material motion. It is now possible to define the motion ¢’ for the
accreting body such that ¢; = ¢] o A for any ¢. Note that this motion satisfies the
modified boundary conditions, and for t = 0 one recovers the initial condition ¢'.
Moreover, one has

@ () = (), Vi €l0,1], (4.28)

i.e., ¢ and ¢’ map the body B, into the same domain in the ambient space S, and
therefore, they define the same foliation on the same deformed configuration. Now
one needs to check if ¢ satisfies the accretion IBVP. The motion ¢’ defines a material
metric G’ through (2.16) and (2.18). Setting TA = A, since ¢; = ¢, o A one has
F(A (X)) = F/(X)A(X). Moreover, note that A does not change the family of material
trajectories of @, as it is straightforward to check that A(®;(Xg)) = D;(A(Xo)) for
any Xo € Q¢. Therefore, one has

U'(M(X)) = UL(X)) = AX)U(X). (4.29)

Similar to the proof of Proposition 2.7, one can use Q to show that G = A*G’, and
hence, ¢’ satisfies the accretion IBVP. 0O
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Fig.9 Accretion through a fixed surface. Left: the material manifold with layers with the time of attachment
equal to 0, #1, 7 and T'. Right: the deformed configuration at time 7'. All the layers are mapped by ¢ to .
The spatial growth velocity points outside of the body and v = —FU

Once the Riemannian manifold (M, G) has been determined, one can calculate the
residual stress field by solving the boundary value problem (no time is involved) with
B=0,and T =0 on oM.

5 Examples of Surface Growth

In this section, we discuss several examples of surface growth. We start with two
classes of accretion problems for which one can find some analytical results. We also
present some numerical examples of nonlinear accretion.

5.1 Accretion Through a Fixed Surface

Let us assume that the growth surface is subject to a constraint on its position (an essen-
tial boundary condition), i.e., at time ¢ the layer €2; is mapped to a time-independent
surface w C S, viz.

() =w, V1e[0,T] (5.1)

This occurs, for example, when new material is generated by some tracking cells
located on a rigid substrate (Skalak et al. 1997). An example of such a problem
was discussed in Tomassetti et al. (2016), albeit in a different framework. Under this
assumption, ¢ is not an embedding as it maps the entire three-dimensional manifold
M to the surface w (Fig. 9).

By virtue of the invariance under different choices of material motions (see Propo-
sition 2.7), one can define a material motion & such that the mapping ¢; 0 ®; = ¢ o Py,
that was defined in Sect. 2.2, does not depend on time. This means that given X € o,
all points on the material trajectory ®,(Xo) are mapped to the same point x € w,
vVt € [0, T]. With respect to such a material motion, the total velocity vanishes,
w = 0. Hence, from (2.10), one obtains v = —FU.
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Proposition 5.1 When the growth surface is fixed, the Riemannian material structure
is independent of the history of deformation during accretion.

Proof Since ¢ is given, Q is determined as Q|7q = T¢|rq, and of course, QU = u.
Therefore, the material metric G = Q*gQ is known before solving the accretion
IBVP, and so are all the derived quantities, e.g., the material Christoffel symbols, and
curvature tensor. O

Consider the definition of the Lie derivative of the first fundamental form of the

layers in (3.30). As G= ©*(8l7w,) (see Remark 3.1), one can write

~ d
LuG(X) = e

. (@ o ®, o cI>§<1x))* [g|Tw, ((gﬁ 0 ®, o <1>;(1X)) (X))] . (5.2)

Since the map ¢ o @y does not depend on s by assumption, one has £uG = 0. In
components, d;G4ap = 0. Note that even for such a material motion, in general,
d;: Kap # 0 (see Remark 3.3).

Example 5.2 (Stationary growth surface with normal growth velocity). Let us assume
that the growth surface is stationary and that the growth velocity is everywhere normal
to the growth surface, i.e., u! = 0. Therefore, one has Veul = 0. Since V is the
pull-back connection of Ve through Q|7q = F'TQ (see Remark 3.1) and since Ul =
Q 'ul, one has VU! = 0 as well. Therefore, from (3.28) one obtains K = 0 on
every material layer.!> Note that vanishing of the second fundamental form of the
material layers does not imply the flatness of €2 when the material ambient space is
not Euclidean (this is clear from the Gauss equations). From (3.20), (3.21), and (3.35)
one obtains

~ 1 -~ -
Ragcp = Rapep. N'Riapc =0, N'N'Rjajp = _WVAVBUN~ (5.3)

Knowing that UN =u"o @, one has @A@B UN =Fa, Fbgﬁga @gbu” (@ is the pull-
back connection of V& using F). This means that under the hypothesis of stationary
growth surface and uniform tangential growth velocity (or, in particular, pure normal
growth velocity), the material manifold of the accreted body is locally flat if and only
if w has zero Gaussian curvature and @Za%éhun =0.

Example 5.3 (Different growth velocities for a fixed planar growth surface). In this
example we compare two problems with growth velocities with the same normal
component and different tangential components. The stationary growth surface is an
infinite plane. Let us consider a Cartesian coordinate chart (x, y, z) for the ambient
space, with the growth surface parametrized by (x, y, 0). We define the following two
growth velocities:

15 In fact, vul = 0, and so the first two terms of (3.28) vanish. As for the third term, note that since every
point on a 7-line is mapped to the same point on w, the components of F|7q are constant along 7, i.e.,
d: F' 4 = 0. Therefore, 9; G 4 = 0;(F' g F/ B&ij) = 0, as the components of the ambient metric on a
fixed surface are constant along 7 as well.
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x2

Wl=| o | Jur]=| 5 5
°, °

where L is some characteristic length. From Example 5.2, we know that u induces
zero curvature tensor. As for the case with u’, we take the lower half space as material
manifold, and fix coordinates X, Y and 7 = —%. It is straightforward to compute the
accretion tensor and the induced material metric:

_IO—Xe_gu
[@ys0]=]01 "o |
100 —u
i 1 0 —%ef)gu
[G},(X)] (@) = 0 1 o (5.5)
_—%e_%u 0u® + f—je_zi%zﬂ

and hence, the inverse material metric and the unit normal vector field read

X
e 7 0 e X,
L
(@) ] = o 10 | [e]=] "o
_xZ 1
(5.6)
Thus, one obtains the following layer quantities:
[Gh00] = [ o] [0re0)] e
= , = L ,
AB 01 0
L2ox? ~%
UHN@) =u, [Kap(X)]= [ K Oe o ﬂ (5.7)
Hence, using (3.20), (3.21), and (3.35), the curvature components read
Riyin =0, N"Rjypc =0,
2
L4—10L2x248x* ,—2%5
[VINE Ry g0 = | = O (5.8)
0 0
In particular, N'* N'KR}, . (0) = —ﬁ. Non-vanishing curvature components,

revealing the presence of residual stress, imply that the two descriptions u and o’
are not equivalent. This example shows that it is necessary to take into account the
tangential component of growth velocity if the accretion process requires it. In other
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words, it is not possible to reduce a general accretion problem to a normal flux of
mass.

5.2 Accretion Through a Traction-Free Surface

Let us now assume that the growth surface is traction-free. For this class of problems,
we have the following result.

Proposition 5.4 Let the energy function W be rank-one convex.\° If the growth surface
is traction free, then F = Q. Moreover, on the growth surface the growth velocity u is
tangent to the ¢; images of the material trajectories of ®, and w = u + v.

Proof The two tensors F and Q already have the same in-layer component, i.e., F|7q =
Q|rq- Hence, one only needs to determine the component FU.'7 Note that Q and F
are rank-one connected as F — Q = (FU —u) ® dt = z ® dr, where z = FU — u.
Let us define F(s) = (1 —5)Q+-s F =Q+sz®dr, where Q = F(0) and F = F(1).
Let us now define the function P(s) = P (F(s)) that evaluates the constitutive part of
the first Piola—Kirchhoff stress tensor along the curve F(s). Then one can write

ldwmm»d

1 R dFl
s = W(Q) +f Pl (s5)—2L ds
ds 0 ds

WE=W@+A
1

= W(Q)+/ P (s)7 ds. (5.9)
0

Rank-one convexity of W implies that the integrand f(s) = 75i3(s)zi is monotone
increasing. Note that

f) =Pro)d =Pl (A% = %ﬁiN(s)zi, (5.10)

where use was made of the change of frame (3.3). Now one has to make a distinction
between the compressible and the incompressible cases. In the compressible case, the
hypothesis of traction-free growth surface implies ;¥ (1) = 0, and so f(1) = 0. In

16 An energy function at a point X is rank-one convex if
WX, F+s520¢) < WX, F) +sW(X,F+z2®2¢),

for any F, any spatial vector z € TxS, any linear form ¢{ € T, and 0 < s < 1. One can show that
rank-one convexity is equivalent to the monotonicity of the function f(s) = P(X,F+s5z2®¢) : (z® ¢).
Rank-one convexity is a necessary condition for quasiconvexity (and polyconvexity), which is related to
the existence of minimizers of the total energy functional in hyperelasticity (Ball 1976).

17 Note that by hypothesis PN = 0, which in the compressible case reads P (F)N = 0, and provides three
scalar equations for the three unknowns represented by the components of FU. A solution is clearly given
by FU = u, which means that F = Q as the two tensors already agree on the layer. However, this does
not need to be the only solution because of the nonlinearity of the equations. In the incompressible case,
things are slightly more complicated due to the presence of an unknown pressure field p that changes the
zero-traction condition to PN = P(F)N + P(F*IN)n = 0. We use an energetic argument and rank-one
convexity of the energy function to show that F = Q is the only solution.
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the incompressible case, the zero-traction condition does not apply to the integrand
f(s). However, one can write f(s) = g(s) + h(s), where g(s) = P;3(s)z', and
h(s) = —p(F —1y3,(s) z'. The zero-traction condition is written as g(1) = 0, which
implies that £(1) = h(1). Note that (F~1)3;(1) = (F~1)3;, and hence, one has

Fy = —p (FY i = —p (i) 1 (Fs = @'5) = p [(F‘)3,-Q"3 - 1} .

(5.11)

On the other hand, from incompressibility detF/detQ = 1, or equivalently,
det(F~1Q) = 1. From (4.3) one obtains (F~1)3; 0’3 = det(F~!Q) = 1, and hence,
f() = 0. Therefore, in both the compressible and incompressible cases one con-
cludes that f(s) < 0forany O <s < 1, by virtue of the monotonicity of f. Thus, the
integrand in (5.9) is non-positive and this means that W(F) < W (Q). Note that since
the material metric has been built such that Q is an isometry,'® W attains its minimum
only at Q and at those F’s that are equal to Q up to rotations of the ambient space.
Therefore, W (F) = W(Q), and F = RQ, where R is a rotation of the ambient space.
But since F|7q = Q|7q, one concludes that F = Q.

Finally note that at any time ¢ the material trajectories are mapped by ¢; to curves
with tangent vector F,U. On the growth surface their tangent vector is simply FU,
that we showed is equal to u. Moreover, by virtue of (2.10), when F = Q we observe
that the total velocity can now be written as w = u + v, which is sometimes called
“accretion law” (Metlov 1985). This means that the accretion surface w;, moves with
velocity u + v, with v being the “standard” spatial velocity. O

Remark 5.5 In both the compressible and incompressible cases F = Q implies that
the deformation gradient on the growth surface is an isometry. However, while in
the compressible case, one can conclude that the growth surface is stress-free, in the
incompressible case one has P = pg?Q~*, which in general does not vanish.

One may ask if the accretion model is invariant with respect to different spatial
growth velocities in some equivalence class. It turns out that for problems with traction-
free growth surface the answer is yes. But first one needs to define equivalent growth
velocities. If the growth surface has a boundary, we indicate with t; a vector tangent
to the curve dw;. Two spatial growth velocities u and u’ are said to be equivalent if

(i) (d(rop ™), w) = (d(rog "), y), Vi €0, T];
(i) If dw; # @, then Vt the vectors uy, uy, t; on dw; are linearly dependent.

Note that the map t o ¢; —1 defines a foliation on ¢ (By), and hence, property (i)
implies that the two velocities must have the same out-of-layer component in order to
be equivalent. Note that this component does not depend on the map ¢ ; it is the same
for any map ¢, that preserves the foliation, viz.

18 Equivalently, one can say that the material metric is the right Cauchy—Green strain tensor associated
with the accretion tensor Q (see Remark 2.11).
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o) =¢[(2) = d(tog H=d(xog, ™. (5.12)

This property can also be expressed as g(u;, n;) = g(u’;, n;). Property ii) implies that
u; must lie in the plane spanned by u; and t;. It can also be expressed as g(t; X u;, u;) =
0. In some cases, u admits an equivalent velocity u’ that is normal to the growth surface.
This is always the case when wy is boundaryless, e.g., when w; = d¢;(13;), or when u
is normal to w; on dw;.

When a body grows without undergoing any deformation, one trivially has Q = F,
and v = 0. Therefore, the growth surface moves with velocity w = FU = QU = u,
i.e., only due to the addition of new material. In this case the description of the accretion
process is not altered if one replaces the prescribed growth velocity u with an equivalent
growth velocity u’. Accretion with no deformation is a very special case, so now one
may ask the following question: Is an accretion problem affected by the choice of
equivalent spatial growth velocities? The answer is yes, as was shown in Example 5.3.
Nevertheless, there are some cases in which two equivalent growth velocities give the
same solution for the accretion IBVP. To this extent, the next result tells us that under
the hypothesis u = FU one can work with equivalent growth velocities. By virtue of
Proposition 5.4, this means that when accretion occurs through a traction-free surface,
equivalent growth velocities can be used interchangeably, and one can work with a
normal growth velocity, provided that it is equivalent to the prescribed one.

Proposition 5.6 When F = Q, the accretion boundary value problem is invariant
under different choices of equivalent spatial growth velocities.

Proof Letu’ be a spatial growth velocity that is equivalent to u. Take a motion ¢’ such
that

(i) s (Q) = () Vi <5, (HFU=u'. (5.13)
As a matter of fact, one can always choose a map ¢’ that satisfies (i). Note that for any

time ¢ the mappings ¢; and ¢; define the same foliation on the deformed configuration.
This implies that the two vectors FU = u and F'U are equivalent because

(d (vo <p;1) ,FUI> - <d(t o), F,U,> — (7, U) = (d(r oY), F;Ut>

=(d(rou ™). Fui), (5.14)

while on dw, the vectors FU and F'U necessarily differ by a vector tangent to dey.
Therefore, F'U is equivalent to u. Then one simply chooses ¢’ such that (ii) holds.
The tensor Q' associated with the motion ¢’ is given by

Q'(X) = F(X) + [u(¢/ (X)) - FOUX)] @ dr. (5.15)
Therefore, one has u(¢’ (X)) = F/(X)U(X). Next define the map

A M—> M

, -1 (5.16)
X — (‘pr(x)) (‘pr(X)(X)) )
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which is well defined because of property (i). Note that if ¢ is invertible, one can write
A = (@) o @, satisfying A(;) = ;. Since both ¢ and ¢’ are invertible on each
layer, A is invertible. Let us define G’ to be the material metric associated with the
motion ¢’. We claim that G’ = A*G. To show this we directly compute the tangent
map A =Tx:

1 1
—1 —1
ol 3(90/ ) <a<p’< gk ot )+3(€0’ ) ot

A, = = o
= 9x7 axk ax7 " o ax/ 3 ox’
t=1(X)
_ I _ ot _ 1 0T
— /—1 k k /—1 k
= (7 >k<F’+”aXf>_<F ) w ax7
_ 1 _
- (F’—l) LFK . (5.17)

Therefore, one obtains F(X) = F A (X))A(X). By hypothesis and property (ii)
of (5.13), the material metrics are written as

G(X) = FX)*g(@(X)F(X), G'(M(X)) = F (LX) *g(@' MX))F (A(X)), (5.18)
and hence

G(X) = AX)*F'(L(X)* gle(L(X))) F' (X)) A(X)
= A(X)* G’(A(X)) A(X). (5.19)

This means that G = A*G/, i.e., the two Riemannian manifolds are isometric. By the
same argument used in the proof of Proposition 2.7, if ¢ is a solution for (M, G), then
¢’ will be a solution for (M, G'). O

Example 5.7 (Radial growth of a cylinder). We now demonstrate how the accretion
theory developed so far can be used in a simple example of accretion through a
traction-free surface, namely the radial outer accretion of an infinitely long cylinder
(see Fig. 10). The simplicity of this example is due to its symmetry, which makes it a
one-dimensional problem. Following the procedure explained in Sect. 2, first one needs
to define a material manifold with a material foliation (M, t). Let us consider cylindri-
cal coordinates (®, Z, R), R > Ry, on R3. We define foliation coordinates (©, Z, 7)
with T = t(R), which is required to be invertible because of property (iii) of Sect. 2.1,
such that its inverse R(7) satisfies 2% (1) = u(t), i.e., R(t) = Ro + Jo u(¢)de." Let
(0, z, r) be the cylindrical coordinates on the ambient space. We consider only those
configurations for which (®, Z,t) — (®, Z,r(t,1)), i.e., those that preserve the
axial symmetry. Therefore, one obtains the following tensors:

19 This can be pictured as a reference cylinder that grows at the same rate as prescribed by the spatial
growth velocity u(¢) . This also represents the configuration of the body in the case where no deformation
occurs during the accretion process.
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. 9 .
[F’J(r, z)] — diag (1, 1, é(r, r)) , [Q’,(z)] — diag (1, 1, u()), (5.20)

and so the metric, its inverse, and the unit normal field read
: -2 2 1J : 1 1
(G1s(0)] = diag (), 1.w*(®) . [6"(0)] = diag ( = 1. ,
P2 () u(r)

[N’(r)] - [0 0 ﬁ] . (5.21)
With these one can calculate all the quantities involved in the accretion IBVP in terms
of the unknown 7(7) and the input u(7) (see also Sozio and Yavari 2017), where we
solve the IBVP for accretion problems with cylindrical and spherical symmetry). We

next focus on the layer-wise geometry of the material body described in Sect. 3, and
obtain the following objects:

[GAB(r)] — diag (fz(t), 1) , [GAB(r)] — diag (ﬂ% 1) ,
[UA(I)] —0, UN@) =u). (5.22)

The material second fundamental form is calculated using (3.28) and reads

1

1 ~ .
[Kap(D)] = =5 — [9:Gan(r)] = diag ( e

2u(t) r(o)ri(r), 0) . (5.23)

Note that all the layer Christoffel symbols I'4 ¢ are zero because G does not depend
on the layer coordinates (®, Z), and hence, R4pcp = 0. Therefore, the tangential
component of the curvature tensor vanishes, because

Ri212 = Ria12 + K12K21 — K11K22 = 0. (5.24)

Moreover, from (3.21) one has
1 - -
;RSABC =VpKpc —VcKpp =0. (5.25)

The only non-vanishing component is given by (3.35) and reads

1 1 r _ i
u_2R3232 = ;31 K2 + KacK€) = -3 (u'F' —ur"). (5.26)

This means that the accreted solid is Euclidean if and only if /7' — ur” = 0, i.e., if
and only if

T o) T
F(r) = ro + wo / o T gr — 4 20 / u(®) de, (527)
0 uo Jo
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Fig. 10 Radial growth of an infinitely long cylinder. Left: the material manifold at time . It is chosen such
that the external radius grows at the rate u, the growth velocity in the physical space. Right: the deformed
configuration at time ¢

where the integration constants are ro = 7(0) and wg = 7'(0), while ug = u(O).20 In
the case of constant growth velocity u(t) = ug, (5.27) is simplified to read 7(t) =
ro + wot, and the accreted solid is Euclidean if and only if 7 is linear in time. This
can be achieved when there is no deformation during the growth process, resulting in
7(t) = ro + uot. Note finally that in the case of non-simply connected bodies like
this one, the vanishing of the curvature tensor alone does not guarantee the absence
of residual stresses; additional conditions need to be satisfied (Yavari 2013).

5.3 Numerical Examples

Next we consider some examples of both fixed and traction-free growth surfaces,
where we numerically solve the accretion initial boundary value problem. In the case
of traction-free growth surface, one needs to solve the IBVP in order to determine
the Riemannian material structure of the accreted body. We will also calculate the
residual deformations and stresses when all the loads are released after completion of
accretion. For solving the numerical examples in this section, we use a finite difference
scheme that has recently been developed for accretion problems (Sozio et al. 2019).
See also Sozio and Yavari (2017), where accretion problems with axial and spherical
symmetry were numerically solved.

We restrict our calculations to neo-Hookean solids. Note that, as was mentioned in
Sect. 4.3, the strain tensor C explicitly depends on the material metric G, which for

20 1f the growth surface is traction-free, from Proposition 5.4 one obtains F= Q,ie., g—i(r, ) = u(t).
Then, one has

., or ar _
w(t) =r(1) = —(7,7) + — (7, 7) = u(r) + v(7),
at Jat

and so one recovers w = u + v. In Sozio and Yavari (2017), we assumed %(T* 7) = u(t) a priori, which
is now justified by Proposition 5.4 as we were dealing with a traction-free growth surface. However, we
should emphasize that, in general, this does not hold when traction does not vanish on the growth surface.
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accretion problems is an unknown that is calculated after solving the accretion IBVP.
In particular, for the compressible case we choose the following energy function

W(C) = % [tr C — 3 — In(det C)] + % («/detC - 1)2 , (5.28)

where A and p are two material parameters. Note that det C = J 2. From (4.12) one
obtains the following constitutive equation for the first Piola—Kirchhoff stress tensor:

. . . J . J
P = p [G’HF’H _ gt (F_l) h} YA =gt (F—l) he (5.29)

In the incompressible case, the energy function has the form W(C) = % [tr C — 3],
and the first Piola—Kirchhoff stress tensor then reads

. . . J
PV = uGMFy 4 pagh (F71) (5.30)

where p is the Lagrange multiplier associated with the internal incompressibility con-
straint J = 1.2! For two-dimensional elasticity, all the equations for both compressible
and incompressible solids are the same except for the term —%M in the energy func-
tion (5.28), that becomes —p in order to have a vanishing energy density for C = I.
It should be emphasized that the Cauchy stress explicitly depends on the material
metric G. It should also be emphasized that we assume that the residually stressed
body is isotropic in its stress-free state; in its current configuration the body may not
be isotropic.

We work with dimensionless quantities normalized with respect to some length
parameter L, the accretion time 7', and the shear modulus i, whose values are problem
dependent. All the contour plots show the value of tr C. The lowest values are in purple,
while the highest ones are in yellow.

Example 5.8 (Two-dimensional accretion through a fixed curve). In this example we
consider the accretion of a two-dimensional body through a fixed curve (see Sect. 5.1).
The body undergoes deformation and stress not because of the presence of external
forces, but due to the geometry of accretion constraints. The growth curve w is a
half circle of unit radius, represented in Cartesian coordinates as the lower half of
the circle {(x,y) € R?|x> + y?> = L, y < 0}. The material ambient space M is
a rectangle on which one defines material coordinates (X, 7) that map it to the unit
square [—%, %] x [0, 1]. The material growth surface €2; is represented by the line
[—%, %] x {t}. Since this is a fixed growth surface problem, one is able to calculate
the material metric before solving the accretion IBVP. The map ¢ sends 2; to @ and
can be represented by the time-independent pair (x(X), y(X)) given by

21 The coordinate-free constitutive expression for the (}) variant P” of P with components P; J = 8ij piJ,
is written as

| S (FT - F_l) FAJU = DFL, PP = uFT 4 pFL

for the compressible and the incompressible cases, respectively.
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X X
x(X) = Lsin T y(X) = —Lcos A (5.31)

Note that X can be seen as the angular coordinate on the half circle scaled by the factor
%. We assume that the growth velocity, with components (v, w), is always normal,
although not uniform, viz.

v(X) = —u(X) sin %, w(X) = u(X)cos %, (5.32)

with u(X) being the norm of the growth velocity. This allows one to write

Jx
) == v(X) ncos——u(X)sm
ioxl=1%" = ,
[Q /" )] |:§—§ w(X)i| |:71s1n— u(X) cos X i|

L
7* 0
[Grr(X)] = [ 0 MZ(X)]. (5.33)
Note that the material Gaussian curvature reads g(X) = —u”(X)/u(X), so the

accreted body is Euclidean for growth velocities that are linear in X or in the angle on
the circle. As the body is simply connected, the vanishing of the curvature implies the
absence of residual stress in the relaxed configuration. In the case shown in Fig. 11,
the material is incompressible neo-Hookean. The growth velocity is assumed to be
u(X) = 1.25L/T. Since it is constant, the accreted body is Euclidean and the relaxed
configuration is simply given by [—%5=, Lz L] x [0, uT]. The total area at the end of
accretion is therefore mu LT .

Example 5.9 (Two-dimensional accretion through a fixed straight line). Another exam-
ple is given by the accretion of a two-dimensional body through a fixed growth surface
represented by a straight line with a general growth velocity. The fixed growth surface
w is represented by [—%, %] x {0}. The material ambient space M is a rectangle on
which one defines material coordinates (X, 7) in the set [—%, %] x [0, T']. The map

¢:|q, can be represented by the identity on the interval [— %, %]. Therefore, indicating
with (v, w) the components of the growth velocity, the accretion and material metric
tensors are written as

i _ T v(X) 1 v(X)
[QJ(X)]—[Ow(X)] [Gu(xn—[v(x) U(X)2+w(X)2]- (5.34)

The Gaussian curvature reads

VXY (OW'X) VO + X (X)) w'(X)
w(X)3 w(X)2 w(X)

g(X) = (5.35)

When the growth velocity is normal to w, i.e., when v(X) = 0, one has g(X) =
—w”(X)/w(X).

We consider two cases, one with a non-uniform normal growth velocity, and one
with a growth velocity with a uniform normal component and a non-uniform tangential
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t=0.25 t=0.5 t=0.75 t=1
T

Fig. 11 Growth through a fixed half circle: The deformed configuration during accretion at four different
times. The growth velocity is u(X) = 1.0%, and hence, the accreted body is Euclidean and the relaxed
configuration is given by [—%, %] x [0, u]. The material is incompressible neo-Hookean

t=0.25 t=0.5 t=0.75 t=1
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Fig. 12 Growth through a fixed straight line: The deformed configuration during accretion at four different
times
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Fig. 13 Growth through a fixed straight line with a non-uniform normal growth velocity. Left: the material
manifold with the coordinate frames {9/9X, d/dt} distorted by Q. Right: the residually stressed configu-
ration (the lighter colors correspond to larger values of stress)

component (a two-dimensional simplified version of Example 5.3). In both cases, the
material is incompressible neo-Hookean. The first case is shown in Fig. 12, where we
consider v(X) = 0, w(X) = acos %, with the requirement b > % as w has to be
strictly positive. In particular, we choose a = %%, b = %L, so that %% <wX) <
%%. Thus, one finds

1 0
0 a2 cos

1
(Gry(X)] = [ 2 5} , 8X) == (5.36)
b

b

This means that the accreted body is isomorphic to a portion of a sphere of radius b.
Therefore, the accreted body is not Euclidean and once the accreted body is released
(no body forces and tractions) it will be residually stressed (see Fig. 13). The total area
at the end of accretion is 0.620L%. The second case is shown in Fig. 14, and we consider
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t=0.25 t=0.5 t=0.75 t=1
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Fig. 14 Growth through a fixed straight line: the deformed configuration during accretion at four different
times
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Fig. 15 Growth through a fixed straight line with a non-uniform normal growth velocity. Left: the material
manifold with the coordinate frames {9/9X, d/d7} distorted by Q. Right: the residually stressed configu-
ration (the lighter colors correspond to larger values of stress)

v(X) = %%, w(X) = a. Wechoose a = £, b = 2L, and s0 0 < v(X) < 3£
Hence
Gy (X : X X : 5.37
[G1s(X)] = —;—,’X;ﬁ—;Xz—i-az , &l )—_ﬁ- (5.37)

This means that the accreted body is isomorphic to a portion of a pseudosphere of
radius b. Since the Gaussian curvature is nonzero, the accreted body will be residually

. . . 2
stressed (see Fig. 15). The total area at the end of accretion is LT

Example 5.10 (Two-dimensional accretion through a traction-free growth curve) In
this example we consider the accretion of a two-dimensional body through a traction-
free surface. We are interested in the effects of external loads on the material
characteristics of the accreted body. We consider a body which is the result of a
vertical deposition process. We assume that the growth surface at time r = 0 is given
by [—%, %] x {0}. The growth velocity is defined on either the lower or upper bound-
ary of the body w; and is vertical and constant in time. We assume that throughout
the accretion process the configuration of the accretion surface w; is given by points
(x, f(x,t)) for some time-dependent function f so that the vertical addition of mate-
rial on the entire upper boundary will always be possible. This allows us to take a
simply connected material manifold, for example the rectangle [— %, %] x [0, #]. The
accreting body is subject to Dirichlet boundary conditions on either its upper or lower
boundary.
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Fig. 16 Accretion through a traction-free line in the presence of a uniform body force. The growth velocity
and the body force vectors are pointing in the same direction. The deformed configuration during accretion
at four different times

t=0.25 t=0.5 t=0.75

Prrttts

AN

Pttt
Pretttt

Fig. 17 Accretion through a traction-free line in the presence of a uniform body force. The growth velocity
and body force have opposite directions. The deformed configuration during accretion at four different
times

We consider the example of an accreting body subject to a vertical and uniform body
force. We solve the problem for two cases: (i) when the body force and the growth
velocity have the same direction (Figs. 16, 18), and (ii) when they have opposite
directions (Figs. 17, 19). Note that since this is a traction-free accretion problem, the
Riemannian geometry of the material manifold is not known a priori. In both cases,
the material constitutive model is assumed to be nearly incompressible neo-Hookean,
i.e., the energy function is given in (5.28). We choose A = 10u, u(X) = 1.0% and
I ob ||= 1.5% in tension and 0.95% in compression. Notice from Figs. 18 and 19 that
the outcome of the process in the two cases is different. This is due to the fact that the
load, and hence, the deformation histories are different. For example, the final area is
0.899L2 in case (i), and 1.08L2 in case (ii).

6 Conclusions

In this paper we introduced a geometric model for the nonlinear mechanics of accret-
ing bodies. This problem was studied in the most general framework, without any
symmetry assumptions and allowing finite deformations. This is a highly non-trivial
problem as the final mechanical characteristics of an accreted body depend on the
deformation the body is experiencing at the time at which each layer is added. In this
formulation the stress-free (natural) state of an accreting body is a time-dependent
Riemannian manifold with a time-independent metric that is non-flat, in general, and
is defined through the introduction of a new object—the accretion tensor—that can
be interpreted as the anelastic part of the deformation gradient. The material metric,
and consequently the Riemannian structure of a material manifold, depends on the
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Fig. 18 Accretion through a traction-free line in the presence of a uniform body force. The growth velocity
and the body force vectors are pointing in the same directions. Left: the material manifold with the coordi-
nate frames {d/0X, d/07} distorted by Q. Center: the residually stressed configuration (the lighter colors
correspond to larger values of stress). Right: the set ¢ (M). Note that in this case the map ¢ is an embedding
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Fig. 19 Accretion through a traction-free line in the presence of a uniform body force. The growth velocity
and the body force vectors have opposite directions. Left: the material manifold with the coordinate frames
{0/0X, d/0t} distorted by Q. Center: the residually stressed configuration (the lighter colors correspond
to larger values of stress). Right: the set ¢(M). Note that in this case the map ¢ is an embedding

growth velocity and the state of deformation of the body at the time of attachment
of the new material points. In order to express the material metric in terms of the
growth velocity a material manifold is constructed using Riemannian geometry and
the theory of foliations. In this accretion theory the Riemannian material structure is
not known a priori; the material metric is calculated after solving the accretion initial
boundary value problem. We formulated the accretion initial boundary value problem,
which is defined on a time-dependent domain. We studied two classes of accretion
problems where the growth surface is either fixed or traction free. In the first case,
the material structure of the body is known a priori. In the second case, we provided
some analytical results. Solving several numerical examples allowed us to show how
non-Euclidean solids are generated through different types of accretion processes,
and how the material geometrical structure of such bodies are related to the accretion
characteristics.

We should emphasize that our geometric accretion model is not a coupled theory.
We assume that the growth velocity is a given vector field on the boundary of the
deformed body. However, in a coupled theory of accretion, it would be one of the
unknown fields. In this paper we assumed that this vector field is given and focused
our attention on formulating the nonlinear elasticity problem, and in particular, on
the incompatibilities induced by accretion. Extending the present theory to consider
the coupling between mass transport and elasticity will be the subject of a future
communication.
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Appendices

We tersely review some elements of Riemannian geometry, geometry of surfaces and of
foliations, and the geometric theory of nonlinear elasticity and anelasticity. For more
detailed discussions, see Marsden and Hughes (1983), Camacho and Neto (2013),
Yavari (2010), Yavari and Goriely (2012a).

A Riemannian Geometry

For a smooth n-manifold M, the tangent space to M at a point p € M is denoted
T, M. A smooth vector field W on M assigns a vector W, to every p € M and
p = W, € T, Mvariessmoothly. A 1-format p € Misalinearmapi : T, M — R.
Inalocal coordinate chart { X4} for M, (A, U) = Ax UK, where U € T, M. The vector
space of 1-form at p € M is denoted with T;‘ M. A smooth differential 1-form assigns

al-formd, toevery p € Mand A, € T;‘M varies smoothly. A type (; )—tensor at
p € M is a multilinear map

r times s times

T:TyMx - x TyMXTyMx - x T,M — R. (A.1)

In a local chart one has
TA ... AU Uy =Thby ol s ol vl AL

An (©)-tensor field is a smooth map p — T,. A Riemannian manifold is a pair (M, G)

where G, the metric tensor field, is a field of positive-definite (g)—tensors. If U and
W are vector fields on M, then p — G,(U,, W;,) =: (Up,, Wy)g, is a smooth
function. A metric tensor can be used to raise and lower indices. Given a 1-form A, we
indicate with A% the vector with components G’/ A ; (the G!7’s being the components
of the inverse metric, i.e., G;;G’'X = §X), while given a vector U, we indicate with
U’ the 1-form with components G; ;U .

Suppose N is another n-manifold and v : M — A is a smooth and invertible map.
If W is a vector field on M, then ¥,W = T - W o ¢! is a vector field on v (M)
called the push-forward of W by . Similarly, if w is a vector field on ¥ (M) C N,
then ¥*w = T (™) - w o ¢ is a vector field on M that is called the pull-back of
w by . Let us denote F = T'¢. In the local charts {X} and {x’} for M and N,
respectively, F (a two-point tensor) has the following representation (when v is a
deformation mapping, F is the so-called deformation gradient of nonlinear elasticity)

F=F! i@dxl F! _ (A.3)
- Iaxi s I—axl» .
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where { % } is a basis for T), M and {dX '} is a basis for T$(p) ¥ (M), the co-tangent

space, i.e., the dual space of Ty )y (M), or the space of co-vectors (1-forms). The
push-forward and pull-back of vectors have the following coordinate representations
(Vs W) = F*, WA and (Y *w)4 = (F~1)4,w?. The push-forward and pull-back of
1-forms are defined as (Y A), = (F~1H)A,A4,and (Y*A) a4 = F?4r,. We sometimes
indicate them with (F~1)*A and F*A, where F* is the dual of F and is defined as

* i 1 0
F*=F'1dX ® —. (A.4)
ax!
The push-forward and pull-back of an (g)—tensor field are given by

(w*T)il”.irjl'~~jx = Fil Iy --- Fir Iy TII."Ir JioJs (F_I)Jl jl tet (F_l)]sjs’

! B e . (A5)
@ty o= (FYI L (FTY e e FI L F s

Suppose (M, G) and (N, g) are Riemannian manifolds and ¢ : M — AN is a
diffeomorphism (smooth map with smooth inverse). Push-forward of the metric G is
a metric on (M) C N, which is denoted by ¥, G and is defined as

WGy (p) (Wypys Wy () 1= Gp (VW) . (Y7 W))) . (A.6)

In components, (¥+G);; = (F Ol (F-1y/ ;G- Similarly, pull-back of the metric
g is a metric in ¥ ' () € M, which is denoted by y*g and is defined as

(v'e), (Up. Wp) = gu(p) (00 . (W) - (A7)
In components
(V*8)as = F*aF’gap. (A.8)

If g = ¥, G, or equivalently, G = ¥*g, v is called an isometry and the Riemannian
manifolds (M, G) and (N, g) are isometric. Note that an isometry preserves distances.

A linear (affine) connection on a manifold B is an operation V : X' (B) x X (B) —
X (B), where X (B) is the set of vector fields on 13, such that VX, Y, X1, X», Y1, Y; €
X(B),Y f, f1, f» € C®(B),Yay,a € R:

D Vaxi+px,Y = [1iVx, Y + 2Vx, Y, (A.9)
ii) Vx(@Y1+axY2) =a;Vx (Y1) +axVx(Y2), (A.10)
i) Vx(fY) = fVxY + (Xf)Y. (A.11)

VxY is called the covariant derivative of Y along X. In a local chart {X'}, Vy, 05 =
'K, 0k, where T'X;; are Christoffel symbols of the connection and dx = P
are natural bases for the tangent space corresponding to a coordinate chart {x4}. In
components the covariant derivative of a tensor field reads
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aw!
(VuW)! = 8X—HUH + T g wkUH, (A.12)
while for a field of 1-forms one has

E)Y
(Vur) = aX—HUH — Tk yggut. (A.13)

The previous relations can be generalized to tensors as

aTll...Ir
8X[;1.4.J: UH + FIIHKTK”'IVJL,.JSUH 4.

—rK gl UM, (A.14)

(W) =

A linear connection is said to be compatible with a metric G of the manifold if
Vx (Y, Z) ¢ = (VxY, Z)c + (Y, VxZ)g , (A.15)

where (., .))g is the inner product induced by the metric G. It can be easily shown
that V is compatible with G if and only if VG = 0. A linear connection is said to be
symmetric if VW — VwU — [U, W] = 0, with [U, W] indicating the Lie brackets
of Uand W, i.e., (U, W]/ = W/, ; U’ —U!,; W/. The symmetric connection that
is compatible with the metric is called the Levi—Civita connection and its Christoffel
coefficients read

3GHJ 8GHK 3GJK
r’';x =c'® — . A.16

K axk tox7 T oxA (A.16)
The Riemann curvature R associated with (M, V) is a (;)-tensor defined as

RX,Y)Z =VXVWZ - VyVXZ —Vixy|Z VX, Y,Z e TM, (A.17)

where R(X, Y)Z stands for the contraction R ;7 XXY™ Z7 . In a local coordinate
chart {X*}, the components of the Riemman curvature tensor read

arlyy arlyy
aXL axXM

R jim = + 0y oy =Tl yyTH . (A.18)

The Ricci curvature R is defined as R;; = RE 1y J and is a symmetric (g) -tensor. The
scalar curvature R is defined as R = Ry x G'X. In dimension three only six compo-
nents of R are independent and the Ricci curvature fully determines the Riemannian
curvature. In dimension two R contains only one independent component so it is fully
determined by the scalar curvature. A metric whose Levi—Civita connection has zero
curvature is said to be flat and is locally isometric to R” (see the different versions of
the Test Case Theorem in Spivak 1999).
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B Geometry of Surfaces

For our purposes, a surface is a two-dimensional submanifold €2 of a three-dimensional
manifold M (for details see do Carmo 1992). The ambient manifold M is endowed
with a metric G that, in general, is not flat. The surface 2 inherits a metric G — the
first fundamental form — from G, such that

G(Y.Z)=G(Y,Z), VY,ZeTq. (B.1)

On an open set one can define the unit vector N normal to €2, i.e., a vector field such that
1) G(Y, N) = 0 for each tangent vector Y, ii) G(N, N) = 1. It is globally defined only
when 2 is orientable. We also define the associated 1-form N” such that (N°, X) = 0
for any X € T, and (Nb, N) = 1, which can be obtained by lowering the index of
N, i.e., N] = G]jNJ.

The two Levi-Civita connections V on (M, G), and V on (2, G) satisfy the Gauss
formula

VyZ = VyZ — G(VyZ,N)N, VY,Z e TS. (B.2)

This means that V is the tangent projection of V. The second fundamental form K is
a (3)-tensor defined as

K(Y,Z) = G(VYZ,N), VY,ZcTQ. (B.3)
Then, Eq. (B.2) can be rewritten as
VyZ — VyZ = K(Y, Z)N. (B.4)

It can be easily shown that K is well defined and symmetric. Moreover, since
Vy (G(Z,N)) = Vy0 = 0 for any pair Y, Z € T2, one has

K(Y,Z) = G(VyZ,N) = —G(Z, VyN) = —(VyN’, Z), (B.5)

which is known as the Weingarten formula, and in short it reads K = —VN”.

An adapted chart & on &/ C M has the property E(U N Q) = V x {0} with
V C R2. In other words, the surface is locally given by 3 = 0 and (E', E?) are
coordinate functions on € N U. We use letters from A to G to denote indices that
span {1, 2} (layer indices), and letters from H to Z for indices that span {1, 2, 3} (3D
indices). The components of the second fundamental form can now be obtained using
the Weingarten formula:

KAgz—%—l—FIABNI =N1FIAB=LF3AB (B.6)
aXB N3 ’ '

where all quantities are referred to an adapted chart.
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The Riemann curvature tensor R on (M, G) was introduced in Appendix A. One
can define in the same way the curvature tensor R for (2, G). In components one has

= oM pp  lcp | - = = =
R*pcp = 3%XC_ ~ 3xD +T el pp —T4pelFes. B.7)

The curvature tensor has 16 components but, as mentioned earlier, only one is indepen-
dent. Hence, it can be expressed by the scalar curvature R, or by the Gaussian curvature
g = det(GA€ K¢p). It can be shown that R = 2g and gdetG = %R det G = Ry212.

The Guass equation relates the tangent part of R to R and K. In components, it reads
Ragcp = Rapep + KapKpe — KacKpp. (B.8)

When the ambient space (M, G) is Euclidean the Gauss equation provides an expres-
sion for the curvature of the surface, viz. Rapcp = KacKpp — KapKpc. The
Codazzi-Mainardi equations relate ‘R to VK. In components, they are given by

NARupcp = NuR" pep = VoKpe — VeKpp. (B.9)

When the ambient space (M, G) is Euclidean the Codazzi-Mainardi equations enforce
the symmetry of the tensor V4 K pc with respect to all permutations.

C Geometry of Foliations

Let M be an n-dimensional manifold. An (n— 1)-foliation (or foliation of codimension
1) is an atlas of charts ({4, E,) (a in some index set 7) such that E,(U,) = V, x I,
withV, cR*land I, c R open sets (see Fig. 20). For further details see Camacho
and Neto (2013). The coordinate charts E, are called the foliation charts. When this
property holds, one obtains a partition of M as a collection {2;},cr of embedded
submanifolds of dimension two — the leaves of the foliation. In particular, a Rieman-
nian material manifold (M, G) is partitioned into (n — 1)-dimensional Riemannian
submanifolds (2, (}T) with T € R. The metric (}T on the layer 2 is inherited from
G, i.e., it is defined as

Fig. 20 Foliation charts. Left: sketch of two overlapping local charts in 2D. Right: sketch of a foliation
chart in a 3-manifold
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Gr(Yrs 2.)=GY:,Z;), VY., Z; €T, (C.1DH

and constitutes the first fundamental form of the layer.
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