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We propose an innovative procedure by exploiting the physical meaning of natural strain
or Lode invariants with the following salient contributions: 1) Uniaxial data for human
brain tissue is used to stipulate the mathematical structure of the potential in terms of the
Lode invariant that quantifies the magnitude of distortion along with the modulus term
being an unknown function of the Lode angle that quantifies the mode or type of distor-
tion. 2) By a priori analysis using the Baker-Ericksen inequalities, the mathematical form
of the modulus function is determined in a novel manner. 3) The derived modulus func-
tion is corrected by adding a constant, which in turn is determined using analysis involv-
ing sufficient conditions of the stronger Hill inequality. 4) In addition, we also prove that
any potential that satisfies Hill inequality also satisfies true-stress-true-strain monotonicity
condition in plane stress. Compared to Mihai-Ogden model, besides excellent quantitative
agreement with data for human brain tissue (see Mihai et al., 2017), the constructed model
also emulates the observed non-linear behavior of shear stress with respect to the amount
of shear as opposed to the nearly linear response predicted by the antecedent model. Addi-
tionally, when only tension-compression data is available for determining material param-
eters, the predicted combined tension and shear response associated with the proposed
constitutive relation shows monotone decreasing Poynting stress (compressive), while the
former predicts an unexpected non-monotone response for certain levels of tension.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Many constitutive inequalities have been proposed for hyperelastic materials in the past, and not all of them enjoy the
same status. We begin with a short analysis of various constitutive inequalities and their interrelation before describing the
construction of an elastic potential because appropriate inequalities are required for scrutiny of contending mathematical
forms that are suitable for constitutive relations.

The inequalities proposed by Baker and Ericksen (1954) state that the principal values of Cauchy stress and its corre-
sponding stretches are ordered in the same manner. This physically reasonable inequality (B-E inequalities) is conceived by
considering a homogeneous triaxial deformation of an isotropic elastic block. Rivlin (2004) superimposed an infinitesimal
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simple-shear on the triaxial deformation considered by Baker and Ericksen (1954) and showed that the inequalities are
both necessary and sufficient for the shear stress and the shear strain to be in the same direction or the incremental shear
modulus to be positive. In related work, Mihai and Goriely (2011) showed that the deformation of any hyperelastic isotopic
material subjected to pure shear can be decomposed into a triaxial state and simple shear in the direction of shear stress if
and only if the B-E inequalities hold. By augmenting the connection of B-E inequalities with that of realistic physical behav-
ior, Marzano (1983) showed that these inequalities are also necessary and sufficient for the simple tension to correspond to
a simple extension. It appears that the mounting circumstantial evidence in favor of B-E inequalities led Neff et al. (2015) to
comment that, and we quote, the Baker-Ericksen inequalities are arguably an absolutely necessary requirement for reasonable
material behaviour.

Now we turn our attention to stronger constitutive inequalities which imply B-E inequalities. Accordingly, the constitutive
inequalities such as E-inequalities, strong ellipticity and Hill inequality are scrutinized. For an incompressible, isotropic and
hyperelastic material undergoing uniform shear, Mihai and Goriely (2011) have shown that imposition of E-inequalities (refer
to Truesdell and Noll, 2004) leads to positive Poynting effect. Measurements made by Balbi et al. (2019) also showed that
brain tissue exhibits positive Poynting effect. However, Truesdell’s empirical or E-inequalities also imply ordered forces (O-F)
inequality, which may be violated for nearly incompressible and incompressible isotropic elastic materials, as demonstrated
by Sidoroff (1974) and Rivlin (2004). Therefore, E-inequalities are not appropriate for the human brain tissue which is nearly
incompressible.

Strong ellipticity is connected with the existence of real wave speeds in the linearized theory of elasticity, in that,
real wave speeds imply strong ellipticity (see Marsden and Hughes, 1994). That strong ellipticity may be desirable, but
the loss of the same is not a mathematical pathology was expounded by Silhavy (2013): They are related to the quali-
tative features of the equilibrium states, like their existence/nonexistence, stability/instability, uniqueness/nonuniqueness, the oc-
currence/nonoccurrence of phase boundaries, etc. Moreover, the violation of these and other ‘mathematically desirable’ features is
now understood not as a mathematical pathology, but as a sign indicating (the possibility of) an interesting physical phenomenon,
phase transition, observable large- or fine-scale instability of another ‘catastrophic’ feature. In order to substantiate the assess-
ment made by Silhavy, we draw the readers attention to the work of Knowles and Sternberg (1976) and Abeyaratne (1980).
They show that the loss of ellipticity of equilibrium equations is necessary for the existence of elastostatic shocks, i.e., fields
with continuous displacement and discontinuous displacement gradients for compressible, isotropic and hyperelastic mate-
rials under plane strain and its corresponding counterpart belonging to the incompressible class, respectively. In a connected
effort, Zee and Sternberg (1983) obtained necessary and sufficient conditions for strong ellipticity explicitly in terms of the
stored energy function in a three dimensional setting for the incompressible class. They also demonstrate for special stored
energy functions that the loss of monotonicity of shear stress in simple shear coincides exactly with the loss of ellipticity
mirroring the findings of Abeyaratne (1980). Recently (Zubov and Rudev, 2011) obtained necessary and sufficient conditions
for strong ellipticity on the stored energy function in an easily tractable and verifiable form. However, there are difficulties
in constructing an elastic potential using Hencky strain, which satisfies strong ellipticity conditions in the entire range of
deformations. Martin et al. (2018) have shown that it is impossible to construct a potential that is both a monotone increas-
ing function of ||dev,(Log(V))]|| for n> 3, where V is the square root of left Cauchy-Green stretch tensor, and which satisfies
strong ellipticity for the entire range of deformation. By acknowledging these difficulties associated with such construction
and the fact that the loss of ellipticity is not a mathematical pathology, we use the nine inequalities associated with any
incompressible and isotropic hyperelastic material established by Zubov and Rudev (2011) to determine the domain where
the ellipticity conditions are satisfied for the derived Hencky strain based stored energy function. We also show that the
constitutive relation obtained from the derived potential satisfies Hill inequalities (or it is Hill-stable), and that the Cauchy
stress is a monotone increasing function of Hencky strain in plane stress conditions. Apart from implying B-E inequalities,
strong ellipticity also implies separate convexity or tension-extension inequalities.

Hill (1970) proposed a one-parameter family of constitutive inequalities involving Jaumann derivative of the Kirchhoff
stress and symmetric part of velocity gradient for isotropic elastic solids, which in turn implies a second family of in-
equalities concerning time derivatives of Seth-Hill strain, parametrized with the same parameter m, and its corresponding
conjugate stress (also see proposition 18.6.5 of Silhavy, 2013). On the suitability of this inequality, Silhavy (2013) remarks
in chapter 18 of his book that This does not seem to contradict any theoretical or experimental evidence. When the parameter
m = 1/2, Hill showed that Coleman-Noll inequality follows from Hill inequality, which in turn implies O-F inequality. Recall
that (Rivlin, 2004) refuted the suitability of O-F inequality for nearly incompressible and incompressible elastic materials.
Interestingly, only when the parameter m is zero, i.e., for Hencky strain and its conjugate Kirchhoff stress, is the Baker-
Ericksen condition satisfied. Further, for the incompressible counterpart, only hyperelastic formulations based on Hencky
strain is compatible with Hill’s inequality. We show in Section 3.4 that the derived potential is Hill stable.

In this paper, we propose a constitutive equation for human brain tissue based on Lode invariants of Hencky strain
tensor. By taking a cue from a global universal relation for incompressible isotropic elastic solid (see Monigari and Kannan,
2013; Wineman and Gandhi, 1984), the independence of total normal force and torque associated with twisting a cylindrical
specimen requires that the potential be a function of both the invariants. Accordingly, assuming that the brain tissue is
incompressible, we seek to determine the mathematical structure of the potential based on the invariants that measure
the magnitude of distortion K, and the mode of distortion K. The former invariant quantifies the extent of distortion in
a neutral manner irrespective of the type of distortion such as uniaxial, equibiaxial and pure shear, whereas the latter
remains unchanged for any magnitude of a particular type of distortion (see Chen et al., 2012; Criscione et al., 2000). In
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other words, a change in the latter is connected with the change of type of distortion. As an additional benefit, the most
general representation of Cauchy stress involves a unit tensor basis Ny, Ny and N, that are mutually orthogonal to each
other together with the first and the second response functions as coefficients of N; and N, respectively. By exploiting the
physical meaning of the invariants and the orthogonality of unit tensor basis, we delineate a procedure for constructing a
potential that is a function of both the invariants: (1) Only the first response function y; is involved in simple tension and
compression. Concomitantly, experimental evidence suggests an exponential function of K, with K3 = 7 /6 for tension and
—7 /6 for compression (2) The shear modulus parameter in y; is assumed to be a function of K;.2 Consequently, the first
response function is a function of K, and Kjs. (3) The response function y; is integrated to obtain the stored energy or the
elastic potential. For small deformations, the stored energy must only be a quadratic function of K, for consilience with
that of linearized elasticity. Accordingly, the stored energy is corrected by removing the mode-dependence appearing as
the coefficient of K% and the corrected response functions are obtained as a function of K, and Ks. (4) For the constitutive
equation to admit a uniaxial response, the second response function y, must vanish at K3 = +m /6. (5) A priori analysis
using Baker-Ericksen inequalities® is used to determine the mathematical form of the shear modulus function and corrected
in order for the derivative to vanish at K3 = 47 /6. (6) The modulus function is further corrected to satisfy the requirement
of the stronger Hill inequality. (7) For any potential satisfying Hill inequality, true-stress-true-strain monotonicity for plane
stress conditions is shown to hold.

We refer the readers to the papers on constitutive modelling of brain tissue (see Goriely et al., 2015; de Rooij and Kuhl,
2016), biological tissues in general (see Chagnon et al., 2015; Humphrey, 2003; Mihai and Goriely, 2017; Wex et al., 2015)
and elastomers (see Boyce and Arruda, 2000; Marckmann and Verron, 2006; Mihai and Goriely, 2017), and the references
therein for a comprehensive review of various constitutive equations that have been proposed. To the best of our knowledge,
amongst the proposed constitutive equations for isotropic and hyperelastic materials, this is the first paper to partially con-
dense the mathematical structure of the potential in terms of the Lode invariants from a priori analysis using Baker-Ericksen
inequalities. When both the invariants are involved in the construction of the potential, where the invariant K3 appears in
the exponential function through the shear modulus (see Eq. (47)), a priori analysis is essential to obtain the correct func-
tional form of the shear modulus. Otherwise, the derived constitutive equation is very likely to violate the B-E inequalities
during some deformation. Compared to the predictions of the constitutive equation proposed by Mihai et al. (2017) for
brain tissue, our model emulates the mechanical behavior qualitatively and quantitatively better with the same number of
material parameters.

2. Shear superposed on uniaxial deformation

The combined loading experiments on human brain tissue performed by Budday et al. (2017) uses the motion studied
by Wineman and Gandhi (1984) for obtaining universal relations. Such experiments are suitable for obtaining constitutive
equations that depend on the magnitude and the mode of distortion because the material is subjected to different modes
of distortion. The pertinent motion for an incompressible material is given through:

x:%x+)»y Z, (1a)
y= 1 Y, (1b)
VA
and
z=MA1Z, (1c)

where (X, Y, Z) and (x, y, z) are the coordinates of a particle in the reference and the current configuration, respectively.
The corresponding deformation gradient is given through

1
w0 M
0 0 A

Notice that the motion is isochoric since an incompressible material can only undergo isochoric motion.
The eigenvalues of the square root of left Cauchy-Green stretch tensor B, i.e., V, corresponding to the motion (1) are

1
7
Y24+1)20542(y2-1)A2+ 1
\/()/2 +1)A2 - \/( ﬁ( Line g
7 ,

Alv = (33)

PN

Aoy = (3b)

2 Data presented in Mihai et al. (2015) suggests that shear modulus of brain tissue must be a function of the mode of distortion.
3 One expects a constitutive equation to at least satisfying B-E inequalities.
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and
241)22542(y2-1)A2+1
(y2+l)kz+\/(y +1) }(y T
hay = : (3c)
V2
Lode invariants are given through (see Chen et al., 2012; Criscione et al., 2000)
1
Ky = —tr(InV), 4a
=5 (InV) (4a)
K; = ||dev(InV)]||, (4b)
and
1 . ;{6 tr((dev(InV))?)
Ks=3sin ( [dev(mV)[? )’ o

where Ki, K, and K3 measure the extent of dilation or contraction, magnitude of distortion and the mode of distortion,
respectively. By substituting Eq. (3) in Eq. (4), for an incompressible material one arrives at the following three equations:

K, =0, (5a)
24 1)A3 +1 2
Ky = % 2coth™' (r2+1) 2.4 30“9)) (5b)
\/(yz +1)228 +2(y2 - 1)A3 +1
and
N P 3@(2]5 In(A) - (In(1))?) (50
R 4K3 '

One can solve for In()A) in Eq. (5¢) in terms of the other invariants. The cubic equation has a positive discriminant, and
hence, all the solutions are real. Out of the three real roots, only one of the solutions changes sign as required by the
expression for In()A). Moreover, corresponding to each of the expressions that do not change sign, the solution for y is a
pair of complex conjugates. Accordingly, the appropriate solutions for the parameters A and y are expressed as

A= ez@m sin(K3) (6a)

and

y = i\/—e*Z@Kz sin(Ks) 4 2@~V sin(Ks) cosh (v2K; cos(K3)) — 1, (6b)

i.e., one can shear along the positive or negative X direction.

For incompressible and isotropic hyperelastic materials, W(InV) becomes W(K,, K3), where the invariants K, and K3 are
expressed through Eqs. (4b) and (4c), and Cauchy stress is represented through an orthonormal tensor basis No,N; and N,
(see Chen et al., 2012):

oW 1 dW

T=-pNo+ ++Ni+ — 5+
PRo+ 31, ' F i 9K
where tr(N;Nj) =0 (i #j) and tr(N;N;) =1 (no sum on the index i), i =0, 1,2. The Lagrange multiplier, the first and the
second response functions are p, y;(Ky, K3) = EaJTVZ =T-N; and y, (K, K3) = % W _ T.N,, respectively. In terms of the

Ny, (7)

tensor V, mutually orthogonal unit tensors are defined through G
o 88'% ) % (8a)
N = g = -
and
N, = 1<28811% = %(Nf - %1 - tr(Nf)Nl), 50

where I is the identity tensor. After performing all the operations described in Eqs. (7) and (8), tr(InV) is set to zero a
posteriori in the same equations for incompressible materials.
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On using Eqs. (6) and (8b), assuming positive y, immediately one can calculate the components of the tensor basis for
the motion (1) in terms of the invariants K, and K3 :

3 cos(K3) (cosh (v2K; cos(K3)) — evBi sin(K2)) csch(v2K; cos (K3)) + sin(Ks)v/3

Nixx = 9a

1xx 3ﬁ ( )

ley = O? (9b)
cos([(g)\/—eNGKZ sin(ks) 4 2ev8Kasin(Ks) cosh (v/2K; cos(K3)) — 1

Niy, = > (90)

\/ cosh (2v/ZK; cos(Ks)) — 1

2 .
Nyyy = —\/;sm(lg), (9d)

lez = 0, (96)
and
3 cos(l(3)(em<2 sin%) — cosh (v2K, cos(Ks)))esch(v/2K; cos(K3)) + sin(Kz)v/3

lez = 3x/j (gf)
The components of N, are readily obtained using Eq. (8c):
3sin(Ks)csch(v2K; cos(Ks)) (eVBKasin@s) _ cosh (V2Kz c0s(K3))) + v/3 cos(Ks)
NZxx = ’ (loa)
3v2
N2xy =0, (10b)

sin(I(g)\'/—eNg'<Z sin(ks) 4 2ev8Kasin(Ks) cosh (v2K; cos(K3)) — 1
Noy, = — , (10C)
\/cosh (2v2K; cos(K3)) — 1

Noyy = —\/gcos(lg), (10d)

Nyy, =0 (10e)

and
3sin(K3)csch(v2K; cos(K3)) (cosh (v2K; cos(K3)) — evekesin®)) 1 (/3 cos(K3)

NZzz 3«/2

For the Eqgs. (9) and (10), K, and K3 are expressed through the Eqs. (4b) and (4c), respectively, with tr(InV) being set

to zero. A stored energy function in terms of the invariants K, and K3 reduced with tr(InV) = 0 is sufficient to calculate

Cauchy stress by using Eq. (7). Accordingly, unless stated otherwise, only the invariants in the reduced form is used from
this point forward.

(10f)

3. A novel procedure for the construction of a potential based on both the Lode invariants
3.1. Compatibility condition for the second response function

By employing a limiting process K3 — + % to the Egs. (9) and (10), one can obtain the components of N; and N,
corresponding to uniaxial tension and compression along the z-direction, respectively:

1
T7 01 0
o ¢ =3

and
1
Wl O] 0

N,=| 0 -5 0]. (11b)

_0 0 0
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On substituting Eq. (11) in Eq. (7), two different expressions are obtained for each of the lateral stresses that are non-
zero for loading along the z-direction, which is unrealistic if 3, #0. By using a universal relation for uniaxial deformation
(tension or compression), i.e., all the components of stress are zero except along the loading direction and the orthogonality
of unit tensor basis, T-N; =y, = 0. In other words, compatibility with the said universal relation demands that the second
response function y, must vanish for K3 = +%.

3.2. The mathematical form of the first response function is based on uniaxial data

For uniaxial tension and compression along the z-direction, since ), = 0, the Lagrange multiplier is determined to be
p= ﬂF% by using the traction-free condition on the lateral faces on using the Eqs. (11a) and (7). Accordingly, the longi-

tudinal stress Ts3 = iyl(% +\/g), i.e., only the first response function is involved in the expression for uniaxial stress.

Consequently, the measured uniaxial tensile or compressive stress T3z for corona-radiata of the human brain tissue favors
the following form for y:

y = a(efPts) —1), (12)

where a is a positive scaling parameter for y; and the mathematical form of b(K3) will be determined by a priori analysis of
B-E inequalities in Section 3.3. The function ‘b’ plays the role of a modulus parameter (and therefore value of the function is
positive) dependent on the mode of deformation, and hence can assume different moduli in tension and compression akin
to that observed in experiments. Notice that for a body in undeformed state, the first response function assumes the value
zero whenever K, = 0. One can obtain the potential function W by integrating y; with respect to K5, i.e.,

W= / y1dK,

S K 13
=a W—z +8(K3), (13)

where g(K3) is determined to be,

g(Ks) = (14)

d
T b(Ks3)

on using the stipulation that W = 0 whenever K, = 0. The power series expansion of the Eq. (13) reduces to (a/2)K,%b(Ks) +
0(K,>), and upon linearization the leading term becomes (a/2)tr(e2)b(Ks), i.e., it is dependent on the mode of distortion.
For consilience with that of linearized elasticity, Eq. (13) is corrected by removing the dependence on the mode of distortion
and adding a quadratic term only involving K;:

1., aekeb(Ks) cKy? a
Thereupon, the series approximation of the corrected W becomes
K2 1, ) 4
W= ==+ 5k ’b(Ks)? + 0(Ko?), (16)

where c is shear modulus that characterizes small deformation and the dependence on K5 is shifted to the cubic term.
Eq. (15) is the correct general form of the potential, which will be invoked to determine the final form of the potential after
the function b(K3) is derived. In a related work, Sendova and Walton (2005) showed that for special motions of materials
for which the stored energy W is a function of K, W must at least grow exponentially with K, to satisfy the requirement
of strong ellipticity. Subsequently, the corrected first response function y; becomes

y1 =a(e’*) — 1) — aK;b(K3) + cK, (17)
and the second response functions y, is calculated to be
_1law
V2=, 0K
a(Kz*b(K3)2 — 2K;b(K3)eksb(Ks) 4 2eleb) — )by (K3)

2K;b(K3)2 (18)

Experimental data for brain tissue (see Mihai and Goriely, 2017) suggests that shear modulus in compression is more than
. . . ’ . .
that in tension. Therefore, it reasonable to assume that b (K3) < 0, and consequently it is easy to show that y, <0.
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3.3. A priori analysis using Baker-Ericksen inequalities

Apart from frame indifference, material symmetry and compatibility of the second response function, a constitutive equa-
tion has to satisfy constitutive inequalities which are known to produce reasonable physical response. One such inequality
is the weakly restrictive Baker-Ericksen conditions. Without loss of generality, let A{, A, and 1/A{A, be the eigenvalues of
V. Consequently, the Lode invariants are given through

K, = ﬁ\/ln(mln(xz) +1n* (A1) + In*(A2) (19a)
and
Ks — L <3~/31n(k1)ln(kz)(ln(k1) + ln(Az))) (19b)
3 K3
Baker-Ericksen inequalities are expressed as
(ti—t)(In(A) —In(Ap)) = 0, i.j=1,2.3, (20)

where t; are eigenvalues of Cauchy stress, and the equality holds whenever A; = A;. By substituting the eigenvalues of V in
the constitutive relation (7), one can obtain the eigenvalues of Cauchy stress in terms of the eigenvalues of V. Consequently,
the eigenvalues of Cauchy stress are substituted in the left hand side of (20) and the expression (In(A;) — ln()»j))2 is factored.
The remaining expressions in the left hand side of the product (20) are the following three inequalities:

o sec(3K3) (vB(In(A1) +In(A3)) — K; sin(3Ks)) o 213)
]/] K2
. _5ec(3Ks) (Kesin(3Ks) + VBIn(AD) | (21b)
]/1 K2
and
14 22 _KetanBKs) + VBsecBK)n(Aa) | _ o (210)
]/] K2

where y; = 0W/0K, and y, = (1/K;)0W/0K3. Therefore, the above three inequalities must strictly be satisfied even if
In(%;) = In(4;). On substituting the expressions for In(A;) and In(A,) in terms of the Lode invariants (derived in Appendix A)
in Eq. (21), the coefficient of y,/y1 becomes independent of K;, and each left hand side of the above inequalities results in
the three inequalities expressed below:

1+ 22 cotts+ Zy >0, (22a)
V1 6

1+ % (—tan(K3)) > 0 (22b)
1

and

1422 coti; - %) > 0. (22¢)

" 6

In other words, inequalities (22) are equivalent to that of (21) for any W(Kj,, K3). Notice that the B-E inequalities in

Eq. (22) are completely expressed in terms of the invariants. As discussed in Section 3.2, for a given K3, ¥5/y1 <0, and the

worst case amongst the inequalities (22) is realized when |y, /[y | takes the maximum possible value when considered along

with the largest positive coefficient. Accordingly, if the inequality (22a) is satisfied, then the other two are automatically

satisfied. In order to determine the nature of y,/y 1, the numerator of the derivative of y,/y 1 with respect to K, is expressed
in the form of series*:

L) & ab(Ks) 4 4 ) .
0K, - g 2](%b(](3)2y]2< <_ (n-2)! + m—1)1 + (H—3)!)K2 b(K3)
1 1 ni1) (K2b(K3))"
+a(((n—2)! - (n—3)1)”! —4n+1)+2 1)7) (23)

Since b/(K3) is assumed to be negative together with the fact that each term of Eq. (23) is negative, implies that y,/y is
monotone decreasing with respect to K,. Therefore, the worst case circumstance is realized when

. Y2 b’ (K3)

1m =
Ky—oo Y1 b(Kg)

(24)

4 The series expression has an arbitrary radius of convergence.
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and the inequality (22a) reduces to

b'(K3)
b(Ks)

which is a differential inequality only involving the invariant K3. Even though the left hand side of inequality (25) is set
to zero in order to obtain the solution® bycos(K3 + %) with the derivative at K3 = — /6 being zero, a correction to this
solution is necessitated by the compatibility established in Section 3.1, which in turn renders the corrected solution to
strictly satisfy the above inequality. Accordingly, the derivative of bycos(K3 + %) is multiplied with a suitable exponential
function with values approaching a maximum of unity at all K3 except near 7 /6, and vanishes at 7/6. By integrating the
corrected derivative with respect to K3, one arrives at the appropriate function ‘b’, i.e.,

e% (b1—2b; cos (K3+%)) T
b(Ks) = bo( y + cos (1(3 + 6)), (26)
1

1+ cot(Ks + %) -0, (25)

where ‘@’ is the scaling constant for W, by is the constant connected with the mode-dependent modulus function b(K3), by
is a constant that controls the ‘closeness’ of the corrected function b(K3) with that of the zero solution bgcos(K3 + %) and
c is the only modulus that is active during small deformations. The solution (26) also satisfies the inequality (25) with the
lowest value amongst the left hand side of inequalities (22) being (b; + 1)/(e1/2b; + 1), i.e., the inequalities are always
strictly satisfied for any finite b;.

The use of principal invariants or for that matter principal stretches based formulation is not readily amenable with the
foregoing analysis because it results in partial differential inequalities, which are much more difficult to analyze.

3.4. Correction of modulus function b(K3) using hill inequality

Recall that if a potential based on Hencky strain is Hill-stable, then it automatically satisfies the B-E inequalities, but,
generally the vice versa does not hold. The modulus function b(K3) expressed in Eq. (26) needs to be further corrected
so that the Hill inequality is satisfied for all positive values of b;. To that end, we begin by stating the Hill inequality for
non-zero D and any Hencky strain:

tr(tD) > 0, (27)
where 7 is the Jaumann derivative of Kirchhoff stress. By expanding Eq. (27), one arrives at
tr(zD) + tr(tW;D) — tr(W<D) > 0 (28)

with t being a function of In(V). We show in Appendix B that In(V) and D have the same eigenvectors and hence the above
equation reduces to

tr(tD) > 0. (29)
For incompressible materials Kirchhoff and the Cauchy stress are indistinguishable and the above equation reduces to
—ptr(D) + tr(T°D) = tr(T°D) > 0, (30)

where p is the Lagrange multiplier and T¢ is the extra part of the Cauchy stress. One can show that the inequality (30) im-
plies that the Hessian of the stored energy with respect to all the principal values of Hencky strain must be positive definite
(see Appendix C). In other words, Hessian must be computed prior to the application of the incompressibility constraint
(free Hessian) and the physically realizable Hessian is later obtained by applying the constraint (see Appendix C). After
applying the constraint, one of the eigenvalues of the Hessian becomes null, and the Hessian reduces to a 2 x 2 matrix.
Chen et al. (2012) showed that one can rewrite the free Hessian in terms of the derivatives involving the Lode invariants.
Accordingly, for incompressible materials, necessary and sufficient conditions for the Hessian to be positive definite are ob-
tained by applying the incompressibility constraint on the free Hessian expressed in terms of the Lode invariants, i.e, the
required conditions are,

W
ez 0 (31a)
2
and
192W 1 9w 82w 9 1w\
<K§3K§ " Kzakz)axg - <8K2<K23K3)> -0 (31b)

For a compressible material, if a potential W is Hill stable, in addition to automatically satisfying B-E inequalities, it
automatically satisfies the weaker constitutive assumption of Kirchhoff stress-stretch-invertibility, which in turn implies that

5 Produces the maximum change in the value of function.
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the shear modulus and bulk modulus are positive for the linearized elastic material® (refer to Neff et al., 2015). Consequently,
at small deformations one is guaranteed finite wave speeds. The first inequality (31a) implies that the first response function
y1 must be monotone increasing with respect to the invariant K, (or W is partially convex with respect to K,), which
is automatically satisfied because of the choice of the function assumed for y; (see Section 3.2). The second inequality
(31b) expresses the diagonal dominance of the Hessian in terms of the Lode invariants. One can rewrite Eq. (31b) as,

2( 19W | 1 W 9 /1 awy\ 2
2 Lodw y 1w 0 (19w
(3 W) gae TG <3K2 (& 31(3)> o (32)

2 2w 92w
K3 K3 K3

Since (92W/9K3)? is always positive, it immediately follows that,

LOW oW (L) 2

K% ()K% Ky 9K, _ K, \K; 9K; -0 (33)
PW P2W '
K2 K2

The series form of the corrected potential function (15) having an arbitrary radius of convergence is expressed as,

ck2 i aK, (K>b(K3))"

W=+ (n+1)! (34)

2
n=2

It is easy to show that the first term cI(%/Z satisfies Hill inequality and it suffices to show that every term in the Eq. (34) sat-
isfies the same because the sum of positive definite Hessians calculated with respect to the principal values of InV is also
positive definite. To that end, the every term in the series is substituted in Eq. (33), and the nth term can be expressed as
(K /(K3)? 1

bT(Ky) b3 +->0n=23,... (35)
(n+1)b(K3) (n+1)2b(K3)2 n
In other words, satisfying the above inequality for every n is sufficient to satisfy the requirement of Hill inequality if W is
of the form (15). Notice that the inequality (31b) is reduced to an ordinary differential inequality involving Ks. Recall that
the modulus function expressed in (26) does not satisfy the Hill inequality for all b;. In order to mitigate this weakness, the
following inequalities are considered:

b"(Ks) _ b"(Ks)

= <= (36a)
b(K3) b(K3)
and
& 2 iy 2
12 (K3) . Iz (K3) ’ (36b)
b(K3)2 ~ b(K;)?
where
R e% (b1—2by cos (K3 +%)) T
B(Ks) = bo + cos (K3 + 7) 4G (37a)
b, 6
and
B(Ks) = by (cos (I<3 + %) + cg), (37b)

with C3 being a positive constant. This constant will be determined such that the Hill inequality is satisfied for all b;. This
constant must be as small as possible in order for the modulus function to have the greatest change in value. Referring to
the inequalities (36), the equality holds whenever b; — oo except at K3 = /6. Since b”(K3) < 0, substituting Eq. (37b) in
place of the function b(K3) in (35) yields a safer inequality with the left hand side (residual) bres being

(n+1)(C5 + cos (K3 + Z))(C3n + C3 + cos (K3 + L)) — nsin® (K; + I)

= 38
e n(n+1)2(C5 + cos (K3 + %)) (38)
The value of the residual and its first derivative at K3 = —m /6 is always positive for all n, i.e.,
CGn+GCs+1
b = — >0, 39
“lye s T G D@D ©9)
and zero, respectively. The second derivative of the residual expressed as
8b§es _ Cgl'l + C3 -2 (40)
0KZ l=—z  (G+1)2(n+1)2

6 If an elastic material is incompressible, on linearization, one obtains positive shear modulus and infinite bulk modulus.
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implying that K3 = —mr/6 is a local maxima if (3 < 2/(n+ 1), and a minima otherwise. If the constant C3 < 2/(n+ 1), then
the residual is a monotone decreasing function of K3 with a unique maxima at —r /6, and the lowest value of the residual
occurs at K3 = /6. There is exactly one more extrema between —m /6 and /6 at

K; = é(—n + 6<cos1 (W))) (41)

provided that

2 ~/n24+30n+33-n+1
<(C3< .

n+1- > 4n+4 (42)

In such a case, it immediately implies that the extrema is a maxima because of the presence of a minima at —7 /6. Then, the
possibility of the residual being the largest negative number can only occur at /6. If C3 > (v/n24+30n+33 —n+1)/(4n +
4), then the residual is always positive. In summary, by making the residual non-negative at K3 = /6 is necessary to satisfy
the inequality (35), which is expressed as

(C3+3)(n+1)(CGn+C5+ §) - 3
bres = 1\2 P . (43)
Ks=1 (Cs+3)?n(n+1)
By setting the above equation to zero and solving for C3, one arrives at
2 - 12
¢, _2tn Vn+ ﬁ’ (44)

4n+4

which is always positive and monotone decreasing with respect to n. The value of C3 corresponding to the least value of
n = 2 satisfies the inequality (35) for all n, i.e.,

V7-2
-6

G (45)

because 5(1(3) > b(K3) and the equality holds only when b; — oo and K3 #77/6. In other words, for all finite values of by

the inequality (35) is strictly satisfied. At K3 = 7 /6, the residual is always positive. Therefore the corrected form of the
Eq. (26) is expressed in the final form as

R 3 (b1—2b; cos (K3+%)) _
b(l<3)=b0(e D cos <1<3+§)+ V7 2). (46)

by 6 6

The derivative of the above function also vanishes at K3 = 47 /6 and the fact that it is Hill stable implies that the
Baker-Ericksen conditions are automatically satisfied. The larger the constant bq, the ‘closer’ the above function gets to
bg(cos(Ks + 7 /6) + C3), except at K3 = 7 /6. On the other hand, for sufficiently small values of by, the corrected modulus
function (46) approaches bg/by + (b0/6)(1 +ﬁ). In other words, the modulus function ‘b’ becomes independent of the
invariant Ks. Therefore, the constructed potential in the final form is expressed as

by _ cos z
a (exp <b0K2 (w +cos (Ks+2) 4+ 2 (V7 - 2))) - 1)
W =oK2+
72 2 e%L—bl cos(K3+%) - 1
bo | 5 +eos (Ks+§) + 5 (V7 —-2) (47)
b—1—b cos(Kg—i—E)
1 e2 ! 6 T 1
_EabOKg b ~+ cos <K3 + 6> + G (ﬁ — 2) —aKs

by substituting Eq. (46) in Eq. (15).

Now we draw the readers attention to the proposition 5.2 in Martin et al. (2018), which states that there is no strictly
monotone increasing function of l(% such that the potential is rank-one convex (or equivalently strongly elliptic’ in the
case of a sufficiently smooth potential) in the entire range of deformation. When a body is subjected to uniaxial tension or
compression, i.e., K3 = +7/6, respectively, the potential is in fact a convex function of K, because of the stipulations made
on the first response function as discussed in Section 3.2. Therefore, on applying this proposition the constructed potential
must lose ellipticity for some finite Kj.

7 For example, see Dacorogna (2001).
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3.5. Cauchy stress is a monotone increasing function of In(V) in plane stress
In this sub-section, we show that Jog-Patil’s (see Jog and Patil, 2013) true-stress-true-strain monotonicity is satisfied for

plane stress. In order to show that Cauchy stress is a strictly monotone increasing function of true strain for an incompress-
ible material in plane stress, one has to show that the 2 x 2 matrix

at; d oW
g (1. 10k, Ik —Inkg) = 5 ( — P+ g (W1, Inkz, Inks) (48)
InAz=-InA;—InA,
is positive definite with t; being zero. The Lagrange multiplier p in Eq. (48) is replaced by 0W/d In A3, i.e,,
at; d oW A
(Inhq. InAs. —InA; — Inky) = = ( AL + (49)
dln,; dlnA; dlnis InAs=—Ink; —Ink, dInA,; Inhs=—Ini; —Ink,

For a general boundary value-problem, the mathematical structure of the multiplier must be known. Recall that in
Section 3.4, for an incompressible material, it was shown that the free Hessian of W is positive semi-definite because one of
the eigenvalues is zero. In order to show that the Cauchy stress is a strictly monotone increasing function of Hencky strain
in plane stress, the following matrix must be positive definite:

at |: (W11 +W,33 =2W,13) | (W.33 +W,12 =W,13 =W, 3 )|i|

Ak | (W33 +W,15 —W,13 =W 3 )| (W, 22 +W,33 —2W 3 )|

where f;(In)q, InA;) = t;(InAq, InA,, —InA; — Ini;), W, = 82W/81n)\131n)\j is the free Hessian and the vertical bars indicate
that the application of the incompressibility constraint a posteriori. For the sake of brevity, hereafter we will refrain from
using vertical bars. The necessary and sufficient conditions for the above matrix to be positive definite are

W11 +W,33 =2W,13 > 0 (51a)

(50)

and
(W11 +W.33 =2 W.13)(W.22 +W.33 =2 W.33) — (W33 +W, 13 ~W.33 —W,13)* > 0. (51b)
By rearranging Eq. (51b), one arrives at
(W2 Wo33 =W.33 ) + (Wos W33 =W.35 ) + (W Wopp —W.3,)
+2(W,13W,23 =W, 15 W,33) +2(W, 12 W, 13 -W,3W,11)
+2(W,12W,23 —-W,13 W, ) > 0. (52)

Let H be the free Hessian of the constructed W in terms of the eigenvalues of Hencky strain. Recall that the free Hessian has
exactly one zero eigenvalue, the other two being strictly positive, i.e., the free Hessian is positive semi-definite. By picking
the vector to be (1,0, 1) in the expression H;v;v;, one arrives at Eq. (51a) with the strict inequality being replaced by
greater than or equal to zero. Cofactor of W, j; is symmetric and is defined through

cof(H) = Wﬁ —LiuW. i +hud, (53)
where iy and Iy are principal invariants of the matrix W, j;. By using Eq. (53), it is easy to show that the cofactor of the
matrix H is positive semi-definite with exactly two eigenvalues being zero, and is defined through

W.2o W.33 -W.2, W,i3W,23 =W, 1, W33 W,;p W53 -W,13W,,
cof(H) = | W,13W,23 =W, 12 W, 33 W,11 W33 -W,3, W, 12 W,13-W,23W,qq |. (54)
W, 12 W, 23 -W,13W, 25 W, W,13-W,3 W,y W11 W, =W .2,

By picking the vector (1,1,1) in the expression [cof(H)];;vjv;, one can show that the weaker form of Eq. (52) is satisfied.
Therefore, the matrix (50) is positive semi-definite, which implies that the Cauchy stress is a monotone increasing function.

4. Comparison of effectiveness of the proposed and Mihai-Ogden model

The four material parameters associated with the proposed and Mihai-Ogden model are determined by fitting the re-
sponse of both the constitutive relations with the data published in Budday et al. (2017). The parameters are optimized
using differential evolution algorithm available in Mathematica®. The efficacy of the proposed and Mihai-Ogden constitutive
relation is assessed by separately fitting them to the three sets of data: simple shear, uniaxial tension and compression, and
the combined tension/compression and shear. After obtaining the material parameters associated with each set, the predic-
tions of both the constitutive relations with respect to the remaining components of stress in combined tension/compression
and shear are compared.

One needs to redetermine the constants for Mihai-Ogden model proposed in Mihai et al. (2017) because the originally
reported constants corresponding to Budday et al. (2017) data does not even satisfy B-E inequalities. Additionally, in order
to ensure that the normal stress perpendicular to the direction of shear is compressive (positive Poynting effect), one needs
to establish additional constraint.
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4.1. Empirical inequality for Mihai-Ogden model
The potential proposed by Mihai et al. (2017) is expressed as
Co 20 2a 2a G
WMO:E()\'I Jr)\-z +)\43 73)“1’7

and its corresponding spectral representation of Cauchy stress is

(AM+A3+23-3)+ %(A;2+A;2+Ag2 -3) (55)

—p(m; @ M) + CoAZ* (my @ my) + CiAZ (M @ my) — GA2(n; @ my), (56)
which in the tensor form is expressed as
T = —pl + CoB* +C;B — C,B 1, (57)

where B® is the ot power of the positive definite left Cauchy-Green stretch tensor, and the constants in (57) and its physical
meaning are identical to that of the model proposed by Mihai et al. (2017).

Since it is not easy to obtain necessary or sufficient conditions that ensure positive Poynting effect in simple shear under
all conditions, we propose an empirical inequality.

On specializing the above equation for simple shear using the components of B computed by setting A =1 in Eq. (2),
and applying a traction-free condition for Tyy, one arrives at the Lagrange multiplier and normal stress Tz, respectively:

_CO(%)a—l —Cy + A2

p=— - (58)
and
T, = 2*‘*4(:0(()/2 — VY2 Ay + 2)“ + (V (x/er V) + 2)“ - 2““) A
retye((v2 -y ey +2) - (v(Vr7rasy) +2)7)
. . (59)

Vyi+4

The normal stress induced perpendicular to the direction of shear, i.e, T;; must be negative to be in line with the measure-
ments. Further, one expects the normal stress to be monotone decreasing with respect to y, i.e., the more the parameter y,
the more the normal stress. To that end, the power series expansion of the derivative of the above equation is computed
about y = 0:

dez
dy

C
~ ((@ — aCy —2Cy)y + Eo(a —2)(a - Da(a +1)y* +0(y°). (60)
The exact derivative is a complex expression and it is very difficult to arrive at necessary or sufficient condition. One can
ensure that the above derivative will be negative for sufficiently small y provided that
(o — 1)aCy—2Cy) < O, (61)

which we term it as the empirical inequality.

4.2. Determination of material parameters for Mihai-Ogden model
For a combined loading of tension/compression along the z-direction and shear along the x-direction, the normal and
shear stresses are given through

(& _ )/2C2)\.3 +G

iz = —Cod ™ + C1A% = -2 + G
2—&—1(‘0((7/2 _ ]))Ls +\/((y2 n 1)13 T 1)2 —4)3 + 1) ((y +1)A _,/((y;]),\ +1)2-42 +1>

+

Sz p -4
2‘“‘1C0<—yzk3+\/((y2+1))»3+1)2—4)»3+)»3—1)((V2+1))\3+'/((V”1)“+1)24““)

A
+

: (62)

\/((VZ +1)A3 +1)2 — 423
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Fig. 1. Curve fitting of the predicted shear stress Ty, to the data for simple shear.

1 1y 2
Tu = 5| —26GA 426 (yzxz + X) -

A

zfotco((yz _ 1)&3 + \/((7/2 + 1))»3 + -1)2 — 403 + 1><(y2+1)k3+,/ ((V2+1)A3+1)2_4A3+1)

+

\/((yz +1)A3 +1)2 - 423
2*"‘C0<—y2)n3 + \/((yz + 1))@ + 1)2 _4p3 43— 1) ( (y2+1)23- /((V2+1)A3+1)24A3+1>

A
" \/((y2+1)k3+1)2—4k3 e
and
o 2+ 12)_:3)/:1)2 —4)3 R
y2A3 — \/((yz FO)AB+1)2-423 423 +1
—CoA? 5
. Y23+ \/((yz +1)A3+1)2 413+ 23 +1 60

A

All the above equations in this sub-section were obtained by substituting Eq. (2) in Eq. (57) and symbolically manipulat-
ing using Mathematica®. Recall that Destrade et al. (2015) and Balbi et al. (2019) conducted simple shear experiments
on porcine brain, which exhibited positive Poynting effect. The parameters associated with Mihai-Ogden model and re-
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Fig. 2. Induced normal stress T,, during combined loading corresponding to the material parameters obtained in Section 4.3.
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Fig. 3. Predicted shear stress Ty, during combined loading corresponding to material parameters obtained in Section 4.3.
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Fig. 4. The proposed and Mihai-Ogden model are fitted to uniaxial data.

Table 1
Parameters for model and Mihai-Ogden model.

Parameters for the proposed model

a bo by C
Fitted to data for simple shear 0.00251134 31.2298 103.573¢ 0.840554
Fitted to data for uniaxial response 414.952 0.343069 2748.05 0.338293
Fitted to data for combined loading  9820.97 0.036753 19.6262 0.424742

Parameters for Mihai-Ogden model

Co o (& G
Fitted to data for simple shear —0.00436129 —20.6513 1.25883 -0.91307
Fitted to data for uniaxial response -12.2062 -2.31228 12.349 -39.81°
Fitted to data for combined loading  —45.4789 -1.12519  2.09917 —52.6588

2 Constraints for Optimization are a > 0,by > 0,b; > 100 and ¢ >0
b Adjusted to satisfy Hill inequality

ported in Mihai et al. (2017)® does not satisfy Baker-Ericksen inequalities and the model’s prediction with those parame-
ters produces nonphysical negative Poynting effect, i.e., the normal stress T, induced during simple shear is positive. In
order to remedy the incorrectly established parameters, Mihai-Ogden model was refitted with the following conditions:
Cox > 0,C; >0 and ((o¢ — 1)aCy — 2Cy) < 0. These conditions also seem to ensure monotone decreasing normal stress T,
during combined loading provided that the data for multiple modes of deformation are available. Ogden (1972) estab-
lished sufficient conditions for the Hill inequality to be satisfied, which when applied to Mihai-Ogden model reduces to
Cox >0,C; >0and C, > 0. These conditions are a bit too restrictive and predicts negative Poynting when fitted to data for
simple shear. Therefore, only the first two inequalities of Ogden’s sufficient conditions are enforced along with the em-
pirical inequality, and the Hill inequality is checked a posteriori. If the Hill inequality is violated, the parameter C, is ad-
justed in a least possible manner such that Hill condition is satisfied for a reasonably wide range of conditions. The four
parameters associated with Mihai-Ogden model are determined using differential evolution algorithm with the three con-
straints Coor > 0,C; > 0 and ((« — 1)aCy — 2C;) < 0 along with the pertinent Eqs. (62) through (64) for the three sets of
data discussed earlier, i.e., simple shear, uniaxial tension and compression, and combined tension/compression and shear.
The resulting material parameters are listed in Table 1.

8 Cp =0.0653, = 7.1813, C; = —3.8201, C; = 3.5376.
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Fig. 5. Relative errors associated with shear stress Ty, during combined loading corresponding to the material parameters obtained in Section 4.4.

4.3. Predictions of the proposed and Mihai-Ogden model using data for simple shear

Shear stress in simple shear for the proposed model is computed to be

bo(Ge%“’;ﬂ +V7+3V3 - 2) tanh™' (ﬁﬁ?)

1
T =———— [ 6v2af ex 1
Xz 6 y2+4 ( p 6\/2
2.4 3 (bi—v3br)
+tanh™" % (abo(sebﬁ3«/§+2>+6c>> (65)
1

On applying traction-free boundary condition on a face of 5mm x 5mm x 5mm cubic specimen with its normal being in
y-direction, i.e,, Tyy = 0, and by using Eq. (7), one arrives at the Lagrange multiplier p:

P = Y1Nuyy + ¥2Nayy. (66)
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Fig. 6. Predicted normal stresses T,, during combined loading using the material parameters obtained in Section 4.4.

where each symbol on the right hand side of the above equation can be computed using Egs. (5), (9), (10), (17), (18) and
(26). The multiplier corresponds to a combined tension/compression and shear. By substituting the Lagrange multiplier p in
Eq. (7), one arrives at the three non-zero components of Cauchy stress interms of A and y, i.e,

Twx =11 (N1xx - N1yy) + V2 (NZXX - NZyy), (67a)
Txz = Y1Nixz + ¥2Nox, (67b)

and
(67¢)

Tzz =M (lez - ley) + V2 (NZZZ - N2yy),

By using the data for simple shear, the material parameters of the proposed and the Mihai-Ogden model are determined
using differential evolution algorithm (refer to Table 1) by using all the three constraints discussed in the previous section,
and checking the Hill inequality a posteriori. For the proposed model, the following constraints are used during the optimiza-
tion process: ¢>0,a > 0,by > 0,b; > 100. The excellent fits associated with both models are plotted in Fig. 1. The predicted
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Fig. 7. Comparison of shear stresses for shear superposed on uniaxial compression.

normal and shear stresses during combined loading, i.e., uniaxial tension/compression followed by shear, are portrayed in
Figs. 2 and 3, respectively. Notice that in Fig. 2d non-monotone Poynting stress T,; is predicted for A = 1.05 and A = 1.1. In
the absence of empirical inequality, T,; for A = 1 predicts adverse Poynting effect for a range of the parameter y, contrary
to that observed in experiments. Despite using the empirical inequality, the unexpected non-monotone behavior emerges
for the other A in tension and is not easy to control. Contrarily, for the proposed model, the monotone decreasing behavior
of T;; can be obtained by seeking appropriate values of the parameter b;. The Fig. 2a and c associated with the proposed
model show physically realistic monotone decreasing behavior. Interestingly, the calculated shear stresses connected with
both the models for different degree of tension and compression, portrayed in Fig. 3, show nearly identical response.

4.4. Predictions using data for uniaxial response

The uniaxial response of the proposed and Mihai-Ogden model is fitted to the data for uniaxial deformation, and the
extracted material parameters obtained for both the models are listed in Table 1. The best fits depicted in Fig. 4 show that
Mihai-Ogden model emulates the data better than the proposed model. By using the same material parameters, the shear



0.25

0.2

0.15

o
=

Shear stress, Ty,

IS
o
S

90

80

70

60

Relative error, %

0
0

response is predicted in combined loading conditions and compared with the experimental data. The relative errors are
plotted in Fig. 5, which demonstrate that the predictions of the proposed model in combined compression and shear have
a maximum error of about 300% as opposed to 600% for Mihai-Ogden model. However, in combined tension and shear, the
errors associated with both the models are approximately the same. The predicted induced normal stresses related to Mihai-
Ogden model, illustrated in Fig. 6d, show an unexpected non-monotone behavior for the stretches A = 1.2 and A = 1.25. On
the other hand, the normal stresses predicted by the proposed model and plotted in Fig. 6 show a favorable response.
Notice that in Fig. 6¢ the normal stresses T,; fall-off rapidly due to the extreme value of the parameter b; = 2748.05. One
can easily fix this issue when one caps the maximum value of by ~ 100, at which point the mode function b(Ks) would have

almost approached the limit function by (cos(l(3 + &)+ %) discussed in Section 3.4. The normal stresses in combined

compression/tension and shear corresponding to the proposed model in Fig. 6a and c are bunched together in comparison
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Fig. 9. Comparison of Poynting stresses T, for shear superposed on uniaxial deformation.

4.5. Predictions using data for combined compression/tension and shear

By using the Eqs. (64) and (67b), the predictions associated with Mihai-Ogden and the proposed model, respectively,
are fitted to the measured shear stress in combined compression/tension and shear by employing the differential evolution
algorithm. The resultant parameters are listed in Table 1. The Figs. 7 and 8 show the fit for different levels of compres-
sion and shear, and tension and shear, respectively. The relative errors in Fig. 7 indicate that both the models have similar
quantitative behavior in compression. More importantly, the proposed model has a better qualitative response, in that the
curvature is visible for the stretches A =1, A =0.95 and A = 0.9 mimicking the data, while the response curves associated
with Mihai-Ogden model only have nearly a linear response. The shear response in tension, portrayed in Fig. 8, affirm that
the qualitative and quantitative predictions of the proposed model are better than that of Mihai-Ogden model. Notice that
the curvature of the shear response is visible for the proposed model throughout the stretch range as opposed to nearly
a linear response for Mihai-Ogden model. The corresponding normal stresses are plotted in Figs. 9 and 10. The Poynting
stress T,; show an expected monotone decreasing response for both the models, and the other normal stress Txx shows a

non-intersecting and intersecting responses for the proposed and the Mihai-Ogden model, respectively.
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Fig. 10. Comparison of the normal stresses Txx for shear superposed on uniaxial deformation.

In order to visualize the constructed potential vis-a-vis Mihai-Ogden model, the parameters associated with the com-
bined loading is used and the constant potential curves are plotted in Fig. 11a. The isopotential curves are nearly identical
and coincide for W = 0.1 except for the corners. For smaller values of the potential, the curves differ by a small amount. It
is important to recognize that the stresses are related to the gradients of potential, and therefor small differences in (11 a)
translate to substantial difference in stresses. The Fig. (11b) shows reasonably large domain where the equilibrium equations
remain elliptic. On the other hand, Mihai-Ogden model remains elliptic in the entire domain. The deformation range over
which the data measured by Budday et al. (2017) lies occupies a tiny region within the elliptic domain. The nine inequalities
in theorem 6, which are necessary and sufficient, connected with any isotropic and incompressible material subjected to ar-
bitrary deformation derived by Zubov and Rudev (2011) is used to plot the strong ellipticity domain. It may be interesting
to note that (Zee and Sternberg, 1983) showed that the conditions of strong and ordinary ellipticity coalesce for Green elas-
tic materials that are isotropic provided that Baker-Ericksen conditions are met and infinitesimal shear modulus is positive,

both of which are satisfied for the proposed model.
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5. Conclusions

The use of Lode invariants for hyperelastic formulations rendered a priori analysis using B-E inequalities and Hill in-
equality into a simple ordinary differential inequality, which are sequentially invoked to determine the functional form of
the modulus function. Consecutively, the final form of the potential is also condensed. The use of any other non-orthogonal
invariants may not be amenable to the analysis performed in this paper, and therefore extremely difficult to determine
the mathematical form of the stored energy with those invariants. To the best of our knowledge, this is the first paper to
partially determine the functional form of the potential in terms of the invariants characterizing the magnitude and mode
of distortion using a priori analysis. For hyperelastic materials with higher modulus in compression compared to that in
tension, we have established limits for the modulus function that satisfy B-E inequalities, and the constructed potential is
capable of emulating every monotone decreasing modulus function in between those limits. The methodology developed in
this paper can be applied to determine the stored energy function of collagenous biological tissues, which have a strong
dependence on mode of distortion.

The domain of strong ellipticity is sufficiently large for the proposed model, within which classical solutions are embod-
ied. When ellipticity is violated, our preliminary three and two dimensional simulations using the proposed potential show
the emergence of necking-like phenomenon during extreme shearing of a block, and the appearance of localized shear
banding during acute plane strain squeezing of a wedge, respectively. Interestingly, experiments on high rate of shearing of
polybutadiene solution attributed to Tapadia and Wang (2003), Divoux et al. (2016) show the emergence of highly localized
shear banding.

Appendix A. Rewriting the principal values of true strain in terms of the Lode invariants

Egs. (192) and (19b) are re-written in terms of sum and product of In(A;) and In(A,), i.e.,

K 2

% =(X2-Y) (68a)
and

—K3sin(3K3) = 3v6XY, (68b)

where X =1In(A;) +1In(A;y) and Y = In(A1)In(Ay).
By substituting the expression Y in Eq. (68b) and solving the resultant cubic equation in X with a positive discriminant,
one arrives at three real solutions, i.e.,

X = \/gl(zcos(l(g, ¥ %), (69a)
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\/§K2$in(K3) (69]))
2 T
\/;I<2COS(K3 - 6). (69c¢)

One arrives at a unique Y for each of the solutions (69), i.e., there are three pairs of solutions. For each pair X and Y, a
quadratic equation in terms of In(A;) with a positive discriminant produces two solutions, i.e.,

In(hy) = %(x — V2K - 3x2) (70a)

and

and

S (x+ V27—, (70b)
and the corresponding expression for In(A,) is given through

In(hy) = %(x +V/2K% - 3x2> (71a)
and

% (x _ M) (71b)
respectively, In summary there are six pairs of solutions, i.e., six solutions for In(A;) and its corresponding In(A,). By sub-
stituting the six pairs in B-K inequalities (21) results in 18 inequalities with the coefficient of y,/y; becoming independent
of the invariant K,. Further, each inequality in (21) produces the same three independent inequalities recorded in (22).

Appendix B. Eigenvectors of In(V) and D coincide

The spectral representation of In(V) and its derivative are as follows:

3
In(V) = Y In()m @ n, (72a)
i=1
and
) 3.5
n(Wy=% (A—fni & + In(); ©n + In(Hn; @ 1ii>. (72b)
1

i=1
Since the eigenvectors of In(V) are orthonormal, it immediately follows that
n-on; =34 i,j=1,2,3, (73)
where §;; is the Kronecker delta. On differentiating the above equation, one arrives at
n;.n; =0, no sum on i (74a)
and
n;.n; = —n;.n;. (74b)

From Eq. (74a) it is evident that the time derivative of each basis is perpendicular to the corresponding basis, and is a
linear combination of the other two basis:

n; = apn; + a3ns, (75a)

Ny = otp1Ny + tp3N3 (75b)
and

N3 = 031N + a3Ny. (75c¢)

Notice that aj; = 0 whenever i =j. On using Eqs. (74) and (75), one obtains

Q1 = —Qyp, 3y = —0p3 and a3 = —ay3. (76)
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Since the a;’s form a skew-symmetric matrix, one can rewrite Eq. (75) as follows:

3
;=Y Wpnp, i=1.23, (77)
p=1

where the aj;’s form the components of the skew-symmetric matrix Wj;. By substituting Eq. (77) in Eq. (72b), one arrives at

IR
In(V) = )\—fni ® n; + In(A)Wipn, @ n; + In(A)m; @ Wipn,,. (78)
1
Starting from the above equation, Einstein’s summation assumption is in effect. Rewriting the above results in
IR
In(V) = )\—:ni ® N + Wqp (np ® ng)dIn(A;) (m; @ my) + 65In(A;) (n; ® nj)Wg, (ng @ 0y ). (79)

The total material derivative of In(V) derived by Xiao et al. (1997) reads as
(V) = D + 2"In(V) — In(V) Q" (80)

where ! is the logarithmic spin tensor. By comparing Eq. (79) with that of Eq. (80), Eq. (79) can be rewritten in tensor
form as

IN(V) = D +W'ln(V) — In(V)W". (81)

Therefore, In(V) and D have the same eigenvectors.
Appendix C. Hill stability of Hencky strain based incompressible hyperelastic materials

The principal values of the extra part of the Cauchy stress t7, i=1,2,3, is related to the potential function W through

tf(InAq, InAy, —InA; —Ink;) = %(lnh, InA;, InAs) ,i=1,2,3. (82)
A InAs=—InA; —Ink,

Eqg. (30) is rewritten using the spectral representations of the extra part of Cauchy stress T¢ and the symmetric part of the
velocity gradient D, i.e.,

. )\‘
tt(mon)- )\—J.(nj @n) > 0. (83)
j

By expanding the above equation, and on using n; - n; = 0 one arrives at the following inequality:

ot A\ (i
ain,; (x) (x) =0 (84)

On substituting Eq. (82) in Eq. (84) results in

o (). . .G)
InAs=—InA; —Ink, Aj %:QLIQLZ Ai

Bln)»ialnkj
M > 3 M P>
Eq. (85) is of the following form:
Hjjvjv; = 0, (86)

where H is Hessian matrix with respect to the principal values of Hencky strain. Notice that the Hessian is to be computed
assuming W to be a function of In(1;), In(A;) and In(A3) and applying the incompressibility constraint a posteriori. In
order to determine whether the potential (47) is Hill-stable or not, one needs to use the definition of invariants recorded
in (4), rewrite the potential in terms of the principal values of Hencky strain and determine its Hessian with respect to the
principal values.

> 0. (85)
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