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Summary

We introduce a fundamental restriction on the strain energy function and stress tensor for initially
stressed elastic solids. The restriction applies to strain energy functions W that are explicit functions
of the elastic deformation gradient F and initial stress t, thatis W := W(F, t). The restriction is a
consequence of energy conservation and ensures that the predicted stress and strain energy do not
depend upon an arbitrary choice of reference configuration. We call this restriction initial stress
reference independence (ISRI). It transpires that most strain energy functions found in the literature
do not satisfy ISRI, and may therefore lead to unphysical behaviour, which we illustrate through
a simple example. To remedy this shortcoming, we derive three strain energy functions that do
satisfy the restriction. We also show that using initial strain (often from a virtual configuration)
to model initial stress leads to strain energy functions that automatically satisfy ISRI. Finally, we
reach the following important result: ISRI reduces the number of unknowns in the linear stress
tensor for initially stressed solids. This new way of reducing the linear stress may open new
pathways for the non-destructive determination of initial stresses through ultrasonic experiments,
among others.

1. Introduction

Materials in many contexts operate under a significant level of internal stress, which is often called
residual stress if the material is not subjected to any external loading. Residual stress is desirable
in many circumstances; for example, living matter uses residual stress to preserve ideal mechanical
conditions for its physiological function ([ﬁ, E). In manufacturing, if residual stress is controlled, it
can be used to strengthen materials such as turbine blades (E) and toughened glass (E); however,
residual stress is often problematic as it can cause materials to fail prematurely (E, ). Pre-stress
is another common term, which is often used to refer to internal stress caused by an external load
(ﬁ, , , E). In this article, the term initial stress is used to describe any internal stress, irrespective
of boundary conditions, and therefore encompasses both residual stress and pre-stress.
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456 A.L. GOWER et al.

Inboth industrial and biological contexts, the origin and extent of initial stresses are often unknown.
One way to determine these stresses is by measuring how they affect the elastic response of the
material. In metallurgy, it is well known that residual stress can be estimated by drilling small
holes into a metal and observing how they change shape (|ﬁ|). Elastic waves are also used in many
applications, since their behaviour is very sensitive to the initial stress in a material (Iﬁ).

One alternative to link the response of a material to a very general dependence on the internal
stress, therefore including initially stressed materials, is the implicit form of elasticity described
by Rajagopal et al. (|E, h, E), but this generality comes with the drawback of adding greater
constitutive complexity. Explicit hyperelastic models are simpler and are accurate for many
applications — the work of Hoger dﬁ), ) and Man (@; E) has led to improved inverse methods
for measuring initial stress (@,h, E, |E, E, E) and monitoring techniques (IE).

The mechanical properties of a hyperelastic material can be conveniently determined from its strain
energy function W, which gives the strain energy per unit volume of the initially stressed reference
configuration. In classical elasticity, W is a function of only the elastic deformation gradient F
(that is W := W(F)). The simplest way to account for initial stresses is to allow W to depend on
either the initial Cauchy stress tensor t, or on an initial deformation gradient F from some stress-
free configuration By. For the first method, W := W(F, 1) dﬁ, ﬁ, ), whereas for the second,
W= J, Wo(FFo) (lﬂ, @), where Jy = det Fg and W is the strain energy per unit volume in
Bp. In both cases, F is the elastic deformation gradient from the initially stressed to the current
configuration.

The two approaches each have relative advantages and disadvantages. If measuring the initial
stress is the main goal, then using W := W(F, t) is the more direct method, but requires an extra
restriction (which is presented below). It is also the more useful form when the initial stress is known
or postulated a priori — by assuming that the stress gradient in an arterial wall is homogeneous (E'),
for example. If W := J IWO(FF()), then the classical theory of non-linear elasticity can be used
(by taking By as the reference configuration), and ISRI is automatically satisfied. This form is more
useful when a stress-free configuration is known, or when the exact form of the initial stress is not
important. The two approaches are not equivalent because it is not always possible to deduce F( from
T explicitly, as they are related by the equilibrium equation of the initially stressed configuration,
which is a non-linear partial differential equation in Fy. We discuss initially strained models in
Section 3

The primary purpose of this article is to deduce a fundamental restriction on W := W(F, 1),
and discuss its consequences. To motivate the need for a new restriction, we show how a simple
uniaxial deformation can lead to unphysical results when this restriction is ignored in Section 2.1l In
Section2.2] we derive this restriction, which follows from the fact that elastic deformations conserve
energy, and we call it initial stress reference independence (ISRI), for reasons that will be clarified
later. We assume the only source of anisotropy is the initial stress, though a more general form of
ISRI could also be deduced for materials that include other sources of anistropy.

It transpires that it is not easy to choose a strain energy function that satisfies ISRI. In fact, almost
every strain energy function found by the authors in the literature to date does not satisfy it, in both
finite elasticity Eg?,@ @ @, @, ) and linear elasticity (IE, @). To the authors’ knowledge, the
only existing strain energy function that does satisfy ISRI is that derived in (Izl'), which is an initially
stressed incompressible neo-Hookean solid, as discussed in SectionP3] To address this lack of valid
models, we present two new strain energy functions that satisfy ISRI in Section 24 In Section 3
we discuss strain energy functions based on initial strain, and show that they automatically satisfy
ISRI in Section B}
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A NEW RESTRICTION FOR INITIALLY STRESSED ELASTIC SOLIDS 457

The equations associated with small deformations of initially stressed solids are much simpler than
their finite strain analogues. This makes them ideal for establishing methods to measure initial stress.
An important consequence of ISRI is that it restricts the linearised elastic stress tensor §o (F, ), as
we discuss in Section @ For materials subjected to small initial stress, we use ISRI to reduce the
number of unknowns in 8o (F, 7) in Section 23] The result is a reduced version of the stress tensor
deduced in (IE), which could ultimately improve the measurement of initial stress via ultrasonic
experiments, among others.

In the literature, it is common to deduce the linear stress tensor ¢ by considering an initial strain
from a stress-free configuration (ﬁ,@,@). This approach is broadly called acousto-elasticity, and
as discussed in Section [3 the resulting o automatically satisfies ISRI, but leads to an indirect
connection between §a and t. In fact, acousto-elasticity was used by Tanuma and Man (@) to
restrict the form of do (F, T) when both strain and initial stress are small, which led them to our
equation (36) (their equation (81)). In our approach we clarify that this equation must hold for
every initially stressed elastic material, regardless of the origins of this stress.

2. ISRI

The mechanical properties of an elastic material can be determined from its strain energy function W,
which gives the strain energy per unit volume of the reference configuration. For an initially stressed
material, W can be expressed in terms of the deformation gradient F from the reference to the
current configuration and , the Cauchy stress in the reference configuration, so that W := W(F, 7).
In general, W may also depend on position, but we omit this dependency for clarity. We call
the initial stress tensor and, when discussing consititutive choices, we will not require any specific
boundary conditions in the reference configuration, in agreement with (IE) (that is the boundaries
can either be loaded or unloaded).

In what follows, we assume that F is within the elastic regime of the material, but make no
assumptions about how the initial stress formed. The Cauchy stress tensor o (ml, Iﬂ) for an initially
stressed material is given by

aw
o:=0o(F, 1) =J_]F8—F(F, 7)—pl, 2.1)

where J = detF, I is the identity tensor and p is zero if the material is compressible or, otherwise,
is a Lagrange multiplier associated with the incompressibility constraint detF = 1. We define
differentiation with respect to a second-order tensor as follows:

Gl d
—) = 2.2)

Before moving on, we present an example where a specific choice of W(F, ) leads to two different
stress responses for the same uniaxial deformation.

2.1 Motivating example

To study the influence of initial stress on the elastic response of a material, a simple strain energy
function was postulated by Merodio ef al. (E) as follows

WaoR = % (tr(FTF) - 3) 4 % (tr(FTtF) —ur r), 2.3)
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458 A.L. GOWER et al.

where u is a material constant — a quantity that is inherently associated with the material and does
not depend upon the reference configuration or level of residual stress, the superscript T indicates
the transpose operator and tr the trace. As WyjoR is used for incompressible materials, the Cauchy
stress (2.1) becomes

o = —pl + uFF' + FrFT (2.4)

Consider an initially stressed material described by Euclidean coordinates (X, Y, Z). Suppose the
initial stress takes the form of a homogeneous tension 7" along the X axis, and that the material is
subsequently stretched along the same axis, then the components of the deformation gradient and
initial stress tensor are given by

A0 0 T0OO
F=[0A"12 o and r=[000], (2.5)
0 0 Al/2 000

where A is the amount of stretch. Applying stress-free boundary conditions on the faces not under
tension gives p = A~ ! u, which in turn leads to

o1 = o1, T) =22 (uw+T) — A7, (2.6)

which is the stress necessary to support any stretch A given an initial tension 7. We will now choose
two different ways of achieving the same uniaxial stretch A = A that should, but do not, result in the
same stress when using the strain energy function [.3). First, we consider a direct application of the
stretch A = A and assume that the initial tension is 7 = 79. In this case,

511 = o11(h, 1) = A2 (0 + 10) — A 2.7)

We can also achieve the same stretch in two steps by taking % = Ax. That is, first we stretch by A
and then apply a further stretch A, as shown in Fig.[] Taking A = A, and again using T = 1o, results
in the stress 5 .

o =011, 0) =2 (L+70)—A (2.8)

in the intermediate configuration. To further stretch the material, we take this intermediate
configuration as our intially stressed reference configuration, where the initial tensionisnow 7' = o1
Upon applying the second stretch A, we obtain

Si=on(non) =r@+o1)—r (2.9)
-2 —1 o~
=02+ To) + A2 — A2 = (2.10)

Both (Z7) and @.I0) result from the same uniaxial deformation, so should be identical, but, upon
substituting & = Ax into (Z7Z), we find they are not.

If, instead of (@.4), we had used an initially strained model, for example an incompressible
neo-Hookean model W := p tr(FFp)/2, then this unphysical result would not occur. However, as
explained in the introduction, when the initial strain or stress are unknown, both 7 and Fy are
unknown, and an explicit form W := W(F, 7) leads to more direct connections between the elastic
response and initial stress 7.
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X=X

Fig. 1 Uniaxial deformation of an initially stressed cube (depth not illustrated), with sides of length ¢, into a
cuboid of height’ﬁﬁ and width (equal to depth) a-12pml2
the top boundary. The uniaxial stretch 7. is indicated by the bottom arrow. This stretch can also be achieved in two
steps: first a stretch of A, then a further stretch of ». The second of these stretches treats the middle confi guration
as its reference configuration. Both of these ways of achieving the same uniaxial stretch A4 should require the

£. The hollow arrows represent the stress applied to

same stress o1 in the rightmost configuration

The unphysical behaviour illustrated by this example is typical of many of the strain energy
functions of the form W := W(F, t) in the literature and highlights the need to restrict what forms
are physically permissible. Therefore, in the following section, we present a restriction on W(F, t)
that ensures that such unphysical behaviour does not occur.

2.2 The restriction

The elastic energy stored in a material should remain constant under a rigid motion, so W(F, t) =
W(QF, 1) for every proper orthogonal tensor Q (so that QQT =TanddetQ = 1). This identity can
be used to show that W depends on F only through the right Cauchy—Green tensor C = FTF (Iﬂ),
which we use to rewrite the Cauchy stress Z.I)) as

o(F, r)—ZJ_lFa (C, 7)FT — .11)

The presence of initial stress generally leads to an anisotropic material response, but for simplicity
we assume that no other source of anisotropy is present. Referring to the three configurations shown
in Fig. D] let the strain energy per unit volume in B be denoted by . The strain energy stored as a
result of the elastic deformation from B to B should be the same as that due to successive elastic
deformations from B to B, then from | B to B. In detail, taking B as the reference configuration, we
conclude y = J 1W(FF T), where T=7 J, 7 =detF and J = det F, whereas if B is taken as the
reference configuration, we conclude ¢ = /J\ 1W(F o (F, 7)). Since these two quantities must be
equal, we therefore have

W(ﬁ, )=JW @, o(F, r)) for every 7, F and f, (2.12)

6102 BUN[ /Z U0 Jasn pauays Jo Ausieaun Aq L9G€807/SSh/v/0.LAorAsqe-ajoie/wewlb/wod dno-olwapese)/:sdjy Wolj papeojumoq



460 A.L. GOWER et al.

sy
o5

=l

Fig. 2 Deformation of an initially stressed elastic solid. The stress and strain energy in B should not depend
on whether B or B is taken as the reference configuration

where both F and F are associated with elastic deformations (which may be constrained by
incompressibility). We call this criterion initial stress reference independence (ISRI).
When F = I, @I2) reduces to W(F, ) = W(F, o (I, 7)), which, from @), is always satisfied i

od, z)—z8 d,7)—pl=r1, (2.13)

for every 7. We refer to this well-known restriction as initial stress compatibility. Additionally, if
F = Q, where again Q is a proper orthogonal tensor representing a rigid body motion, then, using

@II) and @I3), we obtain ¢(Q, 7) = QrQT. Using this result, along with F = Q in (Z12), we

obtain

WE )=w (FQT, QrQT> , (2.14)

where F = FF. The above identity is typically used for anisotropic materials (@) and can be used
to derive the following 10 invariants &Yj’

1
=uwC, b= 5[(112 —tr(C?)], I=detC, (2.15)

1
Iy =trt, I, = E[(131 —tr(t?)], Iy, = det(z), (2.16)
J1 =tr(zC), J» =tw(rC?), J3 =t(r>C), J4 = tr(z>C?), (2.17)

* Note that the invariants Iy, Iy, and I, are different from, but can be expressed as combinations of, those derived in (IE).
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though only nine of theses invariants are independent (@). Using these invariants, the Cauchy stress
can be rewritten as

1
o(F.7)=—pl+ 5 (2W11B +2W;,(IB — B?)
+2Wi, 1 + 2W;, FtF! 4 2W), (FTF'B 4 BFtF") + 2W,,Fr°F!

+2W,,(FT’F'B + BFTZFT)), (2.18)

where B = FFT is the left Cauchy—Green tensor, Wj, = 0W /31; and W]J. =dW/aJ;, withi € {1, 2, 3}
andj € {1, 2, 3, 4}. For an incompressible material /3 = 1 and Wy, = 0. Note that the Cauchy stress
in a standard non-linear elastic material can be obtained from @.I8) simply by letting W depend
only on the strain invariants I, I and /3.

By evaluating @ZI8) at F = I we obtain another form of the initial stress compatibility

equation @.13):
I 1 1 1 1 1 5 1 1
T=I—p+2Wp +4Wp, +2W) + QW) +4Wy,) + QW +4Wy,), (2.19)

where the notation - is used to denote that - is evaluated at F = I after differentiation. Since
this equation has to hold for any initial stress tensor t, the initial stress compatibility condition
is equivalent to

I 1 1 I I | | 1
Wy, + AW, +2Wy, =p, 2Wy, +4W,, =1, Wy, +2W,, =0. (2.20)

In the literature, W is often chosen as a simple function of the 10 invariants ZT3H2Z.T7)) that satisfy
initial stress compatibility 2.20). However, it is highly unlikely that any W chosen a priori will
satisfy ISRI Z.12).

A version of ISRI can also be stated in terms of the stress tensor, without reference to a strain
energy function. To do so, let us assume the internal stress is given by some constitutive choice
o := o (F, 1), then using reasoning similar to that which led to @I2) we find that

a(ﬁ, T)= a(f, o(F, 1)), for every T, Fand F. 2.21)

This restriction states that the Cauchy stress in B should not change when a different reference
configuration is selected. As the above is stated solely in terms of stress tensors, it could be possible
to extend ISRI to materials without an explicit strain energy function.

By choosing FF = I and using Z.13), we obtain T = G(F_I,E), where & = o (F, 7). This
restriction was derived in (E‘) and termed initial stress symmetry. It allowed a straightforward way
to model the adaptive remodelling of living tissues such as arterial walls towards an ideal target
stress (@, E). For more details see (@) and (@). To the authors’ knowledge, the only strain energy
function that does satisfy initial stress symmetry and ISRI is that derived in (|3_1|).

As demonstrated in Section 2.7} strain energy functions that do not satisfy ISRI may exhibit
unphysical behaviour. We prove this in the following section, then derive two new strain energy
functions that satisfy ISRI in Section 2.4
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2.3 Anincompressible strain energy function that satisfies ISRl

In a recent paper, Gower ef al. (E') proposed the strain energy function

1
Woep = S (polry . Iry. Ir)l + J1 = 310), (2.22)

where py is a function of I, Iy, and Iz, given by

1 T
o= <T3 I 1n>, (2.23)
3 T3
9 27
Ty=1} -3, T,=I - Sleide, + 5 ey — wd, (2.24)

T3 = T2 =T} - T». (2.25)

One way to derive Wgcp is to rewrite an initially strained neo-Hookean strain energy function as an
initially stressed strain energy function (@). An alternative derivation is given in Appendix Bl Using

Wgep in @I8), the left side of (ZZI)) becomes

o (FF, v) = poFBF — 51 + FFF'F', (2.26)
and the right side becomes
oF,o(F, 1) = (| —p)B + poFBF' — 51+ FF<F' F', (2.27)

where pj is the Lagrange multiplier associated with F. In Appendix B we show that p = p1, and
therefore (Z27) reduces to

o(F, o(F, #)) = poFBFY — 51+ FF<F F. (2.28)

Equation @21)) then gives
ocFF,71)=0F,0F, 1) < p=p. (2.29)
Since equations Z.26) and Z.28) have exactly the same functional form and they must be subjected
to the same boundary conditions because they both represent the Cauchy stress in 3, their Lagrange

multipliers must be equal (i.e. p = p ). Therefore, Wgcp does satisfy ISRI.

2.4 Two compressible strain energy functions that satisfy ISRI

By using the same method as that used in Appendix [} to derive Wgcp, we have derived two new
strain energy functions for compressible materials. Both are based on compressible extensions of
the neo-Hookean model:

nw A
Wennn = (1 =3 = 2log Vh) + 5 (log NID (2.30)
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and
" A
Weniz = (I =3 = 2log Vh)+ E(JE - 12 2.31)

where 1 and X are the ground state first and second Lamé parameters, respectively. The initially
stressed strain energy functions corresponding to these are

J A 2
Waser = 5l + 5 = 5o (34 2loatkivI) + 7 (logtkivi) - 232)

2 2 2K
and J N 5
7p) 2 M
Woser = 21 ———(3 2log(Ky/T ) —(K‘/I —1) , 233
Gsc2 = 5 1+ T + 2log(K2+/13) +2K2 2 (2.33)

where g1, g2, K7 and K; are functions of I7,, Iy, and I, and can be thought of as initial stress
parameters defined implicitly by the equations

3
w 1
=G4 Pl g, + Iy, g1 = — (1 — AlogK)), (2.34)
K K

M3 3 2 1

- =‘I2+CI2Ir1 +512]t2 +[r37 @ = — + A1 - Ky), (2.35)
K> K>

where the solutions for K| and K, should both be real and such that K; — 1 and K, — 1 when
T — 0. The Cauchy stress tensors corresponding to these strain energy functions are, respectively,

1 1
oGscl = 5 <q1B + K—l(x log(JK1) — w)I + FTFT>, (2.36)

and :
0GSC2 = 7 (qQB + (k([ng -J)— Ki> I+ FTFT>. 2.37)
2

These constitutive equations provide a simple way to study the effects of initial stress on any
deformation.

3. Initially strained materials

Another way to model initial stress is via initial strain. This is normally done by including
an initial deformation gradient Fy from some configuration By in the strain energy function
W=J, ! Wo(FFy), where Jy = det Fy and W is the strain energy per unit volume in By. This
representation of W is a consequence of both a fundamental covariance argument (@, ﬁ), and
utilising a virtual stress-free configuration (@). The Cauchy stress tensor is then given by (Iﬂ, )

W,
o = o(FFy) = J_]JO_IFa—FO(FFo) — L 3.1)

Usually, Wo(FFy) is chosen such that By is stress-free, that is, o(I) = 0. Assuming that the initial
strain is the only source of anisotropy, the strain energy can be shown to depend only on the isotropic
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invariants of FgCFO:
~ ~ 1 ~
I = tr(FgCFo), L= 5(712 — tr((FgCFo)z)), I3 = det(FgCFo), (3.2)

so that W :=J ! WO(/I\I ,/1\2,’1\3). These strain energy functions automatically satisfy ISRI, as shown
below in Section Bl An example of such a strain energy function is this initially strained form of
the Mooney—Rivlin strain energy function:

1 1/2

Wo = Ciily P = 3)+ Clly > = 3)+ Gyl 2 - 1), (33)
where C1, Cp and C3 are material constants that must be chosen such that the body is stress free
when F =Fg =1.

Taking W as a function of F and 7, or of F and Fy, gives two different perspectives on the same
phenomenon, each being useful in different circumstances. The former is more useful when the initial

stress 1s known, whereas the latter is more useful when the initial strain can somehow be inferred.

3.1 All initially strained materials satisfy ISRI
We have discussed, in previous sections, that it is not easy to choose a function of the form W :=
W(F, t) that satisfies ISRI (Z.12). Let us consider the case of initially strained materials with

W =W(F, 7):=J, ' Wo(FFp), and 7 =00(F). (3.4)

We will prove that if W = W(F, 1) is defined as above, and the function o is invertible, it satisfies
ISRI for any choice of Wo(FFy). First we assume that for any Wy and initial stress 7 there is a
deformation gradient F(E such that

T =00(Fy) where o((Fy) = J(;lFan;O—PEOFO) —pL (3.5)
Next, we define an initially stressed strain energy function
W, 1) = WEF, o9(Fp)) := JO_IWO(FFO) forevery F and 7. (3.6)
By substituting F = FF into B9 we obtain
W(FF, 7) = J; ' Wo((FF)Fo) = ﬁ‘ljo—‘ Wo(F(FFy)) = TW(F, oo(FFy)). (3.7)
Then, using (3.1}, we obtain
oo(FFy) = .7‘1.1(;1?%(?1?0) — L (3.8)

$ For there to be a unique Fy, for every z, the strain energy Wy needs to be rank-one convex (@) and some restrictions need
to be made about the reference configuration of Fo ).

6102 BUN[ /Z U0 Jasn pauays Jo Ausieaun Aq L9G€807/SSh/v/0.LAorAsqe-ajoie/wewlb/wod dno-olwapese)/:sdjy Wolj papeojumoq
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and, since J;, ! Wo(FFg) = W(F, 1),
_ —__1—0W _—
o0(FFo) =7 lFa—Fm, 1) —pl, (3.9)

which, using @), gives
00(FFy) = o (F, 7). (3.10)

Substituting the above into (37) we obtain W(FF, 1) = JW(F, o(F, 7)), which is the ISRI
restriction @12)).

While such strain energy functions are guaranteed to satisfy ISRI, it is not often possible to state
their dependence on the stress invariants I, Iy, and I, explicitly (anotable exception being the strain
energy function discussed in Section 23)). Instead, it may be necessary to define that dependence
implicitly, as is the case for the two models presented in Section 2.4

4. Linear elasticity with initial stress

Elastic waves in solids are highly sensitive to initial stress, and linear elastic models fit measurements
from currently-employed experimental techniques well. Our aim here is, in the long run, to improve
these measurements by using a linearised version of ISRI @12)).

In Section ] we deduce the linearised stress without considering ISRI. Then, in Section 2] we
calculate a linearised form of ISRI and discuss how to use it to restrict the linearised stress. Hoger
(@, @), Man et al. (@ |E) derived the equations for small initial stress, up to first order in .
In (IE) the authors remark that many experiments indicate that for small deformations the elastic
stress depends linearly on the initial stress, at least for metals. Motivated by these observations, we
linearise the elastic stress in both the elastic strain and initial stress in Section[f3]land reach a reduced
form for the stress (£.37) which adds a restriction to all previous models, to the authors’ knowledge.
The restriction (@36) has been used before in the literature (see equation (81) from (IE)) but was
deduced from the context of acousto-elasticity.

4.1 Linear elastic stress

For a small elastic deformation, we can write the associated deformation gradient as F = I 4+ Vu,
where u is a small displacement. By Taylor series expanding the Cauchy stress @) about F = 1,
the linearised Cauchy stress becomes

I

So(F.7) = 74 g—; . Vu + O(Vu)?), @.1)

. . I .
where we have exploited the fact that o (I, T) = 7 and we remind the reader that - denotes that - is
evaluated at F = I after differentiation. We define

P 8Pij
— =< and (C :P)ii = CiiaPBa> 4.2)
<8Q>ijkl IOk U e b
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for any second-order tensors P and Q and fourth-order tensor C, using Einstein summation convention
for the repeated dummy indices « and 8. Using Z11) and {.2) it can be shown that

|
do ‘P = 9 2J_1F8—WFT
9F oF aC

I
2

0-W
:P=Pr+rPT—ttrP+4W:P, 4.3)

F=I

for every second-order tensor P, where we have exploited the fact that 20W /0C|gp=1 = t from
@13). We now introduce the linear strain and rotation tensors:

1 T 1 T
&= E(Vu + (Vu)") and @ = E(Vu —(Vu)"), 4.4)

respectively, which satisfy Vu = & + . Substituting  for P in (€3), we obtain

d
2. o=t — 10, 4.5)
JF
since tr @ = 0 and
21 21 21 21

W 0w °w W

W = 2 W 7Y w=o, 46

92C *“| T 9Ci0Cas " T T9Ci0Cs, Pt T 2¢ ¢ 0

i

where we have used the fact that @I = —w and CT = C. Using @34) and @3) we can now rewrite

&I as

I
do )
80:r+wt—rw+a—F:€+(9((Vu) ). 4.7

At this point, we do not yet know the form of o /0F|g=j : € explicitly. It could be calculated directly
from (.I8); however, an alternative approach is to write it as a general rank two symmetric tensor
in terms of t that is expanded up to first order in &:

I
0
a—; e =wa1e+ (al+ o317 + a412) tr(e) + (asl + agT + a712) tr(et)

+ ag(et + 7€) + Otg(e't2 + rze) + O((Vu)z), (4.8)

where «;, (i =1,...,9) are, in general, functions of I, I, and I;;. Note that neither tr(erz),
1eT, 1261 + TeT?, nor any power of T higher than two is present because they can be written
as combinations of the terms already included (see Appendix ). For more details on linearising
elasticity see (@, El E E).

We now seek to restrict the parameters oy, ..., ag. We begin by rearranging (3] and contracting
it twice on the left with an arbitrary second-order tensor Q, to obtain

I I
.82W. 0 - ) . T 9o
4Q: = i P=Q:0uP—Q:(P1) - Q:(tP)+Q: - :P. (4.9)
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Since .9) must hold for any P and Q, we can swap them to obtain

I I
.aZW. _Pp- . . T .30'
4P.W.Q_P.rtrQ—P.(Qr)—P.(rQ)—l—P.ﬁ.Q. 4.10)

Now, due to the fact that

| |
?wl [ aw @1D
32C | a2c '
ijkl klij
we must have
2I 2I
°W °W
P:—:Q=Q: —:P, 4.12
5C2 Q=Q 5C2 4.12)

for every P and Q. Upon substituting (9) and @I0Q) into @12, and assuming that P and Q are
small and symmetric, so that (£8) holds with P and Q substituted for &, we find that @I2)) can hold
if and only if

o4 =a7=0 and os=a3+ 1. 4.13)

Substituing the above into @7), we obtain a reduced expression for the stress:

§0 =T+ wt —tw+1tr(et) + a1& + apltr(e) + a3 (T tr(e) + Itr(eT))
(4.14)

+ agTtr(et) + ag(er + 7€) + a9(€‘[2 + 1'23).

In Section.2] we discuss the linearised version of ISRI and its relationship to the linear stress tensor
given in (@I4). When the initial stress is small, we are able to derive a closed-form expression for
the linear stress that satisfies ISRI, as is shown in Section 3l

4.1.1 Initially stressed neo-Hookean models. As an aside, we note that if the stress tensors
for the initially stressed neo-Hookean models given in (Z3@) and (Z.37) are expanded for small
deformations, the resulting linear stress tensors have the above form with

2 A
ar = —(u—ArlogKy), ap = —, a3 = —ag = —1, ag =9 =0, (4.15)
K; K
for the first model, and
ar p
— = I + A1 —=Kp), ap = 22Ky — 1), a3 = —ag = —1, ag = ag =0, (4.16)
2

for the second.
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4.2 The linearised equations of ISRI

We now wish to consider the restrictions that are imposed by ISRI in the case of small deformations.

We begin by differentiating (Z.12)) with respect to F to obtain
W EF, 0F = LW, oF, ) + T L, o(F, 1) % F, 0 @.17)
— FF, 0)F = — ,oF, 7 —F,0F, 1)) —=(F, 1), .
oF oF oo oF

where d/0F denotes partial differentiation with respect to the first argument of the function and
0/00 denotes partial differentiation with respect to the second. Evaluating @I7) at F = F = I and
contracting twice on the right with the linear strain tensor & gives

1 |

I oW 9
T:e=tre W+ — —Gze forevery t and e, (4.18)
ot OF

which was simplified using (ZI3). One of the terms on the right side can be expanded using the

chain rule as follows .

AW
o = Bl + fot + 372, (4.19)
where
I | 1 I | |
ﬁ_BW_8W+I oW oW oW oW (4.20)
YT 9uwr oL, | oL, | oL, ol ok '
oW oW oW _aw oW
By =2 = Il 42— 42—, 4.21)
3 tr(t) dly, Ay 013 T 0J4
oW aw
B3 = = (4.22)

atr(r3) Ay,
Using (I4) and @I9) and the Cayley—Hamilton theorem (see Appendix [B) we can rewrite the
restriction (@.I8) in the form

I
tr(et) = (Yo + W)tre + yy tr(et) + 2 tr(erz) forevery t and e, 4.23)

where ¥, y1 and y, are functions of a1, ..., 9, B1, B2, B3, Iz, I, and Ir,. Since (E23) has to hold
for every 7 and & (for more details see the supplementary material of (31])), we obtain the three
equations

|
w=-W, y1=1 and 9y =0, 4.24)
which can be written in matrix form as
1
B1 7
M-| 5] = 1 , (4.25)
B3 0

where the matrix M depends only on «y, ..., a9, Iz, Iz, and Iz, (the entries of M are given explicitly

I
in Appendix C.1). Since 1, 82 and 83 depend on W, the above gives three linear partial differential
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1 1
equations for the single variable W. This implies that if «y, ...c9 are unrestricted, W is over-
prescribed. Hence, the only way to satisfy @23) is to restrict a1, ..., &g, as we show in the following
section.

4.3 The case of small initial stress
Our goal is to expand the linearised stress (@I4) for small || 7|, where | - || can be the Frobenius

norm, and then use linear ISRI @18, or equivalently 24, to restrict the coefficients of the stress.
To achieve this we need to expand linear ISRI up to higher orders in ||t ||, as potentially some of
these terms may restrict our linearised stress. For more details on linearising functions of isotropic
invariants, see (51)).

Our approach is to take the 24) and expand for small ||z| and neglect O(||t I3) terms. With
reference to (23), we note that y; multiplies an O(||t||) term and y, multiplies an O(||t %) term.
Therefore, it is only necessary to expand y; up to O(||t||) and y» up to O(|| T 19). Upon doing so, we
obtain

|
B1 (@] +3ar + a3 tr ) + B (012 T+ a; tr(12)> + Ban tr(7?) = —W, (4.26)
B1 Bz + 1)+ agtrt +2a8) + B2 (¢ + (3 + Dtrt) =1, 4.27)
2B109 + 2Bra8 + B3 = 0. (4.28)
Next, we expand o1, ..., a9 and neglect O(||t %) terms:
o = ajp + o tr T 4+ ap(tr 1)2 + ;3 tr(rz) for i=1,2,...,9, (4.29)

1
where the o5, fori =1,...9, j =0, ..., 3, are constants. We also expand W up to (9(||r||3):

I
W =g+ Yitrt + yp(tr )% + W3 tr(t?) + Ya(tr )’ + Ystrt tr(z?) + Ve tr(z3), (4.30)

where v, ..., ¥ are constants and we immediately choose 1y = 0 since we expect
1
lim W = 0. 4.31)
7—0

Upon substituting @30) into @20)-@22), we can obtain 81, B> and B3 expanded up to O(||7||?),
Oz Y and O(|| 7 ||%), respectively, which can then be substituted into E26)—E28). We then solve

the resulting system of equations for the parameters aj; and /;, where we note that the stress tensor
of an initially stressed material must generalise that derived from classical linear elasticity. In other
words, when T — 0 we must have

80 = ajp€ + apoltr(e), where o1g=2u and a9 = A, 4.32)

6102 BUN[ /Z U0 Jasn pauays Jo Ausieaun Aq L9G€807/SSh/v/0.LAorAsqe-ajoie/wewlb/wod dno-olwapese)/:sdjy Wolj papeojumoq



470 A.L. GOWER et al.

where A and p are the first and second Lamé parameters, respectively. Using (@32), the final system
of equations simplifies to the following conditions:

A 1
=0, = — , = —, 4.33
(4] ) or e V3 m (4.33)
202(3a) — 2a80) + 2au(day) + dazg + 3) — 8pan)
Vg = 73 , (4.34)
216k
AM2as0 —3aq1) — 2y 3o+ 1) g0
Vs = 3 , Ve =——3, (4.35)
24K 61
2puazg — 3oy
= - 4.36
aso o , (4.36)

where k = A + 2u/3 is the bulk modulus of the material under consideration. [36) relates agg to
A, W, a11 and a3g, and therefore reduces the number of free parameters in the system by one. We
now use the above to write the linearised Cauchy stress in terms of the strain and initial stress:

60 =1+ wt —tw+Itr(et) +2(u+ pnitrr)e + (A + A tr o)l tr(e)
un - 3rkp (4.37)
A 2A

+ n(ttr(e) +Itr(et)) + ( ) (et + T8),

where we have renamed o1] = 211, @21 = A1 and a3g = 71 and all the parameters in the equation
above are constants. Equation (@37) differs from the stress tensor first deduced in (@) because of
the restriction given in (36). The parameters above may be further restricted by considerations
such as strong-ellipticity (E @), but ultimately, they can be determined by ultrasonic, indentation
or hole drilling experiments.

4.3.1 Initially stressed neo-Hookean models. 1f (Z34) and Z33) are expanded for small 7, they
can be solved for K and K>, which have the same series expansion up to order one in t:

I
Ki=K,=1+ ﬁ + O(?). (4.38)

Equation (Z38)) can then be substituted into (13) and @.I8) to obtain

200 + A
o =2 — %1,1 +0(t?), ==l + ot?), (4.39)
for the first model, and
200 + 20,
o) =2u — %1,1 +0(t?), 0 =i+l + oT?). (4.40)

for the second. Therefore, for both models, we have

200+ )

3 ap=XA a3z=-—1, and agy=1, “4.41)
K

ajp =24, oy =
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which satisfy (@38), as required. The linearised stress tensors associated with the two models are

A+
dogscl =T+ wtr —tw—T1tr(e)+2 | n— trt |e 4.42)
A
+ <k T tr r) Itr(e) + et + T6, (4.43)
K
and
A
80GsSC2 =T+ Wt —Tw —Ttr(e) + 2 (u - ;— i tr r) & (4.44)
K
2
+ <A + T tr r) Itr(e) + et + Te. (4.45)
K

5. Discussion

Many constitutive choices in the literature of the form W := W(F, t) do not satisfy the ISRI
restrictions 2.12) and (.18} presented in this article. In Section2.I] we gave an example of how these
constitutive choices may lead to unphysical behaviour even for simple deformations such as uniaxial
extension. This is also true of more complex deformations. Taking an example from biomechanics,
where residual stresses play a crucial role, suppose we wish to model the mechanics of an arterial
wall that supports an internal pressure. Let us choose two different reference configurations: first,
the unloaded configuration where the fluid in the artery has been removed, and second, the opening
angle configuration @, @) where the fluid has been removed and the artery has been cut along its
axis. Both these configurations are subject to no external loads, but there will be less (and differently
distributed) internal stress in the opening angle configuration. If we use a strain energy function
W(F, 7) that does not satisfy ISRI, then each of the two reference configurations will lead to a
different stress distribution in the intact, inflated configuration of the arterial wall. We therefore
cannot believe the preditions from either reference configuration since a physically correct model
should not give different results due to an arbitrary choice of reference configuration.

By using ISRI, we were able to derive a restricted form for the linear elastic stress tensor (£37) in
the case of small initial stress. This reduced form may ultimately improve material characterisation
based on ultrasonic and indentation experiments. Many studies (see (19) and the references therein)
have confirmed that a linearised stress tensor of the form given in @37) is well-suited to fitting
experimental data.

One outstanding problem for metals (E), biological soft tissues and other materials (@) is the
difficulty in differentiating between the effects of structural anisotropy (@) and anisotropy caused
by initial stress. The linear form of ISRI given in @IR) will help to differentiate between these
effects, as it dictates a specific dependency of the elastic stress on the initial stress. Nevertheless,
future work should focus on developing the consequences of ISRI for materials with structural
anisotropy. This will be particularly important for collagenous soft tissues, which are known to be
structurally anisotropic due to the presence of collagen fibres @, @). Initial stresses in soft tissues
can be significant (Bﬁ, ,@), so assuming a small initial stress may not give accurate predictions.
Currently, the internal stress in soft tissues is often measured by excising a sample and then estimating
its initial deformation from a theoretically stress-free configuration. To measure stress in-vivo, non-
invasive techniques need to be improved. Ultrasound techniques are among the most suitable and
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promising methods for measuring initial stress (ﬁ', ), and the ISRI restrictions could ultimately
improve them.
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APPENDIX A

A.I Deduction of the strain energy function Wgcp

The strain energy function @22) was first derived in (lﬁl). Here, an alternative derivation is presented by
considering deformations of an incompressible neo-Hookean material from a stress-free configuration By to
the stressed configurations B and B (see Fig. BIland compare with Fig. D).

The neo-Hookean strain energy function is given by

WNH = ] —3), A1)

where u is the ground state shear modulus of the material under consideration. Upon substituting (A.J) into
@TI8) with W;, = 0 (because the material is incompressibile) and then taking F = F( and F = Fy, it follows
that

T=uBy—pol and & =puB; —pl, (A2)

where By = FOFg, B = FlFT and pg and pp are the Lagrange multipliers associated with the two respective
deformations. By rearranging (A.2); and taking the determinant of both sides, the following is obtained:

det(uBg) = det(z +poD) & 1® = p} + pile, + polzy + Irs, (A3)

where det(Bg) = 1 because the material is incompressible. Only one of the three roots of the above polynomial
is physically meaningful (ﬁ) and it is given by @23). Using Fy = FFy, (&2, gives

& = uFBoF' — p|L (A4)

The aim is to derive an initially stressed strain energy function that gives (AZ) with B as the reference
configuration. For simplicity, it is assumed that the strain energy function depends only upon /1, J; and the
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F,

Fig. A1 Deformation of an incompressible neo-Hookean material from a stress-free configuration 3 to the
stressed configurations B and B

three initial stress invariants Iz, Iy, and I7,. Making this assumption and substituting F = F into I8} with
Wy, = 0, it follows that

7 =o(F, 1) = 2W,B +2W;, FF' —pI (A.5)
= 2W\B + 2W,, (uFBoF' — poB) — pl. (A.6)

For equation to be equivalent to (A4), the following equations must be satisfied:
2Wy = po, Wy =1, P=ri (A7)

The third of these equations does not tell us anything about the required functional form of W; however, upon
solving the first two, the following is obtained:

1
W= 5([’0(111 > 11271‘[3)11 +Jl) +f(1‘r] 5 11-2, 113)7 (A.8)

where f is an arbitrary function of Iy, Iy, and Iz,. Upon choosing f(Iz,, Iz,, I;) = —%,u, the final form
of the strain energy function is obtained. This choice ensures that the energy derived using the initially
stressed strain energy function is the same as that obtained by considering a direct deformation of a neo-Hookean
material from the stress-free configuration.

All that remains is to prove that, when using Wgcp, the third equation of (A7) holds. Equations (A2)); and
(A3) can be rearranged to give

pol=uBg—71 and pI= ;,LFB()FT -0, (A9)

respectively. Multiplying the first of these equations on the left by F and on the right by FT, and upon substituting
equation (A into equation (A3 and equation (A3 into equation (A.9),, we obtain

0B = uFBF' — FzF' (A.10)
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and
p11 = uFBF" — poB + pl — FrF, (A.11)

respectively. Then substituting (AQ) into (A-TT)), we obtain
pll=pl = p;=Wp, (A.12)

as required.

APPENDIX B
B.1 Tensor identities

The Cayley—Hamilton theorem allows us to determine which tensors are independent. It states that any 3 x 3
tensor A satisfies
A3 — I A% 4 Ig,A — 1A 1 =0, (B.1)

where Iy |, Iz, and I, are the invariants of A analagous to I, Iy, and Iz, for 7. From (BID, we can see that
any power of 7 higher than two can be rewritten in terms of 72, 7,1 and the invariants Iy, Iy, and I7;.

We will now show that tr(‘[2€) and Tet, 26T + TeT? can be written as combinations of terms already
present in (8. First substitute A = & + y T in (B.ID, where y is an arbitrary scalar. Since the resulting equation
must hold for every y, each coefficient multiplying a different power of y must be zero individually. The term
multiplying y2 is given by

TET + er? + e — (et +18)l7| — 2tre + Ty tre —tr(eT)) + €le,
+ 1y, tr(ze) — Iy, tre — tr(erz)) =0. (B2
By taking the trace of both sides of this equation (and using the properties tr(A + B) = tr A + tr B and

tr(AB) = tr(BA)) we establish that tr(rzs) is indeed a combination of the terms already present in ({@.8). The
same can then be said for tet directly from (B2), and for t2et + te72 by multiplying on the left by 7.

APPENDIX C
C.1 The entries of the matrix M
The entries of the matrix M are as follows:
M| = o) + 3w +a3trt, My =aptr 7 + a3 tr(r2) 4 2a9ly;, (C.1)
Mi3 = @ tr(z?) + a3 () + 20glry + 20917, Irs, (C.2)
My = 3(a3 + 1) + ag tr 7 + 2ag, (C.3)

My = aj + (@3 + ) tr 7 + ag tr(z?) — 2oy, , (C.4)
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(C5)

Moz = (@3 + D) tr(z?) + ag tr(z3) — 2081y, + 209(lzy — Iz, Izy),

(C.6)

M3y = 2ag + 209 tr T,

M3 = 2ag,
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(C7

M3z = o + 2agtr T + 209 tr('rz).
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