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THIS PAPER presents a theory of residual stresses, with applications to biomechanics,
especially to arteries. For a hyperelastic material, we use an initial local deformation
tensor K as a descriptor of residual strain. This tensor, in general, is not the gra-
dient of a global deformation, and a stress-free reference configuration, denoted 4,
therefore, becomes incompatible. Any compatible reference configuration %, will, in
general, be residually stressed. However, when a certain curvature tensor vanishes,
there actually exists a compatible and stress-free configuration, and we show that the
traditional treatment of residual stresses in arteries, using the opening—angle method,
relates to such a situation.

Boundary value problems of nonlinear elasticity are preferably formulated on a
fixed integration domain. For residually stressed bodies, three such formulations nat-
urally appear: (i) a formulation relating to % with a non-Euclidean metric structure;
(ii) a formulation relating to %y with a Euclidean metric structure; and (iii) a for-
mulation relating to the incompatible configuration %. We state these formulations,
show that (i) and (ii) coincide in the incompressible case, and that an extra term
appears in a formulation on %, due to the incompatibility.

1. Introduction

ESSENTIALLY all blood vessels, and soft tissues in general, are subject to a resid-
ual stress when the applied load is removed. Although several studies had
recognized the existence of residual stress in unloaded arteries, it was not until
VAIsHNAV and VossouGHI [1] and FUNG [2] reported their results that atten-
tion was drawn to residual stress in biomechanics. The residual stress in arteries
is a compressive stress at the inner boundary and a tensile stress at the outer
boundary. In addition, arteries may also experience residual stress in the axial
direction. Residual stress is important from a physiological point of view since it
redistributes the total stress and also gives a more uniform stress distribution;
this is advantageous from an optimal operation point of view, since each part of
the vessel wall carries a similar load.
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Over the last decades, it has been suggested that growth and remodeling of
the tissue may cause the residual stress, see the pioneering work in RODRIQUEZ
et al. [3] and SKALAK et al. [4]. The term growth refers to a local process that in-
creases the mass of the tissue, while remodeling is a change in the tissue structure
that is achieved by reorganizing the existing constituents or by producing new
constituents with a different organization. Both processes are natural processes
in biological tissues and play an important role in the adaption to changes in
their environment.

The general theory that we will use to model residual stress in this paper
goes back to several sources, discussed by MAUGIN [5]. Firstly, it relates to the
multiplicative decomposition of the deformation gradient, often used in plas-
ticity theory. Secondly, there is the geometric line of development, initiated by
Kondo with important contributions by TRUESDELL and NOLL [6] and NOLL [7].
Finally, there is the development of configurational or material forces of Eshelby,
recently discussed by GURTIN [8]. This presentation will combine ideas of in-
compatible reference configurations, inherent in a multiplicative decomposition
of the deformation gradient, with a geometrical viewpoint. Initial inspiration for
this work was provided by the explicit construction of the incompatible reference
configuration in JOHNSON and HOGER [9], and the use of the theory of Kondo
in a biomechanics context by TAKAMIZAWA and MATSUDA [10].

When dealing with arteries, the prevailing method of describing residual
stress is the opening—angle method, proposed by CHOUNG and FuUNG [11], see
also STALHAND et al. [12], and STALHAND and KLARBRING [13]. The method
is based on the assumption that a radially cut artery opens up into a stress-free
circular sector, the cut-open state. The residual strain is taken to be the strain
produced by the deformation map shown in Fig. 1, i.e., the closure of a circular
sector.

7 B

Fic. 1. A schematic picture of the opening-angle method. To the left is the cut-open confi-
guration % with the opening angle ®o and to the right is a residually stressed configuration.
@ is a circumferential coordinate, and R; is the inner radius in the cut—open state.
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A more complete approach to residual stresses in arteries can be built on
a general theory of residual stress as described above. One may then think
that to obtain a stress-free configuration, the single cut of Fig. 1 is not enough
(a thought supported by experiments). In fact, one can consider the idea that
the body needs to be cut into infinitesimally small parts to become stress free.
For a rotationally symmetric structure, as an artery, we may then think of
concentric infinitesimal cylinders. A local tangent map K, as shown in Fig. 2,
then represents the initial strain. Such a method was used for identification of
residual stresses in OLSSON et al. [14].

P
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F1G. 2. A residually stressed reference configuration %y is locally relaxed to form the stress
free but incompatible configuration 4.

In this paper we will show that the the opening—angle method is included in
the general method. The connection is based on the result that when a certain
curvature tensor vanishes, there exists a stress-free compatible reference con-
figuration of the body, see BLUME [15] and KLARBRING and OLSSON [16], and
related work in STEINMANN [17] and GANGHOFFER and HAUSSY [18].

A configuration of a body, denoted by 4 in this paper, is a set in the physical
space occupied by material points. It is useful to take a such particular config-
uration, denoted by %, as a reference, and any other configuration can then
be mapped one-to-one onto this reference configuration. In the classical theory
of elastic bodies it is usually assumed that %, represents a stress-free state
to which the body may relax when all external loads are removed. However,
in the more general theory, which is necessary for modeling residual stresses,
we may only assume that this relaxation takes place locally for each mater-
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ial point. This leads to an incompatible, but stress free, reference configuration,
denoted Z in this paper. Thus, for a residually stressed body two essentially dif-
ferent reference configurations appear: the residually stressed, but compatible,
configuration %, and the stress-free but incompatible configuration %. When
formulating the boundary value problems of static elasticity, it is necessary to
decide which of these two reference configurations to use as a fixed integration
domain. TAKAMIZAWA and MATSUDA [10] used %y, but concluded that the ini-
tial stress induces a possibly non-Euclidean metric and the integration domain
becomes a general Riemannian manifold. NOLL [7], on the other hand, states the
equilibrium equations in relation to 4, but concludes that a non-classical term,
due to incompatibility, appears. In the present paper, these results are given
in a uniform setting and a second formulation on %, that uses the Euclidean
metric, is given. We do not make any definite conclusions as to which of the
formulations is to be preferred in a particular application, but we do find the
result that the non-Euclidean structure of the natural equilibrium equation on
Py disappears for an incompressible material. The derivation of the equilibrium
equation of NOLL [7] is based on a generalization of Piola’s identity to the in-
compatible situation. A direct proof of this generalized Piola identity is given in
the Appendix.

2. General theory of a residually stressed body
2.1. Geometry

Let an elastic body be represented by a subset %, of the three—dimensional
physical space with the Euclidean metric . A differentiable one—to—one map f
deforms this body into another subset, say 4, with the Euclidean metric g, i.e.,

%y — AB.

We call %, a reference configuration (later we will construct other reference
configurations) and 2 a spatial configuration. These and other configurations
appearing in the theory are shown in Fig. 3.

Let the coordinates (X!, X2, X3) represent a point in the reference config-
uration and (z!,22,23) a point in the spatial configuration. We will use the
abbreviation X4 and z%, respectively, for these coordinates. The deformation

can then be written in component form as
2% = f4(XHL X% X3, a=1,2,3.

Since f is differentiable, we can construct a tangent map (deformation gradient)
F with components
afe

ro, =2
AT XA
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Fic. 3. Configurations, i.e., sets in the Euclidean space, used in the theory. f and ¢ are
point mappings, while F and K are tangent maps. The drawing alludes to an arterial
geometry, but is generally valid.

The deformation gradient is a two—point tensor that maps tangent vectors in
Py into tangent vectors in A, i.e.,

F: Ty, — Ty,

where Tp, and Tz denote the union of all tangent spaces (tangent bundle) in
PBy and A, respectively.

For later use we introduce the Einstein summation convention: for any term
involving indices, a summation is enforced for an index that appears both as an
upper and a lower index. Note also that we use lower case indices when referring
to # and capital indices when referring to .

It is often assumed that the body in an unloaded reference configuration is
stress free. This cannot be assumed to be generally true. As an example, take
a thin rubber tube and turn it inside out. This inverted tube is unloaded but
it is not stress free. A radial cut will relieve the stress and the tube will try
to obtain its original shape. This example shows that an unloaded body is not
necessarily stress free, and if our constitutive material law is such that it refers
to a stress free state, as an hyperelastic law usually does, the choice of reference
configuration must be made carefully.

Now, the reference configuration %y introduced above cannot in general be
assumed stress free. However, for an elastic body, it is true that each infinitesi-
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mal part of %A, or any other configuration, can be made stress-free by removing
(cutting) it from the main body and letting it deform independently of its neigh-
bors into a stress free state, see JOHNSON and HOGER [9] and TAKAMIZAWA and
MATSUDA [10]. This local deformation can be described by an invertible two—
point tensor K~! that takes vectors in a tangent space of %, and places them
into another tangent space. This later space is here taken as a tangent space of
a subset Z of the physical space with Euclidean metric ~, i.e., as T. Thus,

2.1 K': Ty — T
0 PB

Since rigid body rotation is not accommodated by stress, we may assume that
K~ ! is determined by unloading only up to such a rigid body rotation. The
stress that may exist in the configuration % is termed initial stress and should
be distinguished from the stress that exists in a particular spatial configuration
P that is free of external loading, which is called residual stress. The inverse of
K~!, denoted K, may be called an initial local deformation.

Care should be taken in interpreting the subset Z: since the mapping (2.1)
is only between tangent spaces, any point mapping between %, and % is im-
material. For instance, it is plausible, and sometimes preferable, to let the sets
Ay and A coincide. Moreover, the tensor K~! is certainly not, in general, the
gradient of a deformation. An intuitive view of % may be that it is a subset of
Euclidean space where we have placed, at each point, an infinitesimal, locally
deformed, material part, which does not fit together with its neighbors. In other
words, it is an incompatible configuration of the body.

Since the material in % is considered to be stress free, for a hyperelastic
material, it is the local deformation out of this state that determines the stress
in a general spatial configuration %. This local deformation is a composition of
K and the deformation gradient F', and can be written

H=FK, H:T;— Ty

By introducing Greek indices when referring to %, we can write this total tan-
gent map in components as

H, = F*4K4,.

Volume elements (or forms) defined on the tangent spaces of the three con-
figurations %y, % and %, are denoted dvg,, dvg and dvz, respectively. These
volume elements are related by the determinants of the tangent maps, i.e.,

(2.2) dvg = det Fdvg,, dvg, =detKdvy, dvg = det Hdvg,,

where the last equation is a consequence of the first two. Note that the determi-
nant of a two-point tensor depends on the metrics of the two involved manifolds.
This fact is of some importance in Sec. 4.2, where further details are given.



THEORY OF RESIDUAL STRESSES ... 347

__ Defining density functions pg, p and prer on the configurations %y, # and
A, conservation of mass implies pdvyg = prerdvgz = po dvg,, and we then get
from Eqgs. (2.2) that

(2.3) pdetF = pg, pdetH = prer, podet K = prer,

where the first two equations imply the last equation. The index Ref is used to
indicate that the density of a stress-free material may act as a reference and as
a known quantity in many natural problem formulations.

In the following we are particularly interested in the case when the material
is incompressible, which, as discussed in OLSSON et al. [14], we take to imply
that

(2.4) detH=detF =detK =1,
and which, with (2.3), gives p = po = pPRef-

2.2. Balance and constitutive laws

The material is assumed to be hyperelastic with a strain—energy per unit
mass ¥. Since 4 is regarded as stress free and the tangent map H = FK
is a local deformation out of this state, it is natural to take ¥ as a function
of H. Furthermore, objectivity requires that ¥ depends on H only through a
dependence on the right Cauchy—Green deformation tensor Z with components

Zop = H g H'5.

That is, ¥ = ¥(Z). This assumption is used together with the energy equation,
with heat flux terms neglected:

(2.5) oV = c™dy,

where the superimposed dot means rate of change with respect to time, o

the components of the Cauchy stress tensor, and dg; are the components of the
rate—of-deformation tensor. Standard arguments then imply that

ow
Hb;.
“0Zas "

are

(2.6) 0% =2pH®

For an incompressible material, the constraint (2.4) implies that the argu-
ments that produced (2.6) as a consequence of (2.5) have to be modified. Instead
of (2.6) we arrive at

ov

2.7 b — _pg® 4+ 2pH ———
(2.7) o pg™ +2p 7.3

b
H’g,
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where ¢ are the components of the inverse of the metric g and p is a multiplier
sometimes called the hydrostatic pressure.

Finally, we need an equilibrium equation. On the domain % we classically
have the following equation:

(2.8) Vyo® + pb® =0,

where b® are the components of an external force per unit mass vector and Vy
is the covariant derivative associated with the metric in A.

2.3. Existence of a stress-free compatible reference configuration

Now, it does happen in special cases that, in addition to the incompatible
configuration 4, there exists a compatible stress-free configuration of the body.
In fact, as will be shown in Sec. 3.2, the opening angle method is based on
such an assumption. However, in this section we will still be concerned with the
general situation, which was discussed in TAKAMIZAWA and MATSUDA [10] and
in KLARBRING and OLSSON [16]. It was concluded in [16] that an important
theorem can be framed in terms of the curvature tensor R of the strain—like
tensor m with components

- —1\8
(2.9) map = (K1) % 7ap(K™) ",
where 7,3 are the components of a Euclidean metric tensor on 2. The tensor m
is a metric tensor, but not generally a Fuclidean metric tensor. The components
of the curvature tensor read

0 K 0

Rapep = mpk (8XBF AC — aXiAfgc + el g — FLBCFII(,A) )

where F{ic are the Christoffel symbols of the second kind of m viewed as a
metric in Ay. The theorem is a slight reinterpretation of a result of BLUME [15]
and says that if % is simply connected and the curvature tensor vanishes, then
there is a mapping ¢! from %, to a subset % of the Euclidean space with
metric v* such that

e H2 , a1’

(2.10) oxA lad HxB :(Kfl)aA’Yaﬁ(Kfl)ﬁB‘

This means that K~! and the gradient of ¢! have the same stretch tensor and
differ only by the product of an orthogonal tensor. Note that this correlation
is local with the orthogonal tensor being possibly different at each point. The
mapping ¢! is locally invertible, but not necessarily globally invertible, e.g., its
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image could be overlapping. Assuming, however, that % is properly chosen so
that ! is globally invertible, we can define ¢, the inverse of ¢!, as a mapping
from 2 to %y, see Fig. 3.

We now show that % can be used as a global compatible stress-free config-
uration on which stress calculations for the hyperelastic material can be based.
Define, in the usual way, the deformation gradient of the composite mapping
f o (Fig. 3) as the tensor with components

o _ O(fop)"
(2.11) HY = T

where (£1,£2,¢3) are coordinates in the set %; such coordinates are labeled by
Greek indices with a superposed tilde. Equation (2.10) then implies that

(2.12) H® = H% Q%,,
where Q&are the components of an orthogonal tensor Q mapping from a tangent
space of # to a tangent space of . Note that orthogonality of such a two-point
tensor means that y* = QT yQ. It can be shown, by use of Eq. (2.12), that (2.6)
can be rewritten as

2.13 o = 2pH [P
(2.13) PH's =

af
where ¥ = ¥(Z) = W(Z) for Z and Z related as Zag = QgZ&~Qg

In analogy with (2.7), a constitutive law similar to (2.13) holds for the in-
compressible case.

Thus, in conclusion, when the curvature tensor R vanishes on %, then there
is a stress-free compatible configuration % of the body (possibly cut to make
simply connected) and we can use this configuration as our reference configura-
tion when calculating the stress.

3. Arterial geometry

In many applications an artery can be modeled as a rotationally symmetric
body that also retains this symmetry when loaded. Therefore, when applying
the theory of the previous section to arteries, we will use cylindrical coordi-
nates which are denoted (R, 0, Z7) in %, and (r,0, z) in A, respectively. These
coordinates refer to radial, tangential and axial directions.

The mapping f is taken to be a radial expansion, or shrinking, of the cylinder,
ie.,

r= f"(R), 0 =0, z=1,
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with non-zero components of the deformation gradient given by

_ df"(R)

F'p= TR Flg=1, F?, =1.

The incompressibility constraint (2.4), det F = 1, implies that

(3.1) r= f"(R) = /R?*— R? + 2,

where R; is the inner radius of the cylindrical tube %, and r; is the inner radius
of the similar cylinder 2.

As indicated above, it is only the tangent spaces of %, and not the set itself,
that play any direct role in the general theory. Therefore, without any loss of
generality, we will let % coincide with the set %y. The latter set now has a dual
interpretation: it is a compatible configuration of the body, but it is also a set
where we have placed individually unloaded parts that form an incompatible
body structure. As a consequence of this identification, the tensor K will map
both from and to T, and its components will be indicated by indices R, ©
and Z, only. For simplicity, these components are assumed to form a diagonal
matrix, i.e. only K®p, K€g and K%, are assumed to be non-zero. Furthermore,
to comply with the assumption of rotational symmetry, they are also assumed to
depend only on the radial coordinate. Moreover, the incompressibility constraint
(2.4) indicates that K€9 = (K% K%7)~!. The non-zero components of the
tensor H then become

R
\/R? — R? +r?

We now conclude, through the constitutive equation (2.7), that given a con-
figuration # and boundary conditions, the stresses are determined by KFg,
K? 7 and R;. In particular, if 2 is an unloaded configuration the residual stresses
are in this way parametrized by Kz, K%, and R;. In the next subsection we
will see that the case of constant functions K% and K< has played a central
historical role in the mechanical modeling of arteries.

The stress boundary conditions on the cylinder & are that a constant pres-
sure A acts on the inner surface, with radius r;, and that the outer surface, with
radius 7, is stress free. Moreover, from (3.2) it follows that H, and, thereby,
from the specific form of g for cylindrical coordinates, also Z, depend on the
radial coordinate only. It was shown in OLSSON et al. [14] that if the material
behavior, i.e., the strain energy ¥, varies only in the radial direction, then the
equilibrium Eq. (2.8), with b* = 0, implies that

(3.2) H g = KB, H9g=(KfRrK?;)', H?,=KZ%,
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e the hydrostatic pressure p depends on the radial coordinate only,
e everywhere in 4 it holds that

(3.3) o =" =0,

e and

(3.4) A= / <r099 - "T> dr.

Note that the stress components in (3.4) are tensor components and, thus, do
not have uniform physical dimensions.
Condition (3.3) is a constraint on the functional form of the strain energy.

3.1. An identification problem

When substituting (2.7) into (3.4), the hydrostatic pressure cancels, and
(3.4) becomes a condition which relates constitutive constants and initial strain
parameters to the pressure. Thus, a relation of the following form is obtained:

(35) A= )\(K,KRRa KZZ7Ri7Ti7r0)7

where Kk is a vector of constitutive parameters. This equation may be used to

161
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F1G. 4. The fitting of the model, in the least square sense, to measurements from SONNESON
et al. [19]
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state an inverse identification problem: if a series of measurements of pairs (A, 7;)
are at hand, we may attempt to find (x, K®r, K%z, R;,r,) such that the mea-
surements fit the predictions from (3.5) as closely as possible, e.g., in the least
square sense. Such identification results were reported in OLSSON et al. [14].
In vivo measurements of pairs (A,r;) on an abdominal aorta of a 47 year old
female were taken from the study of SONNESON et al. [19]. The strain energy
function was taken from HOLZAPFEL et al. [20], meaning that k contains three
parameters. The fitting between model and measurements is shown in Fig. 4.

3.2. Compatible stress-free reference configuration

The prevailing method for describing residual strains and stresses in arteries
is the opening—angle method, proposed by CHOUNG and FUNG [11], see Fig. 1.
This method is based on the assumption that a radially cut arterial segment
opens up into a stress-free circular sector (often referred to as the cut—open
state). That is, we have a situation as the one described in Sec. 2.3 where a
curvature tensor is zero and there exists a mapping ¢!, which is the mapping
that together with f describes the opening of the cut arterial segment. We may
view the cutting as producing a simply connected domain. The coordinates of the
circular sector 2 (see Fig. 3) are denoted (R, 6,z ) and the composite mapping
f o, for an incompressible case, is defined by

R2 — R2 ~ -
(3.6) r= a4 aéRz + 72,

where R; is the inner radius of the circular sector 4, § is its axial elongation
and « describes the opening angle. From (3.6) we calculate the components H%
as defined in (2.11):

N R -0 ~
A = A% =a, Hz=0

vV aé\/RQ — 15%2 + aér?

The stresses can be now be calculated by use of a constitutive equation, and,
thus, for a given configuration 4 they are represented by the three parameters
o, 6 and R;. In the treatment of the arterial geometry by the more general
method above, we concluded that stresses for a given 9 were described by two
functions K p and K%, and a constant R;. If we assume that the two functions
are constant through the thickness of the artery, the stresses are again described
by three parameters. Therefore, we may expect that there is a particular choice
of constants K p, K?, and parameter R; that will make this special case of
the general method identical to the opening—angle method. The key to such



THEORY OF RESIDUAL STRESSES ... 353

an identification is Eq. (2.12). This equation describes how local deformations,
calculated by means of reference configurations % and %, respectively, need to
be related in order to give the same stress. Equation (2.12) holds if

- - R -
(37) QRR = 17 QQG = E: QZZ = 17
and
R
. Kfp=—" K?,=5.
(3 8) R CY(SR’ Z 5

The orthogonal tensor represented by (3.7) is such that material line elements
form the same angle with coordinate surfaces in both 2 and 2.

From (3.8) we see that the functions K% and K5 are constant when R/R
is so. This happens for a particular choice of R; and R;. By identifying (3.1) and
(3.6) we can calculate the function ¢. In particular, the radial coordinates are
related as ~ .

R? o R?
S ad T as
Thus, if parameters are set so that R? = R?/ad, then the factor R/R = v/ad is
constant and the opening-angle method can be mimicked by the general method
with constant tensors Kp and KZ, and this particular choice of R;. Note
that for other choices of R;, i.e. of 4, the general method can still contain the
opening-angle method but not by a choice of constant functions Kr and K% 5.

R2

4. Riemannian manifold

4.1. The tensor m as a metric on %,

The three configurations %, %, and % and their coordinates have been as-
signed three metric tensors. The components of these metric tensors are denoted
Yos: Gap and ggp, respectively. Now, on the set % it is also interesting to use
the tensor m, the components of which are defined in (2.9), as a metric ten-
sor. This is generally not an Euclidean metric since the tensor K~! may not
be the gradient of a deformation. The set %y with the metric m constitutes a
general Riemannian manifold, which we denote (%y, m). Note that a change of
metric does not affect the components F'* 4 of the deformation gradient since its
definition is independent of the metric.

It may be intrinsically difficult to visualize (%y, m) in the physical three-
dimensional case, so for interpretation purposes we may think of a two-dimensio-
nal physical space, a situation that is shown in Fig. 5. The three configurations
B, By and A are then flat two-dimensional surfaces, while the manifold (%, m)
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is a generally curved two-dimensional surface in an embedding three-dimensional
space. This curved surface becomes flat in two ways: firstly, it may be non-
uniformly stretched (flattened out) to become a configuration. Secondly, it may
be teared into (infinitesimal) pieces, and these may be independently placed on
the flat physical surface to form 2. In some cases, a finite number of cuts may
give a surface which can be unrolled to become flat. This is the case of zero
curvature, when 2 exists, as in the opening-angle method.

(0, m)

g7 " o

Fi1a. 5. If we view the Euclidean space as two-dimensional, the manifold (%, m) may be seen

as a curved three-dimensional surface. This surface may then be made two-dimensional in two

ways: On the top it is flattened, but stretched. On the bottom it is teared into infinitesimal
pieces that generally do not fit together.

4.2. Determinants, volume elements and densities

The determinant of a two-point tensor, mapping between tangent spaces of
two manifolds, depends on the metric tensors of the manifolds. This is clear from
the following formula, which holds when the deformation gradient maps from a
tangent space of %y, with metric G, to a tangent space of &%, with metric g:

det(gab)
det(GaB)

where det(F®4) is the determinant of the matrix formed from the components
of the deformation gradient F, and similarly for det(gq,) and det(Gap).

(4.1) detF = det(F?4),
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If we regard F as a mapping from a tangent space of %y with metric m to
a tangent space of %, its determinant will be different from that in (4.1). To
indicate this, we write the corresponding operator with an index m, and it holds
that

det(.gab)

dety F =
det(mag)

det(F4).
Formulas for the other determinants of two-point tensors are

7det(GAB) det(KAOé)7 detH = 7det(gab)
det(’yaﬁ) det(’yaﬂ)

detK = det(H%y).

A volume element of the manifold (%, m) is denoted dv g, m) and is defined
by
dvg = (detmF) dv(z, m)-

By introducing a density pp on (%y, m) by the mass conservation requirement
Podv(, m) = pdvg, we get

(4.2) po = pdetmF.

This equation together with (2.3)% implies that podet H = pRrer detmF. Now,
from the definition of m and the above formulas for determinants, it follows
that dety,,F = det H and we conclude that

(4.3) PO = PRef-

That is, the reference density pref can be regarded both as the density of the
incompatible configuration Z and as the density of the Riemannian manifold
(Ap, m).

5. Boundary value problems

Boundary value problems of static elasticity are based on a constitutive law
such as (2.6) and the equilibrium equation (2.8). As generally recognized, a pos-
sible inconvenience of such a formulation is that the equilibrium equation is a
differential equation whose independent variable belongs to a domain that de-
pends on the solution of the problem, i.e., % depends on the mapping f. When
a stress-free compatible reference configuration is available, this difficulty is cir-
cumvented by making a Piola transform which defines the first Piola—Kirchhoff
stress as a function on the stress-free configuration. Now, in the present situ-
ation, when there is no compatible stress-free configuration available, this idea
has to be modified. We will discuss three different ways to choose a fixed set on
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which to write the equilibrium equations. Firstly, we formulate the boundary
value problem on the Riemannian manifold (%y, m). Secondly, we do the same
for the initially stressed manifold (%, G) and, lastly, we formulate the problem
in the local stress-free configuration 4. Formulating the equilibrium equations
on 2 requires a modified Piola identity, which is derived in the Appendix (see
also NOLL [7]) and which is valid even if one configuration is incompatible.

The formulations are derived for the compressible case and the incompress-
ible case is discussed in Sec. 5.4.

5.1. Boundary value problem on %, with metric m

We use a Piola transformation to define the first Piola—Kirchhoff stress tensor
on the manifold (%y, m) as follows:

(5.1) P = (detmF) o (F~1)4,.
Using this definition in (2.6) we obtain the constitutive relation

v
(5.2) P = 2 (det,F) pHY 0 K45
0 Zug

From equations (4.2), (4.3) and the chain rule, we find that (5.2) can be further
rewritten as
o

5.3 P = 2pp i Fop ——

(5.3) m PRefl’ B 9Can
where @(C,K) = ¥(Z) and C has components Cap = gupF%4 F'5.

Since F is the gradient of a deformation f, dety,F is the Jacobian of f and

the standard Piola identity, given in MARSDEN and HUGHES [21], holds:

VAP = det FV,0%,

where V 4 is the covariant derivative on (%, m). We then obtain from (2.8) the
equilibrium equation

(5.4) VAP + preth” = 0.

Equation (5.4), without body forces, is also given in TAKAMIZAWA and MAT-
SUDA [10]; it represents the equilibrium equations referring to (%, m).

To form a well defined boundary value problem, (5.4) needs to be combined
with an appropriate boundary condition. One such condition is obtained by
prescribing a traction vector t on the boundary of the domain. This vector is
given through the Cauchy stress tensor by Cauchy’s theorem as

(5.5) % = g%ny,
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where n;, are the components of an outward unit vector n at the boundary 0.4.
The boundary condition for the equilibrium equation (5.4) is obtained by using
the Piola transformation (5.1) in (5.5). We then get

(5.6) t* = (et F) L PIAFY 4y ny = P27y,
where we have used the notation
= (deth)lebA ny,

which is a covariant unit vector defined on 0%, the boundary of 4.
The complete boundary value problem, referring to the Riemannian manifold
(%Ap, m), can now be stated as:

’B.V. Problem on (,@0,111)‘
Given pger, K, b and t, find f such that

@AP&A + pRetd® =0 on %Ay

A
Fﬁ1::20RéFuBacAB on
t* = P3h 4 on 0A.

5.2. Boundary value problem on %, with metric G

To obtain a constitutive equation that fits the equilibrium equation written
for the Euclidean manifold (%), G), we use the Piola transformation

(5.7) P4 = (detF)o(F~ 14,
which gives

ow
ICap

By using po = pret(det K)~!, the definition of det K in Sec. 4.2, (2.9) and
standard properties of determinants, we get

(5.8) P = 2pFp

det(map)
PO = PRef~ —n—r—-
Vdet(Gep)

This means that the difference between constitutive equations for the manifold
(%, G) and for the manifold (%p, m) is that in the former case, when we con-
sider pRres as fixed, the density (5.9), which appears in (5.8), must be dependent
on the tangent map K through the metric m.

(5.9)
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Since det F is a Jacobian, the Piola transformation (5.7) gives a Piola identity
which reads

V4P = detFV,0,

where V4 is the derivative operator of the manifold (%, G). The equilibrium
equation (2.8) then becomes

VAP + pob® = 0.

A boundary condition for this equilibrium equation is obtained by using the
Piola transformation (5.7) in the same way as in (5.6). The result reads

t* = PaAnA,

where
nag = (det F)_lFbA ny,

are the components of the outward unit vector at the boundary of ;. The
following boundary value problem can now be formulated:

B.V. Problem on (%, G)|
Given pget, K, b and t, find f such that

VAPQA + pob® =0 on %Ay
ov

ped = 2p0F% 904 on %
9 = Pin, on 0%,
where

- det(mAB)
po = PRefm-

5.3. Boundary value problem on # with metric y

By using the Piola transformation
(5.10) P = (det H)o®*(H1)*,,
it is shown in Theorem 1 of the Appendix (see also NOLL [7]) that

det HVyo® = V,P% + P™s,,
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where s, vanishes if % is compatible. That is, s, is a measure of the incom-
patibility of the configuration. The equilibrium Eq. (2.8) can now be written
as

Vo P + P*®s4 + pretb® = 0.

This equation is also derived in NOLL [7] and there referred to as Cauchy’s
modified equation of balance.

The constitutive Eq. (2.6) can be rewritten by using the transformation
(5.10) and then it becomes

ow
0705

P = 2pRetH"5

Also the boundary condition in 2 is rewritten by using the Piola transformation
(5.10) and becomes
t* = P%"%ny,

where
ne = (det H) 1 H? yny,

is a unit vector at the boundary 0%. The following boundary value problem can
now be formulated:

B.V. Problem on % |
Given pgef, K, b and t, find f such that

Vo P 4 P%s, + pretb® =0 on A
ov —
P =2 H?® P
PRef B aZaB on
t* = P%n, on OA.

5.4. Incompressibility

For an incompressible material, (2.4) and (5.9) give that

(5.11) \/det(GAB) = \/det(mAB).

Thus, for an incompressible material, the determinant of the Euclidean metric
G on configuration % is equal to the determinant of the initial strain induced
metric m.

Now, an important conclusion, in relation to (5.11), is that the divergence of
the first Piola—Kirchhoff stress tensor (that appears in the equilibrium equation)
is dependent on the metric only trough its determinant. This can be seen from
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the following formula, which is a generalization of the formula for the divergence
of a vector field given in MARSDEN and HUGHES [21]:

(5.12)  (VaP)g, — \/thgTBC) - f{ + (Vaetmpc) Pate,)

where g, is a natural basis in Z. A similar formula holds for the Piola-Kirchhoff
stress P4, which, due to (5.11), turns out to coincide with P2 in the incom-
pressible case. Comparing this formula with (5.12), again taking account of
(5.11), we find that

(5.13) VAP =V P,

This result implies that the boundary value problem in Sec. 5.1 coincide with
that of Sec. 5.2. However, the metric tensors G and m can obviously be different
even though their determinants coincide, so (5.13) does not imply that the non-
Euclidean nature of the initially stretched configuration disappears.

5.5. Comparison of formulations

The present investigation does not give any conclusive answer as to when
one formulation is to be preferred over another. Nevertheless, the equilibrium
equation on % obviously has a non-classical appearance due to the presence of
Sq- The boundary value problem referring to (%, G) looks classical except for
the density pg, which depends on the initial deformation K. For the boundary
value problem referring to (%, m), this possible shortage is removed on the
expense of having to deal with a non-Euclidean structure. The formulation based
on (%p, G) is probably the most intuitively appealing since this manifold can
be thought of as a compatible configuration in physical space. Note that the
opening-angle method is based on a cutting operation that generates a simply
connected domain 4. Thus, in this special case, a fourth formulation, not covered
in this section, is possible.

Appendix — Piola Identity

We will here derive a generalized Piola identity. This generalization is valid
for configurations that are incompatible. Another proof of this theorem is given
in NoLw [7].

THEOREM 1. A generalization of the Piola identity. Given two config-
urations A and % and a tangent map (not necessarily a deformation gradient)
H, the following formula, which is a generalization of the Piola identity, holds

Vyo® = (det H) ™1 (Vo P* + P%s,),
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where

= (det Ho™(H Y, and so = (H'), (VVHba - VaHb,y) ,

and where the divergence operator on 2 is defined as
Vs = H3V.

To prove this theorem we need the following Lemma.

LEMMA 1. The gradient of the inverted determinant (det H)™! is given by
Vi(det H)™' = —(det H) ™' (H ') . V,H",).

Proof of Lemma 1:

By using the chain rule we get

_ det(
Vy(det H)~! VAtOw) & et (Fra,)) 1
det(gmn)

VAU e 11,) 2 et ()

det( gmn)

\/d t (Y He
e (fyn ) (det (H ))_28det( a)vac%
det(gmn) aHC’Y

and by noticing that

9 det(H%)

— —1\v a
g = ()T odet(H ),

we arrive at the final expression
Vi(det H)™! = —(det H)™' (H™)" V,H ),

and Lemma 1 is proved. O

We are now ready to prove the theorem.
P r oo f of Theorem 1:

The first Piola—Kirchhoff stress tensor is defined as
P = (det H)o®(H )2,
Solving for ¢ yields
(5.14) 0% = (det H) "' P*H",.
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We can now differentiate the left hand side of (5.14), and by using Liebnitz rule
(differentiation of a product) we get

Vyo® = PH®, Vi(det H) ™' + (det H) ' H®,V, P*
(5.15)
+ (det H) "' PV, HY,,.

Utilizing Lemma 1 for the first term on the right-hand side of (5.15) we obtain
(5.16) PH Vy(det H) ' = —P*H’,(det H)™' (H )" V,H,) .
Now, using (5.16) and (5.15) we get

(5.17) (det H)V,0*" = H*,V, P* + P (VbH”a ~ H'o(VyH Cy)(H‘l)VC) :

We now define the derivative operator on # as the pull-back of the derivative
operator on 4, that is,
Vs = H3V.

Equation (5.17) can now be expressed in material setting as
(det H)V,0% = V, P 4 P%s,,,
where
S0 = (H7Y), (Vo H'y = Vo H",)

and Theorem 1 is proved. O

Note that the covariant vector s, is a measure of the incompatibility of
the configuration. If s, vanishes, as is the case when H is the derivative of
a deformation, then we obtain the ordinary Piola identity.
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