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Abstract: A continuum mechanical theory with foundations in generalized Finsler geometry
describes the complex anisotropic behavior of skin. A fiber bundle approach, encompassing
total spaces with assigned linear and nonlinear connections, geometrically characterizes evolving
configurations of a deformable body with the microstructure. An internal state vector is introduced
on each configuration, describing subscale physics. A generalized Finsler metric depends on the
position and the state vector, where the latter dependence allows for both the direction (i.e.,
as in Finsler geometry) and magnitude. Equilibrium equations are derived using a variational
method, extending concepts of finite-strain hyperelasticity coupled to phase-field mechanics to
generalized Finsler space. For application to skin tearing, state vector components represent
microscopic damage processes (e.g., fiber rearrangements and ruptures) in different directions
with respect to intrinsic orientations (e.g., parallel or perpendicular to Langer’s lines). Nonlinear
potentials, motivated from soft-tissue mechanics and phase-field fracture theories, are assigned
with orthotropic material symmetry pertinent to properties of skin. Governing equations are
derived for one- and two-dimensional base manifolds. Analytical solutions capture experimental
force-stretch data, toughness, and observations on evolving microstructure, in a more geometrically
and physically descriptive way than prior phenomenological models.

Keywords: anisotropy; biological tissue; continuum mechanics; Finsler geometry; nonlinear elasticity;
orthotropic symmetry; skin; soft condensed matter
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1. Introduction

Finsler geometry and its generalizations suggest the possibility of enriched de-
scriptions of numerous phenomena in mathematical physics, albeit at the likely expense
of greater complexity in the analysis and calculations compared to Riemannian geome-
try. Fundamentals of Finsler geometry, aptly credited to Finsler [1], are discussed in
the classic monograph of Rund and the more recent text of Bao et al. [2,3]. See also
the overview article by Eringen [4]. A monograph by Bejancu [5] and research cited
therein [6-8] cover more generalized Finsler and pseudo-Finsler geometries, as do
several more recent works [9,10].

Generalized Finsler geometry is predominantly used herein since strict classical
Finsler geometry falls short in describing all phenomena pertinent to the present class
of continuum behaviors. The broad physical sciences witness diverse implementations;
a thorough recapitulation is outside the bounds of the current work. Available books
discuss applications in optics, thermodynamics, and biology [11], as well as modern
physical settings, including spinor-type structures [12]. Finsler geometry and its
generalizations have also been used for describing anisotropic space-time, general
relativity, quantum fields, gravitation, electromagnetism, and diffusion [13-19]. The
current work implements a continuum mechanical framework for the physical response
of solid bodies.
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1.1. Background

Classical continuum mechanics, encompassing nonlinear elasticity and plasticity
theories as example constitutive frameworks, is couched in the context of Riemannian—
Cartan manifolds [20-22]. Non-vanishing torsion and/or curvature tensors may emerge,
depending on linear connections introduced to describe various incompatibilities
and possible sources of residual stresses, including dislocation and disclination in
crystals [21,23-25], inhomogeneous temperature distributions [26,27], or biological
growth [28-30].

In the classical Riemannian context, a continuous material body is treated as a mani-
fold M, differentiable and having dimension of n. Coordinate chart(s) {X4}(A=1,...,n)
provide parameterization. A Riemannian metric is introduced on M; the components
Gap = Gap(X) comprise the metric tensor field. Dependency on components X is im-
plied by notational dependence on X [22]. The covariant derivative operator V, enabled
by a linear connection on manifold M, completes the geometric description. Associ-
ated linear connection coefficients generally consist of 7> independent field components
Fﬁc = F{;‘C (X). Although different dimensional spaces are admissible, n = 3 is standard for
the mechanics of solid continua. Bases of coordinates can be holonomic, or less commonly,
anholonomic [31,32]. Anholonomic frames, for which continuous curves over M need not
exist, arise when the deformation gradient is deconstructed in a multiplicative sense [33,34].

In the geometries of Finsler and various extensions, a differentiable M, covered
by chart(s) of coordinates (X4} (A =1,...,n),is given. Denoted by (Z, M,ILU) is a
fiber bundle of the total space Z, having a dimension of n + m. The slit tangent bundle
Z — TM\O0 [3] is often associated with the total space with m = 1, but such an association
is not mandatory [5,9,10]. Auxiliary coordinates {DX}Y (K =1,...,m)are assigned for every
fiber U. The total space Z, therefore, has the parameter set {XA, DK}. Laws of transforma-
tion are derived for quantities depending on coordinates (X, D), including holonomic bases.
Coefficients of a nonlinear connection lead to bases that are non-holonomic. These bases
advantageously change on TM in a standard manner for changes in base parameters X*.
To execute all possible forms of covariant differentiation—both horizontal and vertical—at
least two and at most four sets of coefficients of linear connections are required, as outlined
in [5,35].

The metric of the generalized pseudo-Finsler space has a functional dependency
Gap = Gap(X, D), which is always symmetric. In the classical geometry of Finsler, this
metric is positive definite. In pseudo-Finsler geometry, positive definiteness is not essen-
tial [10]. The G 4p are obtained as second partial derivatives of %}' 2 with respect to D4 in
strict Finsler geometry [2,3]. The fundamental Finsler function F is positively homoge-
neous of degree one with respect to D. As such, G4p is homogeneous of the zeroth degree
with respect to D [2,3]. This implies that, for strict Finsler geometry, G4p shall not have
dependence solely on the vector magnitude of an object consisting of the coordinates {D4}.
The existence of 7 and homogeneity of G4p are not required in more general kinds of
Finsler spaces [5,6,18,36]. The functional dependence on (X, D) for the metric and linear
and nonlinear connection coefficients affects the derived quantities, such as curvature and
torsion forms, as well as Stokes’ theorem [37].

The motivation for the geometry of Finsler in the mechanics of solid continua is as
follows. Auxiliary coordinates { D4} are viewed as vectors at every material particle X. The
concept generalizes micropolar, Cosserat, and broad kinds of micromorphic models [38—43]
couched in Riemannian geometry to the extended Finsler geometry. In the usual theories,
in contrast, the metric tensor is of the classical Riemannian form; coordinates {X4} are
sufficient for functional dependencies. The director triads in micromorphic theories affect
the governing equations and material response. However, these triads do not manifest
in the metrics and connections in the same way as the D of the generalized Finsler space.
Formulae for transformations of coordinates and the divergence theorem are simpler in the
Riemannian versus the Finsler case.
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1.2. Prior Work

The first application of Finsler geometry in the context of continuum mechanics of
solids appears to be the treatment of ferromagnetic elastic—plastic crystals of Amari [44].
Conservation laws and field theories, with application to ferromagnetism, were further
developed by lkeda [45-48]. Bejancu [5] provided a generalized Finsler treatment of the
kinematics of deformable bodies. More contemporary theories include those of Saczuk and
Stumpf [49-51], with underpinnings in a monograph [52]. Different physical phenomena
(e.g., different physical meanings of { DX} [51]) are encompassed by their models, which
include kinematics, balance laws, and thermodynamics, but their focus is most often
on the mechanics of elastic—plastic crystals and dislocations [49,50,52]. See also a recent
theory presented in [53], which applies generalized Finsler geometry to topological defects,
and the comprehensive review in [54] of prior works on generalized Finsler geometry in
continuum physics.

A new theory of Finsler-geometric continuum mechanics was developed for nonlinear
elastic solids with evolving microstructure, first published in the article [55] with a prelimi-
nary version in a technical report [56]. This variational theory was extended to allow for
explicit inelastic deformation and applied to study phase transitions and shear localiza-
tion in crystalline solids [55,57]. The theory has also been broadened for dynamics and
shock waves [58,59], and most recently has been used to describe ferromagnetic solids [54],
enriching the governing equations of Maugin and Eringen [60,61] with pertinent aspects
arising from Finsler geometry [44,48] .

Prior to this theory [54,55], pragmatic solutions to boundary value problems us-
ing continuum mechanical models incorporating generalized Finsler geometry appeared
intractable due to the complexity of governing equations and unwieldy parameteriza-
tions (e.g., uncertain constitutive functions and material constants). Most aforementioned
work [5,44-49,51,53] presented purely theoretical constructions without attempt to formu-
late or solve physical boundary value problems. A material response was calculated by
Saczuk and Stumpf [50,52], but motion and internal state coordinates were prescribed a
priori, without apparent solution of governing conservation laws for macroscopic and
microscopic momentum and energy. In contrast, the present theory [55,56] appears to be
the first Finsler geometry-based continuum mechanics theory for which analytical and
numerical solutions to the governing equations have been found, as evidenced by solu-
tions to numerous problems for (non)linear elastic materials with evolving microstructure
(e.g., fractures, twinning, phase transitions, dislocations), as evidenced in those and sub-
sequent works [54-59,62]. However, as discussed in Section 1.3, discrete models with a
basis in Finsler geometry have successfully simulated the complex, nonlinear mechanical
response of several real materials, including snakeskin [63].

All prior applications of the present theory [54,55] considered stiff crystalline solids or
generic materials. The current research newly applies the theory to soft biological tissues,
specifically the skin. Furthermore, prior applications in fracture and cavitation [54,55,59,62]
were limited to either locally isotropic damage or to local material separation on a single
cleavage plane. The current treatment advances the description of anisotropic fractures or
ruptures on multiple material surfaces at a single point X. Most cited prior applications
invoked only a single non-trivial state vector component in D (an exception being a
multi-component D for twinning and fracture [59]) and most often conformal Weyl-type
rescaling of G 4p with canonically vanishing nonlinear connection (with a few exceptions
studied, [57,62]). The current research incorporates an anisotropic generalized Finsler
metric for multi-dimensional problems and non-trivial nonlinear connections to show
utility by example.
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1.3. Purpose and Scope

The scope of this paper covers two primary purposes:

¢ The demonstration of the utility of the generalized Finsler geometric theory for
describing anisotropic elasticity and anisotropic structural rearrangements in soft
biological tissue;

*  The consolidation and refinement of the theory for the equilibrium (i.e., quasi-static)
case.

The first item furnishes the first known application of Finsler geometry-based con-
tinuum theory to analyze finite-strain mechanics of soft biological tissue. Prior work of
others [63,64] used ideas from Finsler geometry to model nonlinear stress—strain to fail-
ure responses of biological solids, but that work used a discrete, rather than continuum,
theory with material points represented as vertices linked by bonds; interaction poten-
tials comprised bonding energies within a Hamiltonian. In that promising and successful
approach [65-67], a Finsler metric for bond stretch depends on the orientation of local
microstructure entities (e.g., molecular chains or collagen fibers) described by the Finsler
director vector field D. From a different modeling perspective, the current continuum
theory considers, in a novel way, the effects of the microstructure on anisotropy (elastic and
damage-induced) in both a geometric and constitutive sense. The second item includes a
renewed examination of Rund’s divergence theorem [37] in the context of an osculating
Riemannian metric. It is shown that certain choices of metric and connection coefficients,
with the possible addition of a source term to the energy conservation law, can recover
governing equations for biologic tissue growth [30] in the quasi-static limit (Appendix B).

1.3.1. Soft Tissue and Skin Mechanics

Most soft tissues have inherent directionality due to their collagen fiber-based
and/or aligned cellular microstructures [68,69], toward which tools of analysis from
Finsler geometry might be anticipated to aptly apply. The mechanics of skin deforma-
tion [68,70,71], degradation [72,73], and tearing [73,74] are investigated herein. Like
most biological materials, the microstructure of skin is complex. The respective middle
and outer layers of skin are the dermis and epidermis, with elastin, collagen fibers, and
cells embedded in a ground matrix. The underlying hypodermis (i.e., adipose) can be
labeled as an inner layer of the skin. The microstructure dictates nonlinear, anisotropic,
viscoelastic, and tearing behaviors [74-76]. Mechanical behavior at small strains is pri-
marily controlled by the elastin and ground substance, whereby collagen fibers are
coiled or slack [75]. Under increasing tensile stretch, the collagen fibers straighten and
tighten, supporting most of the load, and compliance decreases. Under more severe
stretching, fibers slide, delaminate, and rupture, leading to reduced stiffness, strain
softening, and material failure [72-74,77].

Experiments indicate that skin elasticity has orthotropic symmetry [68,70,71,75]. Or-
thotropy arises from preferred arrangements of the collagen fibers, leading to greater
stiffness in the directions where more fibers are aligned. In the plane of the dermis, fibers
tend to be dispersed about a primary axis along which stiffness is greatest. In vivo, resting
skin tension is greatest along this axis, parallel to Langer’s lines [75]. In typical uniaxial
and biaxial tests [68,70,71,74], extracted skin is unstretched initially, but the greater stiffness
along the primary direction persists, with differences in stiffness also emerging between
orthogonal in-plane and out-of-plane directions [70,75]. As might be expected, damage
processes are also anisotropic due to fiber degradation that differs with respect to the
direction of loading relative to the microstructure [73,74].

Skin, as is most biological tissue, is simultaneously nonlinear elastic, viscoelastic,
and poroelastic [68,76,78,79]; the pertinence of mechanisms depends on the time scale
of loading. The present application considers only monotonic loading at a constant rate
(e.g., no cycling or rate fluctuations). Loading rates are assumed much slower or faster
than viscous relaxation times. Thus, the pseudo-elastic approach is justified to study these
experiments [68], whereby hyperelastic models are deemed reasonable [71,80-83], albeit
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noting that different elastic constants (e.g., static and dynamic moduli) are needed to fit
data at vastly different limiting low and high loading rates [84,85]. In future applications to
problems with time dependence, internal state variables can be extended, leading to kinetic
laws with explicit viscous dissipation [78,86]. The current study is limited to relatively small
samples, tested in vitro, under uniaxial or biaxial extension [68,70,74,87]. The material
is modeled as unstressed initially and homogeneous with regard to elastic properties.
In the future, the current theory can be extended to study residual stress due to growth
or heterogeneous material features, as well as heterogeneous elastic properties. Residual
stresses can be addressed, in the context of Riemannian manifolds, using a material metric
having a non-vanishing Riemann—Christoffel curvature of its Levi-Civita connection [27,30]
or an anholonomic multiplicative term in the deformation gradient [29,88]. These ideas may
be extended to generalized Finsler space (e.g., invoking the current fiber bundle approach)
in future.

An early nonlinear elastic model described orthotropic symmetry using a phenomeno-
logical pseudo-strain energy potential [89]. Another early model delineated the contribu-
tions of elastin and collagen fibers [79]. More recently, a class of nonlinear elastic models
accounting for anisotropy from fiber arrangements using structure tensors has been success-
ful in representing many soft tissues, including arterial walls [80,90], myocardium [82,91],
and skin [71]. Polyconvex energy potentials can be incorporated for stability and to fa-
cilitate the existence of (unique) solutions to nonlinear elastic problems [81,90]. Fiber
dispersion can be incorporated to modulate the degree of anisotropy [71,92]. To date,
most damage models accounting for softening and failure have been phenomenological,
whether implemented at the macroscopic scale (either isotropic or along preferred fiber
directions) or the scale of individual fibers and their distributions [73,77,90,93]. These
damage models, with a basis in continuum damage mechanics [94], are thermodynamically
consistent in the sense that damage is dissipative, but their particular kinetic laws and
(often numerous) parameters are calibrated to experimental data without much physical
meaning. In contrast, the phase-field approach has been recently implemented for soft-
tissue fracture or rupture, incorporating relatively few parameters with physical origin
(e.g., surface energy) and regularization facilitating unique solutions to problems involving
material softening [95,96]. The kinetic law or equilibrium equation for damage is derived
from fundamental principles [97] and drives material to a local minimum-energy state,
in contrast to ad hoc equations simply selected to match data.

1.3.2. Overview of the Current Work

Implementation of the present generalized Finsler theory consists of four key ele-
ments: definition of the internal state D, assignment of the metric tensor, assignment
of the linear and nonlinear connections, and the prescription of the local free energy
potential. For soft tissue mechanics, the state vector represents the fiber rearrangements.
Damage anisotropy is monitored via its direction, with different components of D reflect-
ing fiber reorganization and rupture with respect to orientations of the microstructure
features [73,74]; the magnitude of each component of D measures the local intensity of
damage in a given material direction. The metric tensor with components G45(X, D)
depends on position X as well as the direction and magnitude of D in the generalized
Finsler space; novel D dependence encompasses the rescaling of the material manifold
as damaged entities open, close, or rearrange in various directions [54,62]. The preferred
linear connection is that of Chern and Rund [3], ensuring compatibility with the diver-
gence theorem used to derive the Euler-Lagrange equations [54,55]. The generalized
Finslerian D dependence of both the metric and linear connection explicitly affect the
governing equations. Roles of nonlinear connections are newly examined; a non-trivial
prescription is shown to influence the fracture energy and stress—strain response.

The free energy density consists of a nonlinear elastic contribution and an internal
structure contribution. The nonlinear elastic potential enriches the orthotropic theory of
Holzapfel, Ogden, Gasser, and others [71,80,82,83,92] with implicit contributions from
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the generalized Finsler metric as well as anisotropic degradation from D. The structural
contribution is motivated by phase-field mechanics [95,98]. A previous model for arterial
dissection [95] accounted for fiber-scale damage anisotropy using a scalar order parameter.
The current theory invokes a more physically descriptive, vector-valued order parameter
(i.e., normalized D) of the generalized Finsler type. With regard to skin experiments, solu-
tions obtained for the current model are shown to admirably match extension and failure
data, including stress—strain behavior and fracture toughness [73,74,99] with parameters
having physical or geometric origins. The general theory is, thus, potentially more physi-
cally realistic, and considered more descriptive from a geometric perspective, than past
models based on phenomenological damage mechanics [90,94,100,101].

This paper is organized as follows. Mathematical preliminaries (e.g., notation and
definitions for objects in referential and spatial configurations) are provided in Section 2.
The Finsler-geometric theory of continuum mechanics is presented in Section 3, including
kinematics of finite deformation and equilibrium equations derived with a variational
approach. The next two sections specialize the theory of modeling soft tissue, specifically
skin. In Section 4, a one-dimensional (1D) model for the base manifold M is formulated.
Analytical and semi-numerical solutions are obtained for uniaxial extension and compared
to experimental data. In Section 5, a two-dimensional (2D) model for M is formulated,
whereby the skin has orthotropic symmetry; solutions are obtained for biaxial extension
with anisotropic damage in orthogonal material directions. The conclusions follow in
Section 6.

2. Generalized Finsler Space

The content of Section 2 consolidates a more thorough exposition given in a recent
review [54], from which notation is adopted. Other extensive texts include those of Rund,
Bejancu, and Bao et al. [2,3,5]. A new contribution in the present Section 2 is an interpreta-
tion of the divergence theorem [37,54] using an osculating Riemannian metric, whereby for
the further simplifying assumption of the vanishing nonlinear connection, a representation
akin to that of classical Riemannian geometry is obtained.

2.1. Reference Configuration

The very general fiber bundle approach of Bejancu [5] encompasses geometric fun-
damentals of the theory. A reference configuration is linked to a specific time ¢, where the
material body is viewed as undeformed, relative to some intrinsic state. The manifold,
denoted by M, is differentiable and of dimension #. One can classically immerse the true
continuous body in the Euclidean N space with restriction N > n.

Remark 1. This kind of immersion exclusively holds only for the base space M. As defined below,
the  fiber  bundle’s total space Z  does not usually obey, such an
embedding [2,102,103]. Likewise, a Finsler space F, does mnot fulfill this type of
Euclidean embedding.

A particle of the material occupies each point X € M. Notation {X4}(A =1,2,...,n)
defines a chart of material coordinates on M. Coverage of M by any individual chart
need not be complete. Let D denote a vector field assigned to every particle. Accordingly,
the {DX}(K =1,2,...,m) are viewed as additional coordinates for M. Parameters { DX}
are, by construction, of sufficient smoothness: field D is presumed differentiable over M,
of any necessary class, with respect to material coordinates {X“}.

Let Z be the total space having dimension #n + m. The fiber bundleis Z = (Z, I, M, U).
The projection is IT: Z — M. A fiber at point X is i/ = Zx = I17!(X). The dimension
of a vector space represented by each fiber is 1, where a vector bundle is (Z,11, M). The
set {XA, DK} serves as a (local) chart for (a portion of) Z. Denote an open neighborhood
about X € M by M’ C M. Let P, be the projection operator to the first factor, and write
an isomorphism for vector spaces as . Commutation follows for the diagram below [5]:
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I 5

M/

2.1.1. Coordinate Transformations

Transformations for charts of both sets of coordinates {X, D} to {X, D} on total space
Z are defined as [5,10]

X4 =XA(x), D/(X,D)=Qk(x)DX. 1)

The transformation matrix QL fulfills QéQ}< = 5}, presumably differentiable and non-
singular. As usual, (5} =1VI =], (5} = 0VI # ]J. Let TZ denote the tangent bundle,
and {aXLA’ a%} denote the holonomic frame field or holonomic basis. Let T*Z be the

cotangent bundle and {dX*,dDX} its holonomic coordinate basis. The transformation
law for holonomic frames on T Z, for coordinate changes (X, D) — (X, D) on Z per base
coordinate changes X — X on manifold M, consistent with (1) is [5,10]

9 9x® 9 oDK 9 9x® o aQ]D,a

9XA ~ 9XAIXP T 9XAIDK ~ 3XAIXB | 3RA" DK’ @)
) oxXB 9 oDK 9 .
357 = 3573xF T 3073k = 9 aDK ®)
Likewise, on T*Z,
3 XA XA XA
A _ B K __ B
AXA = %7 dx® + aDKdD =% dx5, (4)
NPY)) oD/ 20!
] = B K _ K 1K B J K
dD adeX SprdDs = 525 DXaX + QydDX. (5)

Given (1), {aXLA} and {dDX} map differently than standard vectorial objects on Z.
Define [5,9]
_ 0 _NK d
sXA — axA  A9DK

Non-holonomic basis vectors {JSXLA} and {6DX} obey [10]

K'— aDK 4 NKaxB. (6)

5 o9xB ¢
SXA  9XASXB’

0

0
(7

(5px:

sD) = QLoDK; dx*) = o4, sDly =06l (7)

The set {(SXL—A’ %} is implemented over TZ for a local basis; likewise, on T*Z, a dual

basis is taken to be {dX*,5DX} [3,9]. The N5 (X, D) are the coefficients of the nonlinear
connection, serving as differentiable functions of their arguments. For (7) to hold under
coordinate changes X — X [3,5],

. Q) 9X5
N) = <Q£N§ —55b DK> L ®

meaning that nonlinear connections do not follow the transformation laws of linear
connections. Nonlinear coefficients do not instill covariant differentiation identical to
linear coefficients.



Symmetry 2023, 15, 1828

8 of 53

Remark 2. The orthogonal decomposition afforded by T Z with the corresponding nonlinear con-
nection is TZ = VZ ® HZ. The vertical vector bundle is V Z with {BDLA} being its local frame

field, and the horizontal distribution is HZ with the local field of frames {ﬁ} [5].

Respective fiber dimensions of VZ and HZ are m and #n, and are possibly different.
For the remainder of this work, let m = n, so that the horizontal and vertical spaces
have identical dimensionality. Regarding notation, coordinate indices such as J, K, ... are
interchangeable with A, B, ... for Einstein’s sums, now spanning 1 to n. Furthermore,

for (1), consider
oD4 XA
Q=55 = 55 ©)
oD 0X
Relation (9) is obtained via soldering forms by Minguzzi [10]. Coordinate differentiation op-
erations are expressed as follows, with f being a differentiable function of arguments (X, D):

_9f(X,D) 4 _9f(X,D). _90) _ B3
0af(X,D) = L= B4 (X, D) = St () = Sp = 9a() — NESs()- (10)
Special cases f — X and f — D are written [54,55]
ox4 - oDA .
A_ _sA A _ Q. A_ A _ sA

2.1.2. Length, Area, and Volume
The Sasaki metric tensor [3,35,104] on Z supplies vectorial scalar products :

G(X,D) = G(X,D) + G(X,D) = G4p(X,D)dX* @ dX® + GAp(X,D)éD* ® 6DB; (12)
Gas=Gap =62, 2 ) =Cus=6(=2, -2 ) =Cra=Gpa=0 (13)
AB = GaB = sXA’ 5xB | = ©AB = SDA’ DB ) — ©BA = “BA = YBA:

Regarding notation, G and G have equivalent components, hereafter written as G4p,
but subspaces spanned by these two tensors are orthogonal. Components in covariant form
G p and their inverse in contravariant form G4® enable respective lowering and raising of
indices; G is the determinant of the # x 1 non-singular matrices of components of G or G:

GABGpc =68;  G(X,D) = det[Gap(X, D)] = det[G45(X, D)]. (14)

Remark 3. Let V = VAﬁ € HZ denote a generic vector field on Z. Then the magnitude of
V(X,D)is |V] = (V, G2 = (V,GV)V/2 = |V. V|V/2 = |[VAG .3 VB|1/2 = VAV, |V/2 > 0,
where VA and G ap are evaluated at (X, D).

When interpreted as a block diagonal 21 x 2n matrix, the determinant of G is [49,50,52]
G(X,D) = det[Gap(X,D)] det[Gap(X,D)] = |det[Gap(X,D)]|> = |G(X,D)[%.  (15)

Let dX be a local line element for the base manifold M, referred to as the basis of
{(SXLA }, and let dD be a corresponding line element for the fiber U/, referred to as {a.%}.
Their lengths are, squared,

|dX|? = (dX,GdX) = GpdX?dX®,  |dDJ> = (dD,GdD) = G,3dDAdD®.  (16)

The respective volume element dV of M, volume form d(Q) of M, and the area form
Q) for its boundary d.M, are defined as follows [37], where n = dim M = dim oM + 1:

dV =VGdx'dx?...dX", dQ=VGdX' NdX*A...ANdX", 17)
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Q=+VBdU'A...AdU" . (18)

Local coordinates on the hypersurface 0.M, oriented and (n — 1)-dimensional, are

given as parametric equations X4 = X4(U*)(« = 1,...,n—1), B4 = %ﬁf, and
B= det(B;jGABBg).

2.1.3. Covariant Derivatives

Basis vector gradients in horizontal form are acquired from affine (i.e., linear) connec-
tion coefficients, written generically as Hf- and K4, where V(-) is the covariant derivative:

5 ) 2 L0

Vs/6x8 5XC HBC(DTAr Va/&xBﬁ = KBca.ﬁ- (19)

Analogously, vertical gradients employ generic connection coefficients, Vé“c and Y?C:

3 . 2 5 . b
Vajaprape = Vecapar  Va/apByyc = YBCyxaA (20)

For example, let V = vA % € HZ be a vector field. Then the (total) covariant derivative
of Vis

VV - v(g/tngV@ dXB + V8/8D3V® 5DB

) 0

— A A 1,C B 3 A A 1/C B

= (05 + Hfc V) 55z @dXP 4 05V + Y{V©) 5og @ 0D (21)
5 d

_ A B A B

= Viggeq @4X° + VA p=mr © D",

Denoted by (-)|4 is a horizontal covariant derivative with respect to {X4}. Denoted by
(+)|p is a vertical covariant derivative with respect to { D?}.

Remark 4. The ordering of lower indices on connections matches some works [4,22,31,98] and is
the transpose of others [2,5,34]. For symmetric connections, it is inconsequential.

The horizontal covariant derivative, in components of the horizontal metric tensor
G = G pdX? ®dXB (i.e., the horizontal part of G), is

Gaplc = 0cGap — HEAGDB — HEpGaD

- (22)
=3cGap — NPOpGap — HR,Gpg — HR3Gpa.
For the determinant of the metric G = det(Gp), identified as a scalar density [37],
(VG)ja =04(VG) — N§3(v/G) — VGHEj. (23)

The Levi—-Civita connection coefficients are written as ’ygc ; these are also known as
Christoffel symbols of the second kind. Cartan’s tensor is CI?C/ and horizontal coefficients
of the Chern-Rund and Cartan connections are 4. All have null torsion due to symmetry:

vhc = 2GAP(9cGpp + 95Gep — IpGac) = GAPvpcp, (24)
Chc = 1GAP(3cGpp + d5Gep — dpGae) = GPCpep, (25)

I'ie = 3G*P(6cGpp + 05Gep — dpGac) = GAPTpep. (26)
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Remark 5. The coefficients of Cartan, Chern, and Rund are compatible with regard to the covariant
differential of G = GpdX4 ® dXPB since HI?C = Féc = Gapc = 0 for (22). Similarly,
the tensor of Cartan is compatible with the vertical covariant differential of the metric G: Y- =
CSC = GAB|C =0.

From direct calculations with respective (24), (25), and (26), traces of linear connections
are related to partial gradients of G = det(G):

9A(InvVG) =18,  94(nVG) =CEy,  da(InVG) = 1GPC,Gep =TE,.  (27)

Remark 6. Similar to the previous remark, Hp- = T4 = Gja = 2G(In \@)‘ A = 0and
Y{- = C- = G|a =2G(InVG)|4 = 0.

Nonlinear connection coefficients N ]‘3“ (X, D) admissible under (1) and (8) can be ob-
tained in various settings. If T Z is limited to sections that are locally flat [3,10], N, g‘ =0in
a preferred coordinate chart {X, D}, but N4 in (8) does not vanish for heterogeneous trans-
formations under which dg Q{< is nonzero. A Lagrangian L(X, D), real and differentiable,
can be introduced, from which N gl = Gg, where [5]

G4 = 9pG? = 33[GAE(DCAracL — kL)) (28)

Remark 7. Let Gap(X, D) be a positive homogeneous function of degree zero with respect to D.
Then GA below are spray components [3,10], and N§ = G# are so-called canonical coefficients of
the nonlinear connection that obey (8):

GA = 194-DPD,  Gj =095GA. (29)

For classification, let K4~ = Hj- and Y4 = Vi.. An extended and complete
Finsler connection is written as the triplet (N g‘, H I?C' Vé“c). The Chern—-Rund connection is
(Gg‘, T{;‘C, 0). Cartan’s_cormecti_on_ is (Gg‘, T ‘gc, Cg‘c). Berwald’s connection is (Gg‘, Gg‘c, 0),
where G‘Bf‘c = Né“c = aBNé‘ = 0gdcGA.

2.1.4. A Divergence Theorem

Let M denote a differentiable manifold with the dimension of n. Let dM be its
(n — 1)-dimensional boundary, a hypersurface positively oriented and of class C!. The
coordinate-free theorem of Stokes for any C! differentiable (1 — 1) form & on M can be

written as
/ o= [ w (30)
M oM

Theorem 1. Let M, dim M = n, as the base space for a generalized Finsler bundle of the to-
tal space Z. The boundary 9. M is of positive orientation and class C', having dim M = n — 1. Let
a(X,D) = VA(X,D)NA(X,D)Q(X,D) denote a differentiable (n — 1) form.  Let
V= VA(SXLA € HZ denote a vector field, and V4 denote its contravariant components. Denote
the positive-definite field G op(X, D) as components of the metric on the horizontal space having
G = det(Gag) > 0. Let Hy. = HZy be the symmetric and affine horizontal connection such
that (\@)‘ 4 = 0. Lastly, C! functional relations D = D(X) are presumed available for vertical
coordinates of fibers for all X € M. Stokes’ theorem (30) can then be expressed explicitly as follows
for an assigned chart { X}, appealing to definitions of forms for volumes and areas in the second
of (17) and (18):

/M [Via + (VAChc +95V*)D}4 ] dQ = /aM VAN, Q. (31)

The horizontal covariant derivative is V\f}x =6, VA+H g 4 VA, the definition D,,BA = d4DBE+ N f;

with daDB = 0DA/0X8, and N 4 is a unit outward normal component of N = Ny dX4 to oM.
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Proof. The proof, not repeated here, is given in the review [54], suggested but not derived
formally in an earlier work [55]. The proof of (31) [54] extends that of Rund [37], which
considered a strict Finsler space F, with the metric obtained from a fundamental func-
tion F and used Cartan’s connection (G?,F?C, Cg‘c). The proof in [54] extends Rund’s
proof to general Finsler spaces having arbitrary positive-definite G4p (X, D) and arbitrary
N{(X,D). O

Remark 8. As per the theorem of Stokes, (31) applies if the base space M and boundary oM is
interchanged with a compact region of M' C M and its boundary of positive orientation.

Remark 9. The affine horizontal coefficients Hf~ = T4 of Cartan, Chern, and Rund uniquely
fulfill symmetry and metric-compatibility requirements.

Remark 10. An alternative basis and the dual of that basis on M could be prescribed for the vector
field V and normal field N, given certain stipulations [54]. However, geometric interpretation of
covariant differentiation on the left side of (31) suggests {%} should be used for V, by which,

the dual basis {dXB} should be used for N to ensure invariance: (V,N) — VANp (MLA, dxB). If

instead V is referred to the holonomic basis {a%}, then N§ = 0 should be imposed for invariance

with NpdXB. As noted prior to (28), this choice would restrict (31) to homogeneous transformations
of coordinates {X, D}.

As assumed in Theorem 1 [37,54,55], C! functions D = D(X) must exist over all
X € M. Relations of generalized Finsler geometry [5] still apply, but additional relations
emerge naturally when metric G 43 is interpreted as an osculating Riemannian metric [2,44].
Specifically, an alternative representation of (31) is newly proven in the following.

Corollary 1. Given C! functions D = D(X), set Gap(X) = Gap(X, D(X)) as components of
the osculating Riemannian metric derived from G = Gxp dXA ® dXB. Then (31) is equivalent to

/ VA dQ = / VAN, Q, (32)
JM JoM

where the vector VA(X) = VA(X, D(X)), unit normal N4 (X) = Na(X, D(X)), and covariant
derivative V4 = 9,VA + 48 , VA with connection 78 ,(X) = 94(In/G(X)) = 5 5(X) and
G= det(GAB).

Proof. The right of (32) is identical to the right of (31), given the change of variables. On
the left of (32), from chain-rule differentiation, vanishing (23), and (27),

04VA =09,VA +05V49,D5, (33)

VATE, = VA9,4(InVG) = VA [0,4(In VG) + 35(In vG)a4 DP]
= VA[64(InVG) + NEIp(InVG) + C§-94DE]
= VA[4(InVG) + Cic(N} +94D")]
= VA[H}g + C5cDy) = VA[HE 4 + Cie D4l

(34)

Adding (33) to (34), and canceling =N 5;9 3V terms, produces
VA = {04V +095V40,DP — NEOgVAY + {NBopVA + VAHE, + C5-DE, ]}
= 04VA+VAHE, +05V4(04DP + N§) + VAC§-DE, (35)

Integrands on the left sides of (31) and (32) are, thus, verified to match, completing
the proof. O
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Remark 11. Coefficients of the Levi-Civita connection of G g satisfy the symmetry and metric-
compatibility requirements used to prove (32):

Yhc = 1GAP(9cGpp + d5Gep — apGac) = GAPFpcp. (36)

Remark 12. Given (36), the form of the divergence theorem in (32) appears analogous to that of a
Riemannian manifold with boundary. It is not identical, however, since the non-holonomic basis

{(SXLA} is used for V. As in Remark 2.1.3, the holonomic basis { a)‘? + } could be used in a preferred

chart {X, D(X)}, wherein N§ = 0; under such special conditions the distinction vanishes.

2.1.5. Finsler and Pseudo-Finsler Spaces

The preceding presentation holds for generalized Finsler geometry, by which a
Lagrangian function is not necessary to obtain components of the metric tensor [5,6,36].
Subclasses of generalized spaces of Finsler necessitate the existence of a Lagrangian L.
Denote the tangent bundle for M excluding the D = 0 zero section as Z = TM\0.
Function £(X,D) : Z — R is positively homogeneous of second order with respect
to D and differentiable to any required class in {X4} and {D%}, C* being the usual
assumption [3], C® usually acceptable [10]. In this case, (M, £) fulfills the requirements for
a pseudo-Finsler space if n x n matrix G4 is both non-singular over Z and obtained from
Lagrangian L:

Gap(X,D) = 0498L(X,D), L =1G,pDAD5E. (37)

When G4p(X, D) is strictly positive definite on Z, a pseudo-Finsler space becomes a
Finsler space, written as the set (M, F) or simply F, where n = dim M. The fundamen-
tal function F (X, D) for the F, is first-order positively homogeneous with respect to D,
whereby [2,3]

F(X,D) = 4/2L(X,D) = |Gap(X, D)DAD®|/2

(38)
< L(X,D)=L1r%(X,D); F(X,D)>0VD #0.
In Finsler geometry [2,3,5], conditions L = £ and G4 = G4 in (28) and (29), and
CABC_%S é é (]-")

Reductions and embeddings for Finsler spaces are discussed elsewhere [2,3,10,54,102,103].

2.2. Spatial Configuration

A description of a fiber bundle analogous to that of Section 2.1 is invoked for the
spatial or current representation of a continuum. Let m and n denote the differentiable,
spatial base manifold, and its dimension. Immersion in an external Euclidean N space is
possible for the base manifold under stipulation N > #.

Remark 13. Definitions in Section 2.2 parallel those of Section 2.1. Upper-case symbols and indices
for referential quantities are now exchanged with lower-case ones for most spatial variables.

In the current configuration, x € m depicts a point or particle location. A chart of
spatial coordinates on mis {x?}(a = 1,2,...,n). Every point on the spatial base manifold
supports a local vector written as d, with {d*}(k = 1,2,...,m) auxiliary coordinates for
m. The total space of dimension n + m is 3, and z = (3, 71, m, u) is the fiber bundle. Let
7 : 3 — m be the projection. A fiber is u = 3y = 7~ (x). Composite chart {x?,d} is
associated with 3. The vector bundle is (3, 7r, m); every fiber comprises a vector space of
dimension 7.
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Denote the motion function by ¢, which globally maps reference material points to
spatial points. Denote & = (¢, 0) as the set of functions that correspondingly updates
total spaces among configurations. General functional forms are ¢(X,D) : M — m and
E(X,D) : Z — 3. As described in Section 3.1, ¢(X, D) and E(X, D) can have more specific
representations [54]. Time () dependence is possible in the most general theories [50,58,59].
However, explicit time dependence is excluded from the current theoretical presentation
that focuses on equilibrium configurations [55,62]. The following diagram commutes [5]:

z =, 3

M-

2.2.1. Coordinate Transformations

Let {x,d} to {% d} be a change of coordinates for 3; the Finsler relationships akin
to (1) are

1 =3(x),  d(x,d) = ql(x)d" (40)

Differentiable matrix q{{ is non-singular with inverse q;'(, whereby q};q;‘ = (5} Tangent bundle
T; has {%, ﬁ} for its holonomic basis. The cotangent bundle T* has {dx“,dd*}. Bases of
non-holonomic vectors are {;%; } and {4d*}; these map conventionally as x — #:

59,0

— k _ 14k k 1..b
5xu — ﬁ - aﬁl 5d —dd +Nbdx . (41)

The set {%, a%} is used as a local basis on T3, and {dx?,éd*} is used for T*3. The orthogo-
nal decomposition of the tangent bundle, given its nonlinear connection, is
T3 = V3 ® Hj;. Notation is as expected for the former vertical vector bundle and the
latter horizontal distribution. Nonlinear connection coefficients transform as

w . 9 j axb
N = (%N{j _ aj{’;%) = (42)

Henceforth, set m = n. Thus, j,k,... = a,b,... for the index notation with sums
covering 1 to n on repeated indices. Furthermore, per (40), the transformation for 4% is akin
to that of vectors of contravariant form on m:

,_od_ox

T T “3)

Condensed notation is used for derivatives with respect to coordinates on m, 3:

uf () = LD 5 gy = D5 =00 o) Nt )
ox*

_ ox® od"
~ oxb oxbt’

a

abx = 5?, E_)bx“ =0; abd” = ébda = (SZ. (45)

2.2.2. Length, Area, and Volume

A scalar product for vectors on 3 is obtained from the metric tensor of Sasaki [104]:

g(x,d) =g(x,d)+g(x,d) = gup(x,d)dx" @ dx? + Sap(x,d)od* @ 5dv; (46)

6 0 . (0 0 .
Gab = 8ab = 8§ Sxa’ 5xb =8 =8 3da’ 94b = &ba = 8ba = Bba- (47)
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Denote by dx and dd, respectively, line elements of m and u. The former has the basis
vector {% }, the latter {%}. Line lengths squared satisfy

|dx|? = (dx, gdx) = g,,dx?dx?,  |dd|? = (dd,gdd) = g,,dd"dd’. (48)

Let dimm = n with dim dm = n — 1 the dimension of the boundary. The local volume
(scalar) element and volume form, followed by the local area form, are respectively

do = \/gdxldxz...dx”, dw = \/gdxl A2 A ANdX", w = Vodu' AL A du"L (49)

9x”

5, and

The surface embedding in manifold m is x* = x*(u*) (« = 1,...,n—1), b =
b= det(bﬁgubbg).

2.2.3. Covariant Derivatives

Let V(-) denote the operator for covariant differentiation. Generic affine coefficients
Hj. and K are used for horizontal derivatives, V}.. and Y}, for vertical derivatives:

) ) 0 0
Virsw s = Hicgar Verowgge = Kieggai (50)
o] d ) )
Vosaraze = Vieagar  Vosadt 5 = Yo gpa (51)
For example, on 3 the covariant differential is obtained like (21), now for V = V* % € Hy:
) 0
b b b b

Herein, (-)|, and (+)[, denote differentiation horizontally with respect to x* and vertically
with respect to d’. Let ;. be coefficients of the Levi-Civita connection on 3, Cj . be the
coefficients of the Cartan tensor on 3, and I';, be the coefficients of Cartan, Chern, and Rund
(horizontal) on j:

Ve = 38 (3cgpa + vgea — 3agbe) = & Voeus (53)
Cl. = 10 (cgpa + 9p&ea — 9agbe) = 8" Cheas (54)
0= 38" (6c8ba + Op8ea — 0a8he) = & Thea- (55)

2.2.4. A Divergence Theorem

The generalized Finsler bundle of the total space ; is assigned base manifold m noting
dimm = n. The boundary denoted by om is of class C! and is of positive orientation.
A vector field V = V“% € Hj has contravariant components V“. The (n — 1) form
a(x,d) = V(x,d)ns(x,d)w(x,d) is differentiable. Metric tensor components g,;(x,d),
which are positive definite, apply for the horizontal distribution, and g = det(g,,) > 0.
The affine horizontal connection Hy, = H{, is chosen to ensure (,/g)|, = 0 (e.g., Hy, = I'},).
The existence is required for fiber coordinates d = d(x), representing functions of class C!
Vx € m. Forms for area and volume are defined in (49). Then (30) is in the coordinate form
with respect to {x“},

/ [Vig + (VG +0,V)dl ] dw = / Ving, w. (56)
m ! Jom
Denoted by n, is the covector of the unit length normal to dm, Vl‘; = 0,V + V“HéJ L

and df’ﬂ = 9,d" + N!. The proof matches that of Theorem 1 upon changes in variables; a
corollary akin to Corollary1 also holds.
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3. Finsler-Geometric Continuum Mechanics

The original theory of Finsler-geometric continuum mechanics [55,56] is formulated for
finite strains with conservation of momenta applying at equilibrium states (i.e., quasi-static
conditions). Subtle differences exist among certain assumptions for different instantiations,
incrementally revised in successive works. Most differences are explained in a review [54].

3.1. Motion and Deformation

Let ¢ : M — m denote the motion of a material particle and ® : m — M the inverse
motion. These functions are differentiable of class C3 and are one-to-one:

X =¢"(X), X = x), (1, A=12,...,n) (57)

with (® o ¢)(X) = X. Write E = (¢, 0) to represent the motion in total, whereby & : Z — 3.
Refer to Figure 1.

Remark 14. The material field D and spatial field d are alternatively called director vectors or
internal state vectors. They need not be unit vectors herein. The physical meanings of these fields
depend on the particular application of the theory [54].

The class C3 motion functions for the internal state fields are
d*=0"(X,D), D*=0%xd), (3,A=12,...,n). (58)

Remark 15. Herein, the dimensions of fibers are m = n, so n = dimi = dim M = dim
m = dimu. Allowance for m # n is conceivable [5,45]. But taking m = n allows for a clearer
interpretation of physics on the vertical vector bundle. Furthermore, m = n enables (9) and (43)
that simplify notation and calculations. For usual three-dimensional solid bodies, n = 3, as implied
in parts of prior work [54], but other dimensions are permissible (e.g., two-dimensional membranes
(n = 2) and one-dimensional rods (n = 1)).

From (57) and (58), a differentiable function k(x,d) : 3 — R obeys the following laws
of transformation for configurational changes in coordinates of partial differentiation:
d(hoE) oh 09"  oh 06° d(hoE) oh 96"

IXA 9x9XA | 9dd 9XA’ oDA ~ 9d*9DA’ (59)

Remark 16. Bases, metrics, and connections can be prescribed independently for Z and 3. This
allowance is in accordance with the field theory of classical continua [20,105]. Unlike Chapter 8 of
Bejancu [5], fields of frames are not required to convect from T Z to T3 in sync with E. As such,
(5‘57, %, Sav, Hy Ky VL, Y, N{j) need not be obtained via push-forward operations by = from
((SXLA' aDiA’ Gag, Hg‘c, K‘g‘c, Vé“c, Yéqc, Ng‘). But choosing Ny as the push-forward of Nl? [5] is
beneficial since

p 09" 5 06° 06" _ 8(hoB) _ oh 99" _ oh b¢" _ oh
~49DpB  9x4 OXA T 0x"9XA T Sxi XA T oxn

N,

0 3xA (60)

by which 5, (-) = F}64(-) is a simple relation among & derivatives on Z and 3.

The two-point tensor F : HZ — Hj is the deformation gradient, implicit in (60).
By definition,
op _ o¢" 9 A_ 99" 9 A
5X ~ oxA g X = G g O 1)
with (57) used in the rightmost equality. The gradient of inverse motion f : Hy - HZ
follows by definition as
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total space 2

connections
NA(X,D)

Hje(X, D), Kpe(X, D)
Vic(X D), Yje(X . D)
metrics

Ypp(X,D),Gap(X,D)

o 5ot 5 dﬂ_acpA 5

= = — — = —_— d IZ‘ 62
f ox Sxt §XA * ox? §XA ©ax (62)

Remark 17. Accordingly, F4 (X) f(x(X)) = 6% and F4(X) f8(x(X)) = 68. Usual stipulations
that the motion functions in (57) be regular hold. Thus det(F%) > 0 and det(f#) > 0

Line element differentials introduced in (16) and (48) obey the following formulae:

=fdx. (63)

dv=dv' > = FidxA 2 —FdX,  dX=dX4-0 = fAdy ﬂ(s;A

oxh oxh XA

Advancing (63), with the definition of the determinant, recall (17) (reference) and (49)
(spatial) for elements and forms of volume. Denoting Jacobian determinants of trans-
formations as | = det(F%),/¢/Gand j = 1/] = J°! > 0 (e.g., [22,98]), coordinate
transformations give

dv = JdV = [det(F})+/g/G]dV, dV = jdo = [det(f2)\/G/g]dv, (64)
¢ dw = JdQ, P*dO) = jdw. (65)

Strain can be quantified using the Lagrangian deformation tensor C = Cpd X4 ® dX?
(symmetric in covariant form via Cqp = Cpa):

|dx|? = F4 g F5dXAdXB = CypdXAdXB = (dX, CdX), Cap = FiguFs = GacCS. (66)
From (64), det(Cap) = det(CgGCB) = J2G. Then from the first of (50) and (60) [56,62],

1) ox” 1) p O 1)
vé/éXAW = mvﬁ/ﬁxaw = 5Aq7aHuc5 = FAHLI;C(S D" (67)

Similarly, the second of (50) gives V; 5x4 adC =F AKM 55+ although this is not needed later.

/\7),———9\/:..j

d=6(X,D)
total space j I

Q/X f (2 «\; connections
(/ Oy Nl
{ XA} base space .4 x=0(X) Hj, (x,d), K. (x,d)

) ( Vie(x,d), Yy (x,d)

metrics

gab(-xf d) ) g¢1b(X7 d)

reference configuration current configuration

Figure 1. Total deformation & = (¢,6) : Z — 3 of material manifold M (dim M = n = m = 2) with
base-space coordinates { X} to spatial representation m with base-space coordinates {x”}. Internal
structure fields are (D, d) on total spaces (Z, 3); arrows depict local components of state vectors D
and d for neighborhoods centered at X and x.

3.2. Particular Assumptions
3.2.1. Director Fields

The divergence theorem (31) is invoked to obtain conservation laws for macroscopic
and microscopic momenta in Section 3.3.3. Its derivation [37,54] requires the existence of

functional relations
DA =DA(X), d"=d"(x). (68)
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The latter relation of (68) arises from the former via the application of (56) and (57)
(i.e., switching of independent variables). Then (57), (58), and (68) produce the follow-
ing various dependencies of director motion functions:

d" = 6%(X,D) = 0°(X,D(X)) = #°(X), D*=0%xd) =0 (x,d(x)) = 0% x). (69)

Remark 18. In some prior work [55,56], other functional forms of motion functions with internal
state vectors as arguments were implemented. These likely more complex alternatives are admissible
but inessential [54]. The current theory, like some others [44,50,52], does not always require 6 or ©
to be specified explicitly, although the use of the former is implied later in Section 5.

The canonical and pragmatic rendering for 8(X, D), upon considering the existence of
functions D (X), becomes [62]
d=Do® < d(x) = D(®(x)) = 6°(D(X)) = DA(X)(6d" J

’E)Dﬁ> = DA(X) ‘;xr (70)

where ¢ is viewed as a shifter between V3 and VZ. Accordingly, 6% = 1Va = A,
0% =0Va # A.

Remark 19. Invoking (70), 0,6°(D(X)) = 0 by definitions of 6° = 67(D(X)) and
94(-) = (3(-)/0X™)| p—const in (10). Also, 046°(D(X)) = 6% by (11) and (70). Then (60)
reduces to Nj = Ng fB6%, and conveniently for the degenerate case: N =0« Ny =0.

3.2.2. Connections and Metrics

Invocation of (31) with permissible G45(X, D) necessitates affine connection coeffi-
cients with metric compatibility for G4p implying Hj- = I'a-, where I'4- is the connection
of Cartan, Chern, and Rund in (26). For vertical affine connections, VE’;‘C = 0 is elementary,
which is consistent with the coefficients of Chern and Rund [2,3,106]. Setting N 4 — GQ
via (29) further invokes the prescriptions of Chern and Rund, but this is inessential for
generalized Finsler geometry. Choices K4~ = H#- [55,56] and Y{- = Vi are logical,
given (9), but these are not mandatory. Setting K4~ = 0 leading to metricity with regard to
6 4B, the metric of the Cartesian space may also be of utility [54].

Let the metric tensor of Sasaki, G in (12), be assigned. From G4p of (13), pragmatic
connection coefficients over Z are summarized in (71); complementary connections over 3
given g, where g,,(x,d) is found in (47) (i.e., the spatial Sasaki metric), follow thereafter:

HléC = 1—VI-Z}C' VIIBAC = YII;C =0 HZC = FZC’ Vl?c = Yl?c =0; NZ = N?fl?éfﬁ (71)

Remark 20. Note that Kg‘c and Ki . are left unspecified to admit mathematical descriptions of
different physics, in contrast to Y{- and Yy set equal to their purely vertical counterparts for
simplicity. Since nonlinear connection N is also not explicitly chosen in (71) but is left general to
admit more physics than considered previously [54], (8) need not always hold for any transformation.
Thus N§ must be checked for correct behaviors under coordinate changes. Once the former N is
chosen, Ny in (71) presumes (70) is invoked with (60).

Remark 21. If the fields G op(X, D) and g,,(x, d) are known, relations in Sections 2.1 and 2.2 can
be used to procure affine connections in (71). Zero-degree homogeneity of G op with regard to D is
not required but is admitted. The G 4p entries are not required to be consistent with L or F (i.e.,
a Lagrangian function or fundamental scalar of Finsler), though this is admissible per Section 2.1.5.
Physical arquments and material symmetries suggest G dependencies with respect to X and D.
Similar statements describe spatial metric g and components gp,.

The decomposition of G4 as G ¢, a Riemannian term, and an internal state term Gg is
useful for describing fundamental physics and solving boundary value problems [55-57,62]:
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G=GG;, Gap(X,D)=Gac(X)GS(X,D);

A0 (72)

G = GapdXA ®dX5; G=GA—— ®dx5.
G GAB ® 7 G GB (SXA ®

More specific functional forms in (72) are advocated here, implied by past applications [54]:

Gag(X,D) = Gac(X)G5(D(X)) = GS(D(X))Gep(X);

73

Gap = Gpa,  G3Gpe = G5Gea. 7
Remark 22. Components of G ap are chosen to best represent the physics under consideration.
Typically, rectangular, spherical, polar, or cylindrical systems for M are witnessed in elastic-
ity. Components of G§ are chosen, corresponding to the way internal structure D manifests in
length, area, and volume, as observed in Z, meaning the total space of the body with the evolving
microstructure [54,55,62].

Ideas apply analogously to the spatial metric g,;(x, d) upon variable changes X — x
and D — d. For example, the spatial analog of (73) is

8ab(x,d) = Zac(x)8}(d(x)) = &a(d(x))Zep(x); Zab = Zbar 8a8ve = §h8ca-  (74)

All metrics in (73) and (74) are assumed invertible with positive determinants. A sym-
metric tensor C [62] and volume ratio | > 0 are defined to exclude the internal state-
dependence of strain:

C(X) = Cap(X)dX* @ dX5, Cap = FiguFs, Ci = GACcp; (75)

J(X) =/det(C4(X)); T=J\/G/§ GC=det(Gy), ¢=det(3]). (76)

3.3. Energy and Equilibrium
3.3.1. Variational Principle

A variational principle [54-56] is implemented. Let ¥ denote the total energy func-
tional of M’ C M (a compact base space domain) having dM’ as its boundary of posi-
tive orientation. Free energy density ¥, on a referential volume basis of material, is the
integrand in

¥[p,D] = /M/ ¢(F4, DA, Db, X*) d. 77)

One surface force is p = p,dx”, the traction vector for the mechanical force divided by
referential area. A second is z = z40D“, serving as the conjugate thermodynamic traction
to the vector of the internal state. Denote a generic local, vector-valued volumetric source
term conjugate to structure variations by R = R,0D4, extending prior theory [54-56]
to accommodate more physics [30,107] (Appendix B). A variational principle for Finsler-
geometric continuum mechanics, holding X fixed but with x = ¢(X) and D independently
variable parameters, is

o¥[p,D] = ¢

| ((p.og)+ (z,0D))0+ /M,(R, 5D) dQ. (78)

In coordinates with variation of D in parentheses to distinguish from the basis {D"},

5/M¢d0 - ng/{pa&p”}QJrng/{chS(DC)}Q+/M/{RC(S(DC)}dQ. (79)

Several results used in Section 3.3.3 are now noted, with « = 1 or &« = 2 derived in
Appendix A via (71):
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OF% = 64(09"), 5D‘B = [6(D")];p — (9cN§ — cKfpDP)3(DC), (80)
6(dQ) = 3aGBcGApd(DC)dQ = adc(InVG)6(DC)dQy = aC2 ,5(DC)dQ. (81)

3.3.2. General Energy Density

As evident in (78), the independent variables entering the total free energy density
function ¥ per unit reference volume, consist of the gradient of deformation, the director
vector of the internal state, its horizontal covariant derivative, and the reference position of
the material particle:

y = ¢(F,D, VD, X) = p(F4, D*, Df, X*). (82)

Deformation gradient dependence via F measures strain energy of elasticity. The state
dependence via D renders the evolving microstructural contributions. The energy arising
from the heterogeneity of the microstructure (e.g., internal material surfaces) is captured by
the dependence on the internal state gradient:

9 B A0 B.
VD = D‘BaDA®dX +D |Ba.ﬁ®(5D (83)

Dy = 85D + KfcD® = 95D — Ni' + K§cDS,  DA|p = 9pD” + V4D = 65. (84)
The dependence on X permits heterogeneous properties. Prior work [54,55] motivates (82).

Remark 23. The vertical gradient D2 | = 64, calculated from V- = 0 by (71), provides no
information, so it is excluded from the arquments of energy density in (82).

The expansion of the integrand on the left in (79), with XA =0 by definition, is

0
op = 81;/; 5FA+85PA5(DA)+7IP(SD|B —Pf(st‘—i—QA&( )+ZA5D\Br

oD/}
(85)
pr= g = gy O
A D oDk,

Denoted by P is the mechanical stress tensor (i.e., the first Piola—Kirchhoff stress, a two-
point tensor, and generally non-symmetric). The internal thermodynamic force vector Q is
complementary to D, and the internal stress tensor Z is complementary to gradient VD.

3.3.3. Euler-Lagrange Equations

Connection coefficients in (71) are employed along with (57), (67), (68), (80), and (81).
Inserting (85) on the left side of (79), then integrating repeatedly by parts with (31)
(i.e., application of the theorem of Stokes in coordinate form, Theorem 1), gives

5/ pdQ = / {PASFY + Qad(D") + Z30Df} }dQ+/ Yo (dQY)
- /M,{aAp;‘ +3pPAd, DB + PPI4, — PATC Fb 4 PACS (9,4DB + NB)}og?dQ
= /M/{aAzé + 35280408 + ZBra, — Z4KE . — Qc (86)
+ ZB[0cNE — dcKfDP + 64CB, (9pDE + NE)| — apC2,16(DC)dO)
+f {Psg" }NAQ+f {Z45(DO)YNAQ.



Symmetry 2023, 15, 1828

20 of 53

Local Euler-Lagrange equations corresponding to é¢ and JD (i.e., admissible varia-
tions of parameters) for every X € M/, and boundary conditions of natural form over o.M’
are obtained as follows. Steps parallel those outlined in [55,56] with minor departures [54].

The first of these culminating Euler-Lagrange equations is the macroscopic balance
of linear momentum, derived by setting the first integral on the right-hand side of (86) to
zero, which is consistent with the right side of (79). Localizing the outcome and presuming
the result must hold for any admissible variation d¢*,

dAPA + P29, DB + PPT4, — PATS Fy = —PACS-(04DB + NB). (87)

The second Euler-Lagrange equation describes the equilibrium of the internal state.
It is alternatively labeled a micro-momentum balance. It is derived by setting the second
volume integral of the right in (86), equal to the term on the far right in (79), and then
localizing, giving for any admissible variation & (DC):

0428 +0p789,D8 + 2814, — Z4KE - — (Qc — Re)
— A 7By NA _ 3 xA pD o sACD E E (88)
= apCep — Z4[0cNg — dcKpp D™ + 8¢ Cgp (9pD™ + Nig) |-
Natural boundary conditions on 0 M’ are derived by setting the second-to-last and
last boundary integrals in (86), equal to the remaining first and second boundary integrals,
respectively, on the right side of (79), and localizing the results, yielding for any admissible
variations, §¢* and §(DC),

pa = PANy, z4 = ZENp. (89)

Remark 24. With natural boundary conditions (89) or (@(X), D(X)) enforced along
X € oM’ (i.e., essential conditions), and with the local force density vector R(X) for each X € M/,
(87), and (88) collectively form 2n coupled PDEs in 2n degrees-of-freedom x* = ¢°(X) and DA (X).
These apply at each X € M, and extend to all X € M where material exists.

Remark 25. Consider simplified cases when Riemannian metrics are used: null D dependence of
G and no dependence of g on d. Then T4 = vic, Ih. = Vper and Ciac = 0. The right side of
(87) vanishes, so (87) is the classic equilibrium equation for continua without body force [22,23,33].
Also, taking N§} and K4 independent of D, (88) is similar to equilibrium equations for gradient
materials [108], including the phase-field theory [97,109].

Remark 26. Some prior work [55] set Gap(X, D) dependency in 1, extending (82), and additional
stress was obtained for the metric dependence on D instead of the implicit dependence via Q 4. The

present approach is favored for brevity [541, but the former is admissible.

Proposition 1. Euler—Lagrange equations can be expressed in the following alternative way:

AP + P29, DB 4 PB4, — PATS FY = —PACS0,4DP, (90)
AaZE +0pZE0DP + ZEv4p — ZH§KG e — (Qc — Re) o1
_ A B /3 A I A D A~D E ( )
= ayCtp — Z4(dcNp — dcKppD™ + 6¢ CEpdpD™).
Proof. From (10) and (27),
T4, =T4, = 33(InVG) — N§oA(InVG) = 74,4 — NACG . (92)

Substituting (92) with symmetry 'y‘gc = 'yéB into (87) and (88) yields (90) and (91). O

Remark 27. Notably, (90) and (91) show how the nonlinear connection terms N ]’3“ cancel, simplify-
ing calculations. Nonlinear connection N§ still ultimately affects governing equations via influence
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on Dﬁ% — 9zDA — NA + K DC thus affecting 7B = alp/aD‘B, and through écNg1 in (91).

Spatial N can enter I'j _ in (90). The linear connection K c and its gradient QDK in (91) are
somewhat unique to the Finsler-geometric continuum mechamcs The emergence of CB ‘4 the trace
of the tensor of Cartan, for all forms of these Euler—Lagrange equations, is also a distinctive feature.
This term, of course, vanishes when G ap is independent of D (i.e., a Riemannian rather than the
Finslerian metric).

3.3.4. Spatial Invariance and Material Symmetry

First consider rotations of the spatial frame of reference, given by orthonormal trans-
formation g} in (40) whereby det(q;) = 1 and 7} = g%y (e, g~1 = g7 [22]). Since
F — gF under such coordinate changes, ¢ in (82) should obey more restricted forms to
maintain proper observer independence. Two possibilities are

y = $[C(F,8),D, VD, X] = §(Cap, D*, D, X*), (93)
¢ = $[C(F,g),D, VD, X] = $(Cap, D", Dfy, X*), (94)

noting that (82) can be consistently expressed from (57), (58), (73), and (74), as
¥(F,D,VD,X) = §(F,D,G(X),G(D),g(¢(X)),§(0(X,D)), VD, X). (95)

From (66), (75), (93), and (94), the first Piola—Kirchhoff stress P2 of (85) is calculated
using the chain rule:

AP I ., 0P
A __ _ b _ b
Pa - an - ZgabFBaCAB - 2gubFBacAB‘ (96)

The resulting Cauchy stress tensors with spatial components ¥ and % are symmetric in
contravariant form, matching traditional conservation of angular momentum [20,22,33]:

o = %gﬂfpg“l?z = %Apg a?;/’ =ot, "= %g‘“ch“Pz = %FAFB’? a?f =a  (97)

Now consider changes in the material frame of reference, given by the transformation
QB of (1) and (9) with inverse OB - Under affine changes in coordinates X4 — QC X4,
it follows that dX4 — QGdX?4, F% — QAF%, Gap — Q2QBGap, Cap — QAQECap,
Gap — Q2QPGas, Cap — Qg‘Qgc‘AB, D4 — Q4D4, 6D* — QGoD4, and Dfy —
QSQBDDT%. Energy densities 1, 1, and ¢ should be invariant under all transformations
Q4 (e.g., rotations, reflections, inversions) belonging to the symmetry group Q of the
material [33,61,81,110] (e.g.,  — ). The present focus is on polynomial invariants [81,110]
with basis P of invariant functions with respect to Q € Q and energy offsets §jy = constant,
g = constant:

~

P={I,h,...,. L}, I,=L(CDVD), {¢=¢(,b,..., LX)+ (98)

P = {I_l,fz,...,fé}; I_,X:I_,X(C,D,VD), l/_JZII_J(I_l,I_ZP..,Té,X)—O—l/_Jo. (99)

The total number of applicable invariants is v or { for (93) or (94). Stress of (96) becomes

ol ol .o . AP
= 28 Fp Z tpaac = 28w F} Z ‘/”"aC:B; Po = a;i Pu = % (100)

Remark 28. A thorough and modern geometric treatment of material symmetry, uniformity,
and homogeneity in continuous media is included in a recent monograph [111].



Symmetry 2023, 15, 1828

22 of 53

4. One-Dimensional Base Manifold

The framework of Sections 2 and 3 is applied for n = 1, a 1D base manifold M. In
Section 4.1, geometry and kinematics are presented, including assumptions that enable
tractable solutions to several classes of boundary value problems while at the same time
maintaining sufficient generality to address broad physical behaviors. The resulting 1D
governing equations are derived in Section 4.2. General solutions are obtained for two
problem classes in Section 4.3. Constitutive functions for soft biological tissue, namely a
1D strip of skin under axial extension, are given in Section 4.4. Model parameters and
analytical solutions for 1D skin stretching and tearing are reported in Section 4.5.

4.1. Geometry and Kinematics

Let X = X'. A reference domain {M : X € [—Lo, L]} is considered, where the total
length relative to a Euclidean metric is 2Ly, and boundary d M is the endpoints X = +L,.
The referential internal state vector reduces to the single component D = D!, which is
assumed to have physical units, like X, of length. The spatial coordinate is x = x1, and the
spatial state component is d = d'. A normalization constant (i.e., regularization length) |
is introduced, and the physically meaningful domain for the internal state is assumed as
D € [0,1]. The associated order parameter is

((X)==—F~=—72 1>0 (101)

with a meaningful domain ¢ € [0, 1], and where (68) and (70) are invoked. For generic f
and h, differentiable in their arguments, let
df (X)

2 2
o=, o= L8 o -NE ko -

For 1D manifolds, the following metrics apply from (73) and (74):
(103)

Since § = G = 1 for isometric 1D Riemannian spaces, setting

$(d(p(X))) = G(D(X)) ¢ g(¢) = G(¢) (104)

renders m and M isometric when ¢(X) = X + ¢p < F(X) = 1, regardless of local values
of D, d, or ¢ at corresponding points x = ¢(X).

Remark 29. This assumption (104), used in Section 4, may be relaxed in future applications to
address residual stress (e.g., from growth [30]; see Appendix B), especially for n = dim M > 1.

Henceforth, in Section 4, the functional dependence on D or d is replaced with that on
¢. Then

o CT, If(X,D) _ 19f(X,&(D)) (105)

aD 1~ oc

The following functional forms are assumed for the referential nonlinear connection N4
and linear connection Kg‘c, with Ny = constant and K(X) both dimensionless:

N§ — N} =N = —Nyl&,

R _ (106)
SCINN K1, D = —Kj;.

Kfe — K11 (X, &) = K(X,8) = Iz
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Spatial coefficients Kj. do not affect the governing equations and, thus, are left unspecified.
Conditions (71) apply in 1D, leading to, with (101)—(106),

o =T = %(ﬁG = %(alc — N{91G) = —No;(InVG) = —NC}; = —N%, (107)
G(E) _ &) 1
— - — ICL(f), 108
o N __Nolg" __dE « , Ng__Nx

The deformation gradient, deformation tensor, Jacobian determinant, and director

gradient are dg

Fi - F =F=—-L=¢|,
A h ax ~ ¢ (110)
Ch — Cl=C=GYgFlFl =F>=(¢')>, J=F=VC;
dD R
D(g — D|11 = qx N+KD= (1+ Np)I& + K. (111)

From (104), C = C} = C} = Cand ] = ] in 1D reductions of (75) and (76).

4.2. Governing Equations

A generic energy density is assigned and equilibrium equations are derived for the 1D
case, given prescriptions of Section 4.1.

4.2.1. Energy Density

In 1D, C4p consists of a single invariant C, and DA and D“% likewise. Dependencies

in (82) are suitably represented by F, & and (&, X) with (101) and (111). Since C = C = F?,
all energy densities i of (82) in (93)—(95) are expressed simply as

p=9(C¢¢ X). (112)

Let yy denote a constant, which is later associated with an elastic modulus, with units of
energy density.

Remark 30. For comparison with data from experiments in the ambient Euclidean 3-space, yg can
be assigned units of energy per unit (3D) volume, such that ¥ = [, ¢dQ) represents the energy
per unit cross-sectional area normal to X. For a 1D M, this cross-sectional area is, by definition,
constant.

Denote by Yy a constant, related to surface energy, with units of energy per unit (2D
fixed cross-sectional) area. Let W be the strain energy density and the A energy density
associated with the microstructure. Let w denote a dimensionless strain energy function,
y denote a dimensionless interaction function (e.g., later representing elastic degradation
from microstructure changes), A denote a dimensionless phase energy function, and :
denote a dimensionless gradient energy function assigned a quadratic form. Free energy
density (112) is then prescribed in intermediate functional form, as follows:

P(CEE,X) = WG +AGEX) = Bu(Cy(@) + 2NE +@, X)), a13)

{= DL — R = D},GyG1'D}, - K

R R o (114)
= [(14 No)I& + K> — R?, (No = constant, K = K(X)).
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Note that 1(0,X) = 0. For null ground-state energy and stress, {(1,0,0,X) = 0 and
%(1,0,0,X) = 0:

dw d*w

w1)=0, 3=(1)=0, >0;  A(0)=0. (115)

dcz —
The third of (115) ensures the convexity of w. Thermodynamic forces originating
in (85) are derived as

oy g oY oY dw
fd 1 _ —_— == — = _— = —_—
P=Pl =25 =22F" Z\Fcac yoy\fcdc, (116)

781,07181[)7}10 dy Yod)\iYO

(Aqwy+A), Ag= Mol 17

C=Qi=p=T1a - a"¢ " FPa T 2Yy
61/1 Y() ot YO YO N
= - —_— —— = /— 1 = 22— /
Z=71=-r = Tapr =27 Dh =27 10+ No)ig' +K]. (118)

11 1

The volumetric source term in (78) is prescribed as manifesting from changes in
energy density, proportional to changes in the local referential volume form (e.g., physically
representative of local volume changes from damage/tearing, similar to the effects of tissue
growth on energy (Appendix B)):

R =Ry = Bypd;(InVG) = ?1{)){, (B = constant). (119)

4.2.2. Linear Momentum
The macroscopic momentum balance, (87) or (90) is, upon the use of relations in
Sections 4.1 and 4.2.1,

dp de VR O (€

=P(No—Dx gy = ~(1=No)5z 3%

= (120)

This separable ordinary differential equation (ODE) of the first order is integrated directly:

/Pd(lnP):(lNo)/GGd(ln\fG) = p:po(\/co/c)lfN(’. (121)

%)

The integration limit on G(&(X)) is Go = G(0), and P is a constant stress linked to ¢ = 0.

Remark 31. If G is Riemannian, then G = Gp and P = Py = constant. In the Finslerian setting,
P can vary with X if ¢ varies with X, and Ny differs from unity. However, if P vanishes on o.M
(ie., at X = *+Ly), then Py = 0 necessarily, so P(X) = 0V X € M, meaning this 1D domain
cannot support residual stress. The same assertion applies when (104) is relaxed and Ny vanishes.

From (116) and (121), when pg is nonzero,

dw(C(X)) G(E(x) M2 py
v/ C(X) Ty(C(X)) [GO} = ;Tg = constant, (122)

where the value of Py, constant for a given static problem, depends on the boundary conditions.
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4.2.3. Micro-Momentum

Define K(X) = IK(X). Then upon use of relations in Sections 4.1 and 4.2.1, and
dividing by 2Y( (1 + Np), the microscopic momentum balance, as expressed in (88) or (91), is

42 e - G <£)2 X T =

dR(X) 1 1 dA(E)
dXPUHWﬂm+MJd§

— | S - pren @)

This is a nonlinear and non-homogeneous second-order ODE with variable coefficients.
General analytical solutions are not feasible. However, the following assumption is made in
Section 4 to reduce the nonlinearity (second term on the left side) and render some special
solutions possible:

e ﬂ)x(é)/\(é‘)] (123)

B=a—2/(1+Np). (124)

Remark 32. Assumption (124) generalizes, yet is consistent with, physically realistic choices for
fractures, shear bands, cavitation, and phase transitions [55,56,62]: « =2, =0,Ng = 0.

Applying (124) with notations of (102), (123) reduces to the form studied in the re-
mainder of Section 4:

12(1 + NO)él/ _ & _ A _ Kxgl + K/ _ Aow |:]/+ ZX]/ :| (125)
0

2 1+ Np

This is a linear second-order ODE, albeit generally non-homogeneous with variable co-
efficients. For the special case that Yo(1 4+ Ny) = 0, terms on the left of (123) all vanish,
and equilibrium demands

How(C(X))

dy(%) | 2x(y(&)]
TR W ] =0. (126)

4.3. General Solutions
4.3.1. Homogeneous Fields

Consider cases wherein ¢(X) — ¢y = constantV X € [—Lo, Ly]. Assign the notation
fu(X) = f(X,&n). Then stress and momentum conservation in (116) and (121) combine to

(1-Np)/2
Py = Vo\rcdfwa =R & = constant. (127)
dC Gy

If 19, yu, and dw/dC are nonzero, the convexity of w suggests C = Cy = F4 =
constant. Accordingly, ¢p(X) = FyuX + co. If yo = 0, yg = 0, or dw/dC = 0, then Py =0,
and ¢y (X) is arbitrary. Assume now that none of the former are zero, such that F = Fy,
C = Cy, w = wy = w(Cyy) are constants. Then equilibrium Equation (125), with Kj; = K{,
becomes a dimensionless constant:

2 14Ny 0T 2

A xuAm , Agwy | . 2XHYH
A K, = . 128
+1+M (128)

Remark 33. If ¢y is imposed by displacement boundary conditions, then Cy is known, as is wy.
In that case, (128) is an algebraic equation that can be solved implicitly for ¢y, the value of which is
substituted into (127) for stress Py. If Py is imposed by traction boundary conditions, then (127)
and (128) are to be solved simultaneously for Cyy and Cp.
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4.3.2. Stress-Free States

Now consider cases wherein P = 0V X € [—Lg, Lo|. Relation (120) is trivially satisfied.
Assume j is nonzero. Then (122) requires, since C > 0, G > 0,

dw(C(X))

¢ veX) =0 (129)

This is obeyed for any y(¢) at C = 1 (i.e., rigid-body motion) via (115). Assume further that
w = 0, again satisfied at C = 1 via (115). Then the right side of (125) vanishes, leaving
Kx

o A XA K’
12(1 + Np)

ANy (14 No)? T (11 Ny)

¢ =0, (130)
with functional dependencies &(X), x(¢), K(X), and A(¢). The ODE is linear or nonlinear

depending on forms of A and yx; analytical solutions can be derived for special cases.
If K = constant, (130) is autonomous. If K = 0, then (130) is

¢ A1 {dA +2X(6)A(é‘)}

de dé 1+ Np

dx2 ~ 7dE  2i2(1+4 Np) (131)

where { = ¢’ = ¢ = {d{/d¢. The right equation can be separated and integrated as

1, 1 dA | 2x(9A(E)
2§2_212(1+No)/[d§+ 1+ Np }dg“l )
e _ 1 dA | 2x(DA(E) 12
:>dX_il\/1+No</[dC+ 1+ No }d““) '

This first-order ODE can be separated and solved for { = arg[X({)], where

B ' az
X(©) = VIR, | (1A /a2 1 20@A©) /(4 NoYJdz + ey 12 T2 (139)

Integration constants are c¢; and ¢y, determined by boundary conditions.
Now allow arbitrary K(X) but restrict x = 0 (e.g., G = Gp). Assume A(¢) is quadratic,
such that A = 2wg + 2w, & Now (130) is linear:

d?¢ Wi B 1 dK
dx2 " B+ No)® ~ P(1+ No) (“’0 - dx)‘ (134)

This ODE is non-homogeneous but has constant coefficients. Assume w; > 0 and
Ng > —1. Then

¢(X) = ciexp {(X/l) wr/(1+ NO)} + coexp {—(X/l) wr/(1+ No)] +&p(X), (135)
where ¢; and ¢, are new constants and ¢p is the particular solution from wy and
R(X) = IK(X).

4.4. Constitutive Model

The framework is applied to a strip of skin loaded in the tension along the X direction.

Remark 34. A 1D theory cannot distinguish between uniaxial strain conditions, uniaxial stress
conditions, or anisotropy. Thus, parameters entering the model (e.g., uo, Yo) are particular to those
loading conditions and material orientations from experiments to which they are calibrated (e.g.,
uniaxial stress along a preferred fiber direction).
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The nonlinear elastic potential of Section 4.4.2 is specialized to 1D in the context
of a 3D model [71,82,83,92]. The internal structure variable { = D/l accounts for local
rearrangements that lead to softening and degradation under the tensile load [72-74,77]:
fiber sliding, pull-out, and breakage of collagen fibers, as well as the rupture of the elastin
fibers and ground matrix.

Remark 35. Specifically, D is a representative microscopic sliding or separation distance among
microstructure constituents, and | is the value of this distance at which the material can no longer
support the tensile load. In the context of cohesive theories of the fracture [73,112,113], D can be
interpreted as a crack-opening displacement.

Remark 36. Some physics represented by the present novel theory, not addressed by nonlinear
elastic-continuum damage [73,90] or phase-field [95,114] approaches, are summarized as follows.
The Finslerian metrics G(&) = g(¢) account for local rescaling of material and spatial manifolds
M and w due to microstructure changes (e.g., expansion due to tearing or cavitation). A nonlinear
connection Ny rescales the quadratic contribution of the gradient of ¢ to the surface energy by a
constant, and the linear connection K rescales the linear contribution of the gradient of ¢ to surface
energy by a continuous and differentiable function of X, enabling a certain material heterogeneity.

4.4.1. Metrics

From (16), (48), (66), (103), (104), and (110), the difference in squared lengths of line
elements dx and dX is

(|dx|*> — |dX|?)(C, &) = G(&)(C — 1)dX dX. (136)

Herein, the metric is assigned an exponential form that is frequent in generalized Finsler
geometry [7,55] and Riemannian geometry [27,30]:

o —ep(2¢) = MO =55 -5 -k (137)

For ¢ € [0,1], two constants are k, which is positive for expansion, and r > 0.

Remark 37. Local regions of M at X and mat x = ¢(X) are rescaled isometrically by G(&(X)).
Physically, this rescaling arises from changes in structure associated with degradation, to which
measure %ln G(Q) is interpreted as a contributor to remnant strain. For Riemannian metrics,
G = G = g = g = 1, inwhich case (1306) is independent of ¢ and this remnant strain always vanishes.

The ratio of constants is determined by the remnant strain contribution at failure:
k 1

= % = 5InG(1). Since ¢ € [0,1], a smaller r at a fixed % gives a sharper increase in
In G versus ¢; values of k and r are calibrated to data in Section 4.5; choices of Ny and
K are explored parametrically therein. Nonlinear connection Ny = constant and linear
connection K(X) = K(X)/I affect the contribution of the state gradient & to surface energy
tvia (113) and (114). Constraint Ny > —1 is applied to avoid model singularities and
encompass the trivial choice Ny = 0. The value of Ny uniformly scales the contribution of
(&")? to 1 and . Function K scales, in a possibly heterogeneous way, the contribution of &

to 1 and 1. Even when ¢’ vanishes, Ny and K can affect solutions.

é
1
2

4.4.2. Nonlinear Elasticity

Strain energy density W in (113) is dictated by the normalized (dimensionless)
function w(C):

w(C) = (VC —1)% + %[exp{bl(C—l)z} -1], (138)
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where dimensionless constants are a; > 0 and by > 0, and ¢ > 0 is enforced along with
Yo > 0in (113). This adapts prior models for collagenous tissues [71,82,83,92] to the 1D
case. The first term on the right, linear in C, accounts for the ground matrix and elastin. The
second (exponential) term accounts for the collagen fibers, which, in the absence of damage
processes, stiffen significantly at large C. Such stiffening is dominated by the parameter by,
whereas a1 controls the fiber stiffness at a small stretch /C ~ 1 [71].

The elastic degradation function y(¢) and independent energy contribution A({)
in (113) are standard from phase-field theories [95,114], where ¢ € [0, c0) is a constant with
¢ = 2 typical for brittle fracture and ¢ = 0 — y = 1 for purely elastic response:

y(@)=01-2°% 9@ =-00-0"Y AQ=8& Me=22 (139

When ¢ > 0, y(1) = 0, no strain energy W or tensile load P is supported at X when
D(X) = . Verification of (115) for prescriptions (138) and (139) is straightforward [81,82].
Stress P, which is conjugate to F = v/C, and force Q, which is conjugate to D = I¢, are
from (116), (117), (138), and (139):

P(C,8) = (1 - 8)*[(VC=1) +mVT(C ~Dexp{bs(C~1%}],  (140)

2Y At _ a
ace) = 3o~ %0 - 07 (174 g [eitiic - 17 1] )| sy
Remark 38. Ideal elasticity (i.e., no structure-mediated metric variation or degradation) is obtained
whenk=0=G=1=x=0,0=0<«y=1=y=0,and K’ = 0. In this case, as A(0) = 0
by (139), trivial solutions to (121) and (123) are P(X) = Py = constant, {(X) =0V X € M.

4.5. Specific Solutions

Inputs to the model are nine constants / > 0, k, r > 0, Ny > —1, g > 0,21 > 0,57 >0,
9% >0, Yo > 0, and the function K(X). These are evaluated for stretching and tearing of
skin [73,74,113] by applying the constitutive model of Section 4.4 to the general solutions
derived in Section 4.3.

4.5.1. Homogeneous Fields

Here, the skin specimen is assumed to degrade homogeneously in a gauge section
of initial length 2L (i.e., diffuse damage), an idealization fairly characteristic of certain
experiments [63,68,72,74,87]. As per Section 4.3.1, assume deformation control, with
F = By = v/Cu > 1 increased incrementally from unity. The analytical solution for
¢ = Cp is then the implicit solution of (128) upon substituting (137)-(139), here for ¢ > 0:

Eu+ K/ (14 No)le" = 3 A08(1 — &n)® H{(VCr — 1)? + a1/ (2by)]

(142)
x [exp{b1(Ci — 12} = 1] H1 = 2kgf7 (1 = &)/ [(1 + No)9]} + K.

This dimensionless solution does not depend on i, Yy, or I individually, but only on the

dimensionless ratio Ag = % However, stress Py = P(Cy, ¢y ) is found from (140), which
depends on p. The value of y is comparable to the low-stretch tensile modulus in some
experiments [71,75], acknowledging significant variability in the literature.

Stress P is shown in Figure 2a, first assuming Ny = 0 and Kj, = 0 for simplicity.
The Finsler model, with Ay = 8.5 x 102, corresponding to baseline parameters given in
Table 1, successfully matches experimental data [74]. Stretch corresponding to Figure 5e
in the referenced experimental work [74] is defined as engineering strain plus 1.2 here
in Figure 2a of Section 4.5.1 and similarly later in Section 5.5.1 to account for pre-stress
(0.7 MPa) and pre-strain (~0.2). Thus v/C = 1 consistently for stress-free reference states
among models and experiments. Stress-free states at null strain are consistent with the
data in Figure 3a of the same referenced external work [74]. Alternatively, 2% (vVC—1),
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with 0p = constant, can be added to w of (138) giving a pre-stress of P(c_1 o) = 0p to fit
data with pre-stress. This, however, would require relaxation of the second of (115).

Remark 39. The ideal elastic solution ({ = 0) is shown for comparison. Excluding structure
evolution corresponding to collagen fiber rearrangements, sliding, and breakage, the model is too
stiff relative to the data for which such microscopic mechanisms have been observed [74]. The ideal
elastic model is unable to replicate the linearizing, softening, and failure mechanisms with increasing
stretch \/C reported in experiments on the skin and other soft tissues [63,64,68,74,87].

In Figure 2b, the effects of & on P are revealed for é = 0.1, =2, Ny = 0, and K6 =0,
noting ¢ = 0 produces the ideal nonlinear elastic solution i = 0 in (142). Peak stress
increases with decreasing ¢; the usual choice from phase-field theory ¢ = 2 provides close
agreement with data in Figure 2a. In Figure 2c, the effects of Finsler metric scaling factors
é = % and 7 on stress P are demonstrated, where, at fixed #, peak stress increases (decreases)
with increasing (decreasing) € and k. Baseline choices é = 0.1 and r = 2 furnish agreement
with the experiment in Figure 2a. A remnant strain of 0.1 is of the same order of magnitude
observed in cyclic loading experiments [72,78]. Complementary effects on the evolution of
the structure versus stretch are shown in Figure 2e: modest changes in § produce significant
changes in P. In Figure 2d, the effects of connection coefficients Ny and K, are revealed,
holding material parameters at their baseline values in Table 1. For this homogeneous
problem, maximum P decreases with increasing Ny and K{,. The corresponding evolution of
¢ is shown in Figure 2f. When K}, < 0, a viable solution ¢y € [0,1] exists only for v/C > 1.

The total energy per unit cross-sectional area of the specimen is ¥, found upon
integration of ¢(Cyy, {p) in (113) on M with the local element of volume dV = /G({y) dX:

J 2
= [(1 — a) (VT = 12+ - [exp{br (Cu — 12} — 1]} + %H
0 1 0
(143)
(ve)
xexp| =Cx |-
r
Table 1. Baseline model parameters for rabbit skin tissue: 1D and 2D theories.
Parameter Units Definition Value (1D) Value (2D)
) mm length scale 0.04 0.04
k e metric scaling factor 0.2 0.2
m e metric scaling factor e 0.3
r e metric scaling exponent 2 2
Mo N/mm? shear modulus (axial 1D) 0.2 0.2
Ko N/mm? bulk modulus (kg = kopig) e 1.2
a cee nonlinear elastic constant 2.8 2.8
ap e nonlinear elastic constant e 6
by e nonlinear elastic constant 0.055 0.055
by e nonlinear elastic constant e 0.17
4 e degradation exponent 2 2
G e degradation exponent e 2
Yo mJ/mm? isotropic surface energy 0.47 0.47
e e anisotropic energy factor e 1

Ty aE anisotropic energy factor e 0.84
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Figure 2. Extension and tearing of skin for the imposed axial stretch ratio v/C, 1D model: (a) stress P
comparison with data [74] (see text Section 4.5.1 for the definition of experimental stretch ratio) of
Finsler model (baseline) and ideal nonlinear elasticity (null structure change) (b) effect on stress P
of energy degradation exponent ¢ with & = 0.1, r = 2, Ny = 0, and K, = 0 (c) effect on stress P of
Finsler metric scaling é = é and r with ¢ = 2, Ny = 0, and K, = 0 (d) effect on stress P of nonlinear
connection Ny and linear connection K6 with ¢ = 2,é = 0.1, and r = 2 (e) effect on the internal
structure ¢ = D/I of Finsler metric scaling é = % and r with & = 2, Ny = 0, and K, = 0 (f) effect
on the internal structure { = D /I of nonlinear connection Ny and linear connection K6 withd =2,
é=01,andr = 2.

4.5.2. Stress-Free States

The stress-free solutions of Section 4.3.2 are applied to evaluate the remaining un-
known parameters / and Yy, given pg and Ag from Section 4.5.2. Assume the specimen tears
completely at its midpoint at X = 0, such that {(0) = 1. No load is supported anywhere,
and only rigid body motion is possible at other locations X where (X) > 0. Assume
the specimen is clamped at its ends where it is gripped, such that {(—Ly) = ¢(Lg) = 0.
Symmetry conditions &(—X) = ¢(X) are imposed, with ¢’(0) discontinuous, such that a
solution needs to be calculated only for the half-space X € [0, L.
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First, let K = IK = 0, so that (133) holds. Assumec; = 0 corresponding to &’ = 0 where
& = 0 since the anti-derivative in (132) vanishes at ¢ = 0 when A = {2,
X = k&1, r > 0. It is verified a posteriori [55,59,62] that this closely approximates
true boundary conditions ¢(+Lg) = 0 as well as ¢'(+Ly) = 0 for Ly > I. Then the
physically valid (negative) root for the half-domain giving X > 0 in (133) becomes, with
(137) and (139),

XO_ Lo [F dz (144)
0 2=

Lo 1 zy/1+2kz"/[(L+ No) 2 +1)]

The lower limit follows from X (1) = 0, obviating c; in (133). Analytical solution § = arg X(¢&)
is exact, but it is most easily evaluated by quadrature when k is nonzero, decrementing z
from 1 to 0 in small negative steps. The profile of &(X) depends on X /Ly and I/ Ly, but not
[ or Ly individually.

Remark 40. This new 1D solution, (144), agrees with more specific solutions derived in past work:
No = 0and r = 1[55,56] with slight correction [59] and Ny = 0 and r = 2 [59].

Normalized surface energy per two-sided cross-sectional area, , is obtained by inte-
gration of ¢ = A in (113) over M:

L
- [
0 /=L (145)

— % /LLOO{CZ + (14 No)Ig'[2K + (1 + No)I¢&']} exp|(k/r)&"] dX.

This energy likewise depends on [/ Lg but not [ or Ly individually. Baseline values of k and
r are now taken from Table 1. The solution (144) is shown for Ny = 0 and different [/ L
in Figure 3a. The smaller (larger) the regularization length ratio [/ L, the sharper (more
diffuse) the zone centered at the midpoint of the domain over which prominent structure
changes occur.

The normalized energy density (145) is shown in Figure 3b versus [/ Ly for several Nj.
Increasing Ny increases this energy, as might be anticipated from (113) with (114) when
K = 0. A stress-free ruptured state is energetically favorable to a stressed homogeneous
state (§4.5.1) from applied deformation Cyy when ¥ > 27Y, with ¥ given by (143). The
ratio ¥/ (27Yy) is shown in Figure 3c versus v/C = +/Cg with [ /Lo = 1072 and several N,
recalling K = 0. Increasing Nj increases ¥, reducing ¥/ (27Yy). For cases in Figure 3a—c,
&(£Lo) < 1078 and [I(£Lo)| < 1078 are observed for I/Ly < 0.03, verifying c; = 0
in (133) and (144) under this length constraint.

The remaining parameters | and Yy are now quantified. To match the measured
energy release rate Jc (i.e., toughness) of skin, 2¥Yy ~ Jc. Let Ly = 4 mm, the span of
specimens [74] whose data are represented in Figure 2a. Then /Ly = 1072 = | = 40 um
is more than sufficiently small to adhere to the aforementioned boundary constraints (i.e.,
c1 = 0) while providing a damage profile of intermediate diffusivity in Figure 3a. This

value of | then gives Yy = % = 0.47 KJ/m? (Table 1).

Remark 41. Along with the choice Ny = 0, the Finsler model with the full set of baseline pa-
rameters in Table 1 produces 4 ~ 1 in Figure 3b and 29Yo = 1.0 kJ/m?, in concurrence with
experimental data: 0.5 < Jo < 2.5 kJ/m? [73,99,113]. Value | = 40 pum is between 4x and 40 x
the collagen fiber diameter [68,69,74]. Although not shown in Figure 3b, increasing € = % from
0.1t0 0.2 at ¢ =r=2with Ny = Kjy = 0and 1/Ly = 102 increases effective toughness to
29Yo = 1.02 kjJ/m?. Under the same conditions, reducing & to 0 diminishes the predicted toughness
to 29Yo = 0.94 kJ/m?.
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Figure 3. Extension and tearing of skin, 1D model: (a) Stress-free solution for the internal state profile
(baseline parameters, Ny = 0); (b) Normalized surface energy for rupture versus regularization
length; (c) Ratio of homogeneous energy to energy for stress-free localized rupture; (d) Stress-free
solution, € = 0,1/Ly = 1072, heterogeneous connection K(X).

Finally, let k = 0 but permit nonzero K(X) = IK(X), such that (135) applies. As
an example, let K = —K[l- (1 — X/Lg) for X € [0,Lp] and K = K[l - (1 + X/Lg) for
X € [~Lo,0). Boundary conditions ¢(0) = 1 and §(+Ly) = O still apply, as does sym-
metry relation ¢(X) = ¢(—X). From (139), w; = 1 and wy = 0. For the whole domain
X € [~Lo, Lo}, K" = Kjl / Ly = constant, and simply &, = K{!/Lo. Then (135) gives

C(X) = C1€Xp[X/{l\/ 1+ No}] + czexp[—X/{l\/ 1+ NQ}] + Kél/Lo,
—K{l/Lo— [1 — K)l/Lo] exp[—Lo/{I/T+ No}] (146)
exp[Lo/{IvT+ No}] —exp[~Lo/{lv/T+No}]

Profiles of &(X) are shown in Figure 3d for K} > 0 with baseline [/Ly = 1072
Normalized surface energy ¥ from (145) is reported in Figure 3d for each case, recalling
¢ = k = 0 produces Riemannian (Euclidean) metric G = 1. Setting K, > 0 increases ¥ for
this problem. Setting K{; < 0 reduces 7 and produces a physically invalid solution (not
shown in Figure 3d) in (146): ¢ < 0 on part of M.

C1:1—C2—K61/L0=

5. Two-Dimensional Base Manifold

The framework of Sections 2 and 3 is applied for n = 2: a 2D base manifold M. In
Section 5.1, geometry and kinematics are presented. Governing equations are derived in
Section 5.2. Solutions are considered for general problem classes in Section 5.3. Constitutive
functions for an orthotropic 2D patch of skin under planar deformations are assigned in
Section 5.4. Solutions for stretching and tearing are presented in Section 5.5.
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5.1. Geometry and Kinematics

Reference coordinates are Cartesian (i.e., orthogonal): {X!, X?}. A reference domain
{M : X' € [~Lo,Lo], X*> € [-Wp, W]} is considered, where the total area relative to a
Euclidean metric is 4LyWp, and boundary 9. M is the edges (X', X?) = (+Lg, £W,). The
referential internal state vector has coordinates { D', D?}, both with physical units of length.
Spatial coordinates are Cartesian {x!,x?} and {d!,d?}. A normalization constant (i.e.,
regularization length) is I, with a physically meaningful domain assumed as D4 ¢ [0,1]
(A = 1,2). With notation f(X,D) = f (X4, DPB), dimensionless order parameters are,
with (68) and (70) invoked,
_DAX) _ (e(X)

(X)=—F—"=—7" 11X = >0 (147)

Physically meaningful domains are ¢ € [0,1] and # € [0,1]. For 2D manifolds with
Cartesian base coordinates, { X!, X?} and {x!, x?}, the following metrics apply from (73)
and (74):

Gap =648, &b =0m; Gap(X,D)=Gap(D), guw(x,d) = gu(d). (148)
Herein, the following constraint is imposed:
San(d(9(X))) = 6507 Gap(D(X)) © 8ap(8, 1) = 6205 Gan (1), (149)

making m and M isometric when ¢*(X) = 64 X4 + c§ < F4 = 0% regardless of {¢, 7} at
x = ¢(X).

Remark 42. Equation (149) may be removed in other settings to directly model residual stress (e.g.,
Appendix B), but all residual stresses are not necessarily eliminated with (149) in place.

Although other non-trivial forms are admissible (e.g., Section 4.1), assume nonlinear
N{ and linear K?C connections vanish:

N{=0= N} =6 N{(F =0, Ki-=0. (150)

The K7 do not affect the governing equations to be solved later, so they are unspecified.
Applying (71) and (147)—(150),

5AGBC = aAGBC — NEE_)DGBC =0 = FSC =0, 5ugbc =0 = FZC =0, (151)

xa(&n) =1Chg(&,n) =104{In\/G(&,n)}; 101(-) = 9(-)/0¢, 192(-) = 3(-) /3. (152)

The deformation gradient, deformation tensor, Jacobian determinant, and director
gradient are, respectively,

a
Fa= ;;?A, Ch = GACgy FLFE = GACFSSE Grpdb FS, T = det(F%) = (/det(C4), (153)

D(}B = gD + K§-DC = 9gD%; Dl =104, D}, =104 (154)

Unless Fj and G 4p are diagonal, C and C can differ. From (75) and (76),

Ch = 64CCcp = 4C6, FYES, ] = \/det(C) = J. (155)
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5.2. Governing Equations

A generic energy density is chosen and equilibrium equations are derived for the 2D
case of Section 5.1.

5.2.1. Energy Density
For the present case, dependencies on DA and D“% are suitably represented by (¢, 1)

and (94¢,d417) of (147) and (154). The functional form of (94) is invoked without explicit
X dependency, whereby

¥ =9(Cap, & 1,948,941). (156)

Henceforth, in Section 5, the over-bar is dropped from ¥ to lighten the notation. Let
Ho denote a constant that will later be associated with a shear modulus, with units of
energy density.

Remark 43. For comparison with experiments in ambient 3-space, yg has units of energy per unit
3D volume, so' ¥ = [, dQ) is the energy per unit thickness, normal to the X* and X,

Let Y( denote a constant related to the surface energy with units of energy per unit
(e.g., 2D fixed cross-sectional) area, and 7 and 7, denote two dimensionless constants.
Let W be the strain energy density and A denote energy density associated with the mi-
crostructure. Let w denote a dimensionless strain energy function (embedding possible
degradation), A and v denote dimensionless phase energy functions, : denote a dimension-
less gradient energy function that is assigned a sum of quadratic forms, and V() = % ()
denote the partial material gradient. Free energy (156) is prescribed in intermediate func-
tional form, as

(C, &1, Vo0&, Vo) =W(C, & n) + A& 1, Voi, Von)

_ Y (157)
= Dw(€,&,1) + L [veA (&) + myv(n) + ((Vod, Von)l,
1= 7| IVE + 7y P |IVon|* = 12645 (7£9.4E08E + 7179 411987). (158)

Note that 1(0,0) = 0. Therefore, for null ground-state energy density, ¢, and stress, Pf‘,

ow

w(éAB,C,n) =0, = ((5,43,5,11) =0; /\(0) IV(O) =0. (159)
dCap
Convexity and material symmetry are addressed in Section 5.4.2.

Applying (96), thermodynamic forces of (85) are

E) oy dw
A _ _ b 9Y b
Pa - aF/H_‘ - 2511pr aCAB VO‘SabFB aCAB’ (160)
1 oY Yy ow dA
Q_l%_ﬂ<M%+%®) (161)
Q — 187110 — ﬁ A aﬁ + @ - An = LOZ
2% T 2\ Tay ) 0T vy
9 Yo o AB
74 = =22 = 2Y(7:04895¢,
TToD, T Ry Yot e
zp= 20 Yo 9oy, 540

2 oD?, 129(3n)
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The source term in (78) manifests from changes in energy proportional to changes
in the local referential volume form (e.g., local volume changes from damage, treated
analogously to an energy source from tissue growth (Appendix B)):

Ra = Bpda(InVG) = %pr, (B = constant; A =1,2). (163)

5.2.2. Linear Momentum

Linear momentum balance, (87) or (90), invokes relations in Sections 5.1 and 5.2.1,

2" dw  dg’ 02w w I Pw Iy
‘uoéab

9XAIXE 9C 5 |+ 9XP \9CapdXA | 3Capal 9XA | 9Capon 9XA

_ ¢’ w [0 of 9 on
= ~Ho%ab 3B 56 {ag (1“ ‘FG) axA © %(h‘ \FG> aXA}

Remark 44. For nonzero py, (164) is two coupled nonlinear PDEs (a = 1, 2) in four field variables:
9'(X), 9*(X), §(X), and n(X).

5.2.3. Micro-Momentum

(164)

The state-space equilibrium conditions (88) or (91), utilizing the relations from
Sections 5.1 and 5.2.1, and dividing by 2Y), yield the following two equations:

2¢ a—B 3 9 oF e dA
AB B AB 9 9% _ redan
160" SXAaxE T (1 2 )75‘5 % (InvG) 35a 5xE ~ a1 a@

AB 9 9f Iy «a—pB\,  cap0 9y 91
+ 8 37(111\7@) < >Ws Bg(lnxf(}) (165)

oXAaxB \ 2 XA o XB

d
_ (“2;25>a(1n\@) [YeA + 0] = ;“lg[glg N ("‘_5)886@1\@)74,

02 o — d an 9 dv
AB__ 977 _a—p AB 9 nooq _ ypdv
10 SxAgxE ( 2 )7’7‘5 an (1“ \FG> aXA9xB ~ 22dy

AB 9 dy  d¢ v—p AB O J¢ 9
7o ag(h‘\ﬁc)aXAaXB_< 2 )7‘3‘5 %(lnﬁ)aﬁﬁ (166)

- (%522 3 (n V) e+ = 33|55 + (6= p)3 (1n VG-

Remark 45. For nonzero Y, (165) and (166) are two coupled nonlinear PDEs in four field
variables: ¢'(X), 9*(X), &(X), and 1(X), where derivatives of ¢'(X) and ¢*(X) enter w on the
right sides via Cqp = 8Aq)”(5ab83qob. For the special case Yo = 0, the left sides of (165) and (166)
vanish, whereas for oy = 0, the right sides vanish.

5.3. General Solutions
5.3.1. Homogeneous Fields

Cases for which ¢(X) — g = constant and 7(X) — ng = constant at all points
X € M are examined. The former constants may differ: iy # #y in general. The notation
fu(X) = f(X, ¢, yu) is applied, and pp > 0 is imposed. Then (160) and (164) reduce to

orA
axiuA = .u05ab

¢ ow n ¢t Pw
0XA0XB 9dCyp 0XB aCypoXA

Mo [ ow
= (Py)2 = ( ) = constant.
» = 2 \ar ),

(167)
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This should be satisfied for any homogeneous F% = (F)%, for which 929"/ 0X49XB = 0. The
micro-momentum conservation laws (165) and (166) become

—fyéj/g — (& — ﬁ)aaé‘ (ln \FG> [veA +yv] = Ag Bzg + (o — [S)aaér (ln \FG)W], (168)

—7,7;1; — (a— ﬁ)a?? (In \@) [veA + 7yv] = Ag B:;J + (o — /3)8(37 (ln \/a)w], (169)

wherein A = Ay, v = vy, (a% In \E)H, and (% In \/E)H are all algebraic functions of

(Cu, 711), while w = wyy, (a%w)H, and (%w)H are algebraic functions of ({y, 771, (Fa)% )-

Remark 46. The homogeneous equilibrium is satisfied by the six algebraic equations (167) (a, A = 1,2),
(168), and (169) in ten unknowns (Py)2, (Fu)%, &u, 1. Given (Py)Z or (Fy)% as the mechanical
loading, the remaining six unknowns can be obtained from a simultaneous solution. If (F)% is
imposed, (168) and (169) are two equations in &y, ngr. Then (167) yields the remaining (Py)2.

Remark 47. Essential boundary conditions for homogeneous states are { = Cy and 11 = 4y,
both VX € 9M. Since ¢ and 1 are constants, ZE = 0 by (162), so corresponding nat-
ural boundary conditions for forces conjugating to internal structure parameters in (89) are
Zpa = ZE;NB =0.

5.3.2. Stress-Free States

Consider cases whereby P4 = 0YX € M. Linear momentum conservation
laws (87), (90), and (164), are trivially satisfied. Restrict 19 > 0. Since FY is non-singular, (160)
requires dw/dC4p = 0. This is obeyed at C4p = 45 via (159); thus, assume rigid body
motion (i.e., ¢* = Q% X4 + cf, with Q% constant and proper orthogonal and ¢ constant)
whereby w = 0 vanishes as well by (159).

Remark 48. General analytical solutions for stress-free states are not apparent without particular
forms of functions w(Cag, &, 1), G(, 1), A(&), v(y), and values of vg, vy, &, B, and .

Remark 49. If 0ow/9¢ = dw/dy = 0 for Cap = S ap, then the right sides of (165) and (166)
vanish. Whether or not stress-free deformation states with Cp # 6 4p (e.g., locally) exist depends
on w.

5.4. Constitutive Model

The framework is applied to a rectangular patch of skin loaded in the X!-X? plane.
A 2D theory (i.e., membrane theory) cannot distinguish between plane stress and plane
strain conditions [115], nor can it account for out-of-plane anisotropy. Nonetheless, 2D
nonlinear elastic models are widely used to represent soft tissues, including skin [68,89].
Thus, parameters entering the model (e.g., 1o, Yo) are particular to loading conditions and
material orientations from experiments to which they are calibrated (e.g., here, plane stress).

Remark 50. In a purely 2D theory, incompressibility is often used for the 3D modeling of biological
tissues [68,71,80,82] cannot be assumed since contraction under biaxial stretch is not quantified in
a 2D theory. Incompressibility is also inappropriate if the material dilates due to damage.

The skin is treated as having orthotropic symmetry, with two constant orthogonal
directions in the reference configuration denoted by unit vectors n; and ny:

) 6

_ A _ A .
“Migxar M T

m ntoagnf = o5 (i,j=1,2). (170)
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Remark 51. The collagen fibers in the plane of the skin need not all align with ny or ny, so long as
orthotropic symmetry is respected. For example, each n; can bisect the alignments of two equivalent
primary families of fibers in the skin whose directions are not necessarily orthogonal [71,92]. In such
a case, ny is still a unit vector orthogonal to ny; planar orthotropy is maintained with respect to
reflections about both unit vectors n;.

Remark 52. The internal structure variables & = D'/l and y = D? /1 account for mechanisms
that lead to softening and degradation under tensile load: fiber sliding, pull-out, and breakage of
collagen fibers, and rupture of the elastin fibers and ground matrix. Each DA (A = 1,2) isa
representative microscopic sliding or separation distance in the n;6'y direction, with | the distance at
which the material can no longer support tensile load along that direction.

Remark 53. In the cohesive zone interpretation, each D? is viewed as a crack-opening displacement
for separation on a material surface (line in 2D) normal to n;é',.

Finslerian metrics G4p(&,77) = (525,@ ab(E,17) of §5.4.1 anisotropically rescale material
and spatial manifolds M and m due to microstructure changes in different directions.
In the absence of damage, the nonlinear elastic potential of Section 5.4.2 refines a 3D
model [71,82,83,92] to 2D.

5.4.1. Metrics

From (16), (48), (148), (149), and (153), the difference in squared lengths of line elements
dx and dX is

(|dx* — |dX*)(F, &, ) = (070, Ger(E, ) F4FE — Gap(E,n)ldX*dXP. (171)

Remark 54. Local regions of M at X and mat x = ¢(X) are rescaled isometrically by components
Gap(¢(X),n(X)). When F§ = &%, |dx| = |dX| regardless of Gap, ¢, or 11. For degenerate
Riemannian metrics Gap = Gap = 6ap and gup = Gap = Oap, (171) becomes independent

of (C, 7).

The Cartesian coordinate chart { X/} is prescribed such that nlA = 5{‘ in (170); thus
n1 and ny are parallel to respective X! and X? directions on M. Rescaling arises from
changes in structure associated with degradation and damage in orthogonal directions,
to which remnant strain contributions 1 In[Gy1(&)] and 1 In[G,(77)] can be linked. The
metric tensor G4p is hereafter assigned specific exponential terms, generalizing the 1D
form of Section 4.4.1 to an anisotropic 2D form appropriate for orthotropic symmetry:

fep(2e) 0
[GAB@,n)]—l (0 ) exp%,)]
= G(& ) = det[Gap(&,n)] = exp(2[ke" + my).

(172)

For ¢ € [0,1] and € [0,1], two constants in (172) are k and m, and positive for
expansion. A third constant r > 0 modulates rates of change of G11({) and Gy (1) with
respect to their arguments. Ratios are determined by remnant strain contributions at failure:
% and é, = 7. Values of k, m, and r are calibrated to data in Section 5.5.1. Isotropy
arises in (172) when 7 = ¢ and m = k.

& =

Remark 55. More general forms of Gag(&, 1), likely with more parameters, are possible; (172) is a

simple form sufficient to address experimental observations for extension and tearing of skin.
From (172), non-vanishing components of Cartan’s tensor in (25) and (152) are

9 9
ICH = x1= 5z (In VG)=k&l,  1C,=x= %(ln VG) = my L. (173)
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5.4.2. Nonlinear Elasticity

The nonlinear elasticity model generalizes that of Section 4.4.2 to a 2D base space
M with the anisotropic Finsler metric depending on two structure variable components,
¢ and 5 in normalized dimensionless form. For the 2D case, the material symmetry of
Section 3.3.4 requires careful consideration. Here, the skin is treated as a planar orthotropic
solid [68,75,89].

Viewing the D/ as components of a material vector field, orthotropic symmetry sug-
gests invariants &2 and 72. For physically admissible ranges & € [0,1] and 5 € [0, 1], these
can be replaced with ¢ and 5. Viewing the D"%, similarly, orthotropic symmetry permits a
more general functional dependence than the sum of quadratic forms in ¢ of (157) and (158).
However, the chosen form of : in (158) allows for partial anisotropy, not inconsistent
with orthotropy, when <z and v, differ. Thus, the structure-dependent contribution to ¢,
Al = Yo(vgA + vyv + 1), more specifically here

MO =28, vip)=n%  «(Vog Vo) =126 (72048088 + 1y0an0pn),  (174)

is consistent with material symmetry requirements. Strain energy density W in (157) is
dictated by dimensionless function w(Cyxg, &, 77). As per the above discussion, ¢ and 7 are
treated as scalar invariant arguments. A partial list of remaining invariants [82,91] of (99)
for orthotropic symmetry of a 2D material entering w (and, thus, ¢ = ¢) is then deduced,
applying nIA = ‘51‘A in (170),

I = trC = 64BC 45, L = J? = detC,

o T i (175)

I = Capninf = Cp1, Iy = Capngng = Co.
Remark 56. As ny and ny are orthonormal, I; = I3 + Iy, so one of I, Is, Iy in (175) is redundant.
Since ] > 1, dependence on I = C11Cop — (C12)? can be replaced by | (or by (C12)?, given I3, Iy).

The Euclidean metric GAB = §4B, rather than the Finsler metric GAB, is used for
scalar products in (174) and (175), consistent with (155). In 2-space, I; and I, are the
complete set of isotropic invariants of C. Two orthotropic invariants are I3 and I; several
higher-order invariants are admissible [82,91] but excluded here since (175) is sufficient
for the present application. The dimensionless strain energy function entering (157) is
prescribed specifically as

@(Can &) = [ 1o+ Coo) ol 12 - 2] vu(@n)

+ _211711 (exp{bl(Cn - 1)2} — 1)]H(C11 —1ye(E) (176)

+ 2% (exp{bz(ézz —1)2} — 1)]H(C'22 — L)y, (1)

Dimensionless constants are kg > 0, a; >
Heaviside functions H(f) = 1Vf > 0,H
enforced in (157).

0,b1 > 0,43 > 0, and by > 0. Right-continuous
(f) = 0Vf < 0. Also, up > 0and Yy > 0 are

Remark 57. Potential w in (176) extends prior models for collagenous tissues [71,82,83,92] to
include anisotropic structure changes. The first term on the right, linear in I / ], and independent
of volume change, accounts for isotropic shearing resistance of ground matrix and elastin. The
resistance to volume (area) change is measured by the right-side second bracketed entry with kg
being a dimensionless bulk (area) modulus finite for a 2D model; the dimensional bulk modulus
ko = kopo. Exponential terms account for stiffening from collagen fibers in orthogonal directions
n;. Heaviside functions prevent fibers from supporting compressive loads [82,116] since they would
likely buckle.
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Degradation functions are y, (¢, 1), yz(&), and v, (17), where for the anisotropic theory,
pu=0-8°A=n=yeyy,  ve=01-0° wy=0-ns A7)

Corresponding material constants are ¢ € [0,00) and ¢ € [0,00). Notice that matrix
strain energy degrades equivalently with the increasing ¢ and # via y,, maintaining
isotropy of the first term in (176). As collagen fibers debond, the ground matrix and
elastic simultaneously weaken.

Remark 58. Choices ¢ = ¢ = 2 are typical for phase-field fracture [98], although other values are
possible for soft biologic tissues [95]. Setting ¢ = ¢ = 0 implies null degradation (i.e., ideal elastic
stress—stretch response).

Remark 59. When ¢ = n = 0, w of (176) is polyconvex [81,90], facilitating existence and
uniqueness of solutions. Also, P with (174), (176), and (177) obeys (159).

Stress components P/* conjugating to F4 = 9,4¢" are found from (100), (160), (176),
and (177), while forces Q1 » conjugating to ¢, # are found from (161), (174), (176), and (177):

P /o = T [0ap6 By — $CpcdPC(F 1) + koJ2(J — D(F A1 = 8)°(1 — )"
+ [a1(C11 — Vexp{b1(C11 — 1)?}407 FP1(1 — &)PH(Cyy — 1) (178)
9

) H(
+ [a2(Coz — 1)exp{ba(Caz — 1)* 16,405 F§1 (1 — 1) *H(Cpp — 1),

Qu/(2Y0) = 7¢€ — Aot | (1= )" (1 = m)*{J " (Cua + C2) +ko(] — 1) ~2}]

(179)
— A08(1 = &)* [1(a1/by) (exp{br (Cua — 1)%} — 1) [H(Cn 1),

Qal?/(2Y0) = 411 = Aog | (1= )¢ (1 = ©)™{J 1 (Cua + Coa) +ko(] = 1)* — 2}

] ] (180)

— Agg(1—m)*" [%(ﬂz/bz) (eXP{bz(sz - 1%} - 1)}H(C22 —-1).
Remark 60. An ideal elastic response is obtamed whenk =m =0= Gag =43 = xa =0,
amdd=¢=0= %zg = %27" = 0. Then since dg 2(0) = 0and Z—;(O) = 0 by (174), the right side
of (164) vanishes identically, and the (trivial) solutions to (165) and (166) are {(X) = n(X) =
0vVXeM.

Remark 61. An isotropic version of the theory can be obtained, if along with m = k in (172),
the following choices are made instead of (177):

yu=31-"+010-n°% ¢=9 ve=y=0  ye=1y=2371.>0. (181

Collagen fiber contributions to strain energy are removed such that w now only depends on isotropic
invariants of C. Equilibrium equations (164)—(166) are identical under the change of variables
&« n, implying n(X) = &(X) if identical boundary conditions on D or z 4 are applied for each
field on M. In this case, one of (165), and (166) is redundant and replaced with y = .

5.5. Specific Solutions

Possible inputs to the 2D model are seventeen constants | > 0, k, m, r > 0, pg > 0,
ko > 0,0 > O,bl > 0,ap > 0,b2 > 0,0 > O,Q > O,Yo > O,’Yg,’)/;i,ﬂé,al’ldﬁ. Values
of I and Yy are taken from the analysis in Section 4.5.2 of the complete tearing of a 1D
specimen of skin to a stress-free state. This is appropriate given that 1D and 2D theories
are applied to describe surface energy and material length scale pertinent to the same
experiments [73,74,99,113], and since stress-free solutions in Section 5.5.3 are perfectly
parallel to those of Section 4.5.2. The remaining parameters are evaluated in Section 5.5.1,
by applying the constitutive model of Section 5.4 to the general solutions for homogeneous
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fields derived in Section 5.3.1 to the uniaxial stress extension of 2D skin specimens along
the material’s X! and X? directions, respectively, aligned perpendicular and parallel to
Langer’s lines.

Remark 62. Collagen fibers of the microstructure in the dermis are aligned predominantly along
Langer’s lines and are more often pre-stretched in vivo along these directions [75]. In vivo or
in vitro, elastic stiffness at finite stretch tends to be larger in directions along Langer’s lines (i.e.,
parallel to X? and ny) than in orthogonal directions (e.g., parallel to ny). Degradation and failure
behaviors are also anisotropic: rupture stress tends to be larger, and failure elongation is lower
when stretching in the stiffer ny direction [74,75,87].

In Section 5.5.2, model outcomes are reported for planar biaxial extension [68,70,115]
of 2D specimens, highlighting simultaneous microstructure degradation perpendicular
and parallel to Langer’s lines. Lastly, in Section 5.5.3, stress-free states analogous to those
modeled in a 1D context in Section 4.5.2 are evaluated for the 2D theory.

In Sections 5.5.1 and 5.5.2, equilibrium solutions of Section 5.3.1 hold. Invoking
(173), (174), (176)—(178), and dropping (-)y notation for brevity, (167)—(169) comprise the
algebraic system

Pt = po] om0 PFy — 3CpcdPC(F N + ko2 (J — D)(F A1 (1= 8)°(1 —n)*
+ [a1(C11 — Dexp{b1(C11 — 1)*}0501 F{](1 — &)PH(Cy1 — 1)
)

+ [Clz(ézg — l)exp{bz(C_zz — 1)2}5ab5§4F2l;](1 =/l QH(C_Zz — 1)
= constant,

(182)

YeE 4 ke el + ] = — 2 [8w<CAB€f7)

2 C + Zkfrlw(CAB,QU)] , (183)

Ao [3W(CAB,§J7)

Yyt +my el + ] = = 3 +2mnr—1w<c‘AB,c,n>]. (184)

Consistent with (124) for Ny = 0 [55,56,62], B = « — 2 is assumed in (183) and (184),
reducing the number of requisite parameters to fifteen; « and § enter the governing equa-
tions only through their difference. Boundary conditions on the internal state, are, for
homogeneous conditions,

E(XY=+Lo, X2 =4Wp) =, (X' = +£Lo, X2 = +Wy) = 7. (185)

Alternative conditions to (182)—(185) are considered for heterogeneous stress-free states in
Section 5.5.3.

5.5.1. Uniaxial Extension
First, consider homogeneous uniaxial-stress extension in either the X! or X? direction.
From the symmetry of the loading mode and material model, shear stresses vanish iden-
tically: P} = 0, P2 = 0. Similarly, F; = 0, F? = 0, and C1p = C; = 0. The homogeneous
deformation fields are
Pt =X, 9P =MXE Fl=A, B =My

) i (186)
Cii= (M) Cun= ()% J = MAg.

At any single given load increment, stretch ratios are the constants A; > 0, and A, > 0.
Mechanical boundary conditions, for extension along X! with A; > 1, are

o' (X' = +Lo) = +MLy,  pa(XP = £Wp) = PF(X* = +Wp) =0. (187
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In this case, P2 = 0V X € M, and the sole non-vanishing stress component in (182) is
Pll. Note that A, is unknown a priori. Given Ay from the first of (187), values consistent
with (185) are obtained by solving (182) for a = A = 2 with PZ = 0, (183), and (184)
simultaneously for Ay, ¢, and 7 as functions of A;. Axial stress P11 is then found afterwards
using (182) witha = A =1.

For axial loading along X2 with Ay > 1,

PH(XE = +Wp) = £ W,  pr(XE = L) = PL(X! = +L) = 0. (188)

Now Pl1 = 0V X € M, and the sole non-vanishing stress component in (182) is Pzz. Given
Ay from the first of (188), values consistent with (185) are obtained by solving (182) for
a=A=1with Pl1 =0, (183), and (184) simultaneously for Ay, ¢, and # as functions of Aj.
Axial stress P22 is found afterwards using (182) witha = A = 2.

Values of all baseline parameters are listed in Table 1. Identical values of those
constants shared among 1D and 2D theories are found to aptly describe the experimental
data for stretching along 7y, in conjunction with natural choice 7z = 1. The 2D theory
features additional parameters to account for orthotropic anisotropy (e.g., stiffer response
along ny, with peak stress occurring at a lower stretch) as well as an areal bulk modulus x
absent in the 1D theory.

Remark 63. Adherence to physical observations dictates ay > a1, by > by, and kg > yo. Since
degradation is more severe, and toughness lower for stretching along ny, m > k and yy < <yg. The
standard choice [95,98] ¢ = 0 = 2 in (177) was found sufficient to describe test data.

Model outcomes for non-vanishing stress components and internal state vector
components are presented in Figure 4a,b. Experimental P} versus A; data for loading
along nq, with A; > 0 prescribed in the corresponding model calculations, are identical
to P versus /C data depicted using the 1D theory in Section 4.5.1. These data [74]
are for relatively high-rate extensions of rabbit skin along a longitudinal direction,
parallel to the backbone of the torso and perpendicular to Langer’s lines. Nonlinear
elastic parameters should be viewed as instantaneous dynamic moduli in a pseudo-
elastic representation [68,84,85] since loading times are brief relative to stress relaxation
times [74]. Single-experiment data of similar fidelities for transverse extensions—parallel
to Langer’s lines to complete load drops—were not reported, but a maximum stress
and strain range was given for the extension along ny [74]. The representative peak
stress P7 and corresponding stretch A, based on such data [74] are included in Figure 4a.
According to such data [74], the material is stiffer, and ruptures at a higher stress (k\:% X)
but lower strain (%% x) in the transverse n, direction.

Remark 64. For loading along n1, ¢ — 1 and 5 — 0 for Ay 2 3.5, meaning most internal
structure evolution correlates with degradation in this direction, with small transverse effects of
1. Analogously, loading along ny gives § — 1 and ¢ — 0 for Ay 2 3. The rate of increase of 1
with Ay > 1 is more rapid than the rate of increase of ¢ with Ay > 1, since the skin degrades sooner
and fails at a lower strain for stretching parallel to Langer’s lines. The present diffuse model is an
idealization characteristic of experiments when there is no sharp pre-crack [63,68,72,74,871.

Figure 4c,d shows predictions at modest stretch along n; or n, under uniaxial stress
conditions identical to those of Figure 4a, as well as uniaxial strain, whereby Ay = 1 or
A1 = 1is enforced using the scheme in Section 5.5.2, rather than respective of PZ = 0 or
Pl1 = (. Predictions for the ideal elastic case (¢ = ¢ = 0 = ¢ = n = 0) are shown for
comparison. The results are stiffer for the ideal elastic case since degradation commensurate
with structure change is omitted. In agreement with other data [70], skin is elastically stiffer
in uniaxial strain relative to uniaxial stress. Choosing a higher value of ko = x¢/pg > 1
in (176) would further increase this difference if merited.
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Figure 4. Uniaxial extension and tearing of skin for the imposed axial stretch A; > 1or A; > 1, 2D
model: (a) Stress Pl1 or P22 (baseline parameters, Table 1) with representative experimental data [74]
(see text Section 4.5.1 for the consistent definition of experimental stretch, accounting for pre-stress)
for straining perpendicular or parallel to Langer’s lines; (b) normalized internal structure components
¢ and 7 (baseline parameters); (c) stress Pl1 for moderate extension A; < 2.1 under uniaxial stress
(P22 = 0) or uniaxial strain (A, = 1) conditions for the Finsler model (baseline parameters) and the
ideal elastic model (¢ = ¢ = 0); (d) stress P22 for moderate extension A, < 2.0 under uniaxial stress
(P11 = 0) or uniaxial strain (A; = 1) conditions for the Finsler model (baseline) and the ideal elastic
model (¢ = ¢ = 0).

5.5.2. Biaxial Extension

Now, consider the homogeneous biaxial stress extension in the X! and X2 directions.
From symmetry, P = 0, P =0, F} = 0, F? = 0, and Cj5 = Cp; = 0. The homogeneous
deformation fields are

o' =MX, @?=MX%  H =M, =M

) i (189)
Cii=M)2 Cn=A)% ] = MAs.

Stretch ratios are A; > 0 and A, > 0; both are constants over M. The mechanical boundary
conditions are

Pt (X! = +Lg) = +A1 Ly, P (X% = £Wp) = A, Wo. (190)

With A; and A; prescribed by (190), equilibrium equations (183) and (184) are solved
simultaneously for ¢ and # as functions of A1, A, giving homogeneous values of fields
consistent with (185). Then Pll and PZ2 are obtained with (182) fora = A =1landa= A =2.

Model predictions for equi-biaxial stretching, A1 = Ay, are produced using the
baseline material parameters of Table 1, obtained for the 2D theory in Section 5.5.1. In



Symmetry 2023, 15, 1828

43 of 53

Figure 5a, stresses also include those for the ideal elasticcase (¢ =¢=0=¢ =7 = 0)
that are noticeably higher for A; > 1.5 and increase monotonically with stretch. For the
Finsler theory, under this loading protocol (A; = A), P7 increases more rapidly than P},
with increasing A1, reaching a slightly lower peak value at a significantly lower stretch.
Elastic stiffness during the lower-stretch loading is higher in the n; direction due to the
preponderance of aligned collagen fibers, but degradation linked to the internal structure
evolution is more rapid due to the lower toughness of skin when torn in this direction.
The latter phenomena are evident in Figure 5b: 77(A1) > &(Aq) for Ay € [1.1,3.9].

Remark 65. Data on failure of skin focus on its uniaxial extension [74,75]. Biaxial data (e.g., [68,70])
do not report stretch magnitudes that are capable of causing tearing, so direct validation does not
appear possible. If the skin proves to be stiffer and more damage-tolerant under equi-biaxial stretch,
the w of (176) can be modified, so the tangent bulk modulus proportional to kg increases more
strongly with |, and does not degrade so severely with structure evolution.

30
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Figure 5. Equi-biaxial extension and tearing of skin, 2D model: (a) stress components from the Finsler
model (baseline parameters, ¢ = ¢ = 2) and the ideal elastic model (¢ = ¢ = 0); (b) normalized
internal structure components ¢ and 7.

5.5.3. Stress-Free States

Protocols of Section 5.3.2 now apply. Two boundary value problems are addressed
that parallel the 1D analysis of Section 4.5.2. External boundary conditions are setas ¢ = 0
and 77 = 0, everywhere along dM. Stress P/* = 0 prevails everywhere in M, ensuring
that the mechanical traction p, = P2AN4 = 0 over dM. For the generalized Finsler metric
in (172), it is essential to restrict r > 1 = x1({ = 0) = x2(y = 0) = 0in (173).

In the first problem, assume that the specimen undergoes a uniaxial stretch along the
ny direction (i.e., along X', perpendicular to Langer’s lines) until localized failure occurs.
The skin ruptures completely across the midspan at X! = 0, such that &(0, X?) = 1. In this
ruptured state, Cop = J 43 is everywhere on M for all components, except Cy1, which can
differ from 6 4p along the line X' = 0. The solution for 17(X', X?) is (X', X?) = 0, for which
(166) is trivially satisfied. From symmetry, the remaining unknown field ¢ depends only
on X = X!, and &(—X) = &(X). With this partial solution, Equation (165) has a vanishing
right side, reducing it to a generally nonlinear, autonomous second-order ODE

2
A )] (191)
Dividing by ¢ > 0, (191) is identical to (131) with Ny = 0, A = &2, and x = x1 = k&' ..
Solutions (133) and (144) hold verbatim.
The normalized energy per unit area normal to the X! direction is
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T = ! / PV GdX = f/io {& + 12(dé/dX)?} exp|(k/r)E] dX, (192)

2Yq
which is identical to (145) when 9z = 1T and Ny = 0. Given 7z = 1,k = 0.2, = 2, and
Yo = 0.47 k] /m? (Table 1), the outcomes of the 2D theory here match those of the 1D theory
in Figure 3a,b with Ny = 0 and 41 = . Toughness 29;Y( = 1.0 kJ/m? is consistent with
the experiment [73,99,113].

In the second problem, assume that the specimen is stretched along n; (i.e., along X?,
parallel to Langer’s lines). The skin ruptures completely across the midspan at X2 = 0,
with U(Xl, 0) = 1. Now, Cap = d4p is everywhere for all components, except Cx,, which
can differ from 6 45 only along X? = 0. The solution for (X', X?) is & = 0, for which (165)
is trivially obeyed. From symmetry, 7 depends only on X = X?, and 57(—X) = #(X). The
balance law (166) reduces to

d*n

T axz = lT(l +mn"). (193)

Dividing by v, > 0, (193) matches (131) with No = 0, v = 52, x = x» = mn’~!, and changes
in variables. Solutions (133) and (144) hold. The normalized energy per unit area is

1 Lo
T2 = 2Y0/ PpVGdX = 'Z’KLO{UZ+12(d17/d><)2}exp[(m/r)n’]dx (194)

for free surfaces normal to the X? direction, matching (145) if 7, = 1 and Ny = 0. Given
Yy =0.84,m=03,r =2,and Yo = 0.47 kJ/m? (Table 1), profiles of #(X) for this problem
are very similar to those of ¢(X) from the 1D theory in Figure 3a. Energy for Ny = 0 in
Figure 3b transforms as 72 = 7,7, and 292Yg = 0.85 kJ/ m? is within experimental ranges
of 0.5 to 2.5 kJ/m?2 [73,99,113].

Remark 66. Since 29,Yo < 2%91Yy, the model predicts that skin is more brittle in directions par-
allel to Langer’s lines than in directions perpendicular to Langer’s lines, in concurrence with
experiment [74,87]. Collagen fibers are less coiled initially in directions parallel to Langer’s
lines [75], giving the skin’s lower compliance and less potential strain accommodation at rup-
ture in those directions.

Remark 67. All parameters in Table 1 have clear physical or geometric origins; none are ad hoc.
Constant | is the critical fiber-sliding distance or crack-opening displacement for rupture. Ratios
% and 7} are associated with the remnant strain contributions in orthogonal ny and ny directions
along the primary initial fiber directions (e.g., perpendicular and parallel to Langer’s lines).
The isotropic shear modulus and bulk modulus for the matrix, consisting of ground substance and
elastin, are yy and xy. Nonlinear elastic constants aj and by control stiffening due to collagen
fiber elongation in the ny direction, while ay and b, control stiffening due to fiber elongation in
the ny direction. The loss of elastic stiffness due to fiber rearrangements and damage processes in
matrix, fibers, and their interfaces, in the respective ny and ny directions, is modulated by ¢ and
6. Isotropic surface energy is Yo, with factors yg and vy, scaling the fracture toughness in the
respective ny and ny directions.

6. Conclusions

A theory of finite-deformation continuum mechanics, rooted in the generalized
geometry of Finsler, has been developed and refined. Elements of an internal state vector
represent evolving microstructure features and can be interpreted as order parameters.
The dependence of the material metric on this internal state affects how distances are
measured in the material manifold and how gradients (i.e., covariant derivatives) are
resolved. A new application of the theory to anisotropic soft-tissue mechanics has
been presented, whereby the internal state is primarily associated with collagen fiber
rearrangements and breakages. The material metric contains explicit contributions
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from sliding or opening modes in different material directions. Solutions to boundary
value problems for tensile extension with tearing in different directions agree with
experimental data and microscopic observations on skin tissue, providing physical and
geometric insight into the effects of the microstructure.
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Appendix A. Variational Derivatives

The variational derivative 6(+) of Section 3.3.1 invokes (¢?, DA)witha, A =1,2,...,n
as the total set of 2n varied independent parameters or degrees of freedom.

Appendix A.1. Deformation Gradient and Director Gradient

The first of (80) follows from (57), (61), and commutation of §(-) and d4(-) operators
since the variation is performed at fixed X:

SFA(9(X), X) = 6(949" (X)) = 94 (69" (X)) = 04 (39" (X)) = (69" (X))ja,  (AD)
with F treated as a two-point tensor.

Remark A1. The third equality in (A1) follows from N§(X, D)dg¢®(X) = 0. The leftmost and
rightmost equalities interpret ¢ (X) and 6¢° (X), respectively, as point functions rather than vector
fields [20,22].

Let f(X,D) denote a generic differentiable function of arguments {X*, D4} in a
coordinate chart on Z. The variation of f(X, D) is defined by the first of the following:

3f(X,D) = f(X,D)|a6(D*) = 94f(X,D)5(D*), (A2)

where (+)|4 is the vertical covariant derivative (e.g., as in (21)). For the choices Vé“c =0
and Y{- = 00of (71), f(X,D)| 4 = 04f (X, D) and the rightmost form is obtained, consistent
with prior definitions [54,55]. This is used with (84) to obtain the second of (80):

8Dy = 6(9pD") — SN + 8(Kgc)DE + Ko (D

)
= [9p0(D?) — NSc(D?) + K4-0(DC)] — dcNES(DC) + dpKa-DCs(DP)  (A3)
= [6(D*)]}p — (dcNf — dcKgpDP)6(DC),

where it is assumed per (68) that 9c6[D(X)] = d¢[6(D4)(X)] =0 on M and Z.

Appendix A.2. Volume Form

Two definitions have been set forth in prior work for the variation of the volume form
dQ(X, D). The first quoted here sets [54]

5(dQ) = [6v/G/VGldQ = (InVG)[46(DA)dQ = LGB Gep| 46(DA)dO)

(A4)
= (CAp — YAp)d(D*)dQ = CZd(D4)dQ,

where the first equality is a definition and (27) and (A2) is used subsequently.

Remark A2. According to (A4), the magnitude of the volume form is varied locally over the
n-dimensional base space in (81) with the « = 1 prior application of the divergence theorem (31)
used to procure (87) and (88) from (86) of Section 3.3.3. The choice (A4) was used in the most
recent theory [54] and implied in a prior numerical implementation [59].
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The second definition quoted here was used in the original theoretical works [55,56]:

5(dQ) = [6V/G/VG1dQ = (Inv/G)| 46(D*)dQ = (In V'G?)| 46(D*)dO2 (45)
= GBCGep|a0(DA)dQ = 2(CB, — YB5)6(DA)dOr = 2CE 16(DA)d .

In the derivation of (A5), the determinant of the Sasaki metric, as defined in (15), has been

used along with (27) and (A2).

Remark A3. The definition given by the first equality in (A5) is notionally consistent with another
earlier theory [49,50,52]. In the present viewpoint with (A5), the magnitude of the volume form is
varied locally in a 2n-dimensional total space Z via (81) with a = 2 before integrating over the base
n-dimensional space M in (86) of Section 3.3.3.

Remark A4. Definition (A4) corresponds to a = 1 and definition (A5) to & = 2 in (81). The only
ramification in the governing Euler—Lagrange equations involves the scaling of local free energy
density by a factor of one or two through Da.,bC‘é1 4 in the micro-momentum balance, in either form
(88) or (91). Macroscopic momentum is unaffected by the definition of 6(d(}).

Appendix B. Toward Residual Stress and Growth
Appendix B.1. Macroscopic Momentum

Consideration of residual stress begins with the examination of the balance of linear
momentum in the form (90), repeated and reorganized for convenience:

P! + PBoydp — Py, Fy = —{[0pP2 + P05 (InV/G)|94D® + PA(v, — T5,)F4 ). (A6)

Remark A5. Terms on the left side of (A06) are standard for nonlinear elasticity theory [22]. If the
free energy i does not depend on D4 or Dﬁg, then the stress P2 = 9y /0F?% is also conventional,
presuming  is in the undeformed state Cyp = Gap = P2 = 0. In that case, when the right side
of (A6) vanishes, the body manifold M should not contain residual stresses when F} = d¢" for

regular motions ¢®(X) (e.g., in the absence of topological changes).

Remark A6. Departures from classical nonlinear elasticity arise when (i) P has dependencies on
D4 or Dﬁ%/ (ii) when P2 or G depends on D along with the heterogeneous state field 3 4, D® # 0,
or (iii) when a different connection than the Levi-Civita connection is used for I'y  (i.e., T, # 7,
due to the d dependence of the spatial metric g,p). Each of these departures could potentially induce
stresses P2 # 0 in a simply connected body externally unloaded via p, = PAN 4 = 0 all along its
oriented boundary oM (i.e., residual stresses).

Analysis of a particular version of the general theory offers more insight. First, assume
in (74) that §§ — 47, such that g,;(x,d) — gap(x) = Zap(x); the spatial metric tensor g is
Riemannian rather than Finslerian. Then, 7. = I'; .. Now, use the osculating Riemannian
interpretation of the Finslerian material metric G offered by Corollary 1 via (68):

Gap(X) = Gap(X,D(X)), G(X) = det(Gap(X)), (A7)

38, =05(InVG) = 35(In VG) + 94(In VG)3pDA = 74, +3,(InVG)agD?,  (A8)

PA(X) = PA(X,D(X)),  9pP? =0pPA +9dcPAapDC. (A9)
Substituting (A8) and (A9) into (A6) gives, with 7} =T} ,

AaP} + PPyAp — Piqf,Fh =0. (A10)
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Remark A7. Expression (A10) conforms to the standard form for static equilibrium in classical
continuum mechanics, but stress, denoted as PA, and the connection, represented by ’y?c, both

implicitly depend on the internal state DA, and the former might also depend on its gradient D“%,

especially if it appears in appearing in . Coefficients 74 are those of the Levi-Civita connection of
GAB via (36).

Now neglecting the dependence on the internal state gradient in the energy density,
requiring D dependence to arise only through G 45, and assuming the body is homogeneous
(with a mild abuse of notation):

Y = y(F4, D) = y(F4, Gap(X, D))

i ' ’ ) (A11)
= P(F},Gap(X)) = $(Ca(F4, gav), GaB(X)).

Recall from (66) that C4p = F} gabFBI?. As a simple example, consider the case where
n=dimM,

§="2CanG" —n)
. . (A12)

p 9% = o Mo ~AC
= PaA = @ = .uogabGABFIIZ\, BGAB = —TGACGBDCCD,

and where 9 > 0 is a constant (e.g., an elastic shear modulus). Now, assume that the
spatial manifold m is Euclidean [27,30], such that the Riemann—Christoffel curvature tensor
from 7} (and, thus, derived from g,;) vanishes identically.

Remark A8. In this case, (A10), the last of (A11), and the example (A12) are consistent with the
geometric theory of the growth mechanics of Yavari [30] in the quasi-static setting. Incompressibility
can be addressed by appending linear momentum to include contributions from an indeterminant
pressure to be determined by boundary conditions under the isochoric constraint | = 1 [22].
Otherwise, ¥ can be augmented with term(s) to ensure C§ — 64 = PA = 0 (e.g., (138) for
n=1).

The Riemann—Christoffel curvature tensor from ’yéc (and, thus, G 43) need not vanish
in general:

Ricp = 987¢p — dcTp + V8e¥ep — YeEVED- (A13)

Remark A9. In Riemannian geometry, ¥4 are symmetric, differentiable, and obey (36); (A13)
has ﬁn2(n2 — 1) independent components [31]. For n = 3, Rép, contains six independent
components, determined completely by the metric and the Ricci curvature R4 g [30,98]. Forn = 2,

R4cp contains only one independent component, determined completely by the scalar curvature
k= %RAB GAB. Forn =1, TQII?CD always vanishes (i.e., a 1D manifold is always flat in this sense).

When R4p, is nonzero over a region of M, then no compatible deformation F(X)
exists that can push forward G 4p to match the Euclidean metric g,; (¢ (X)), which would
render the corresponding regions of M and m isometric. In other words, the push-forward
Sap = FAG4pEP where F/ = 9,0” does not exist, {4 being (nonexistent) Euclidean coordi-
nates on M. In such cases, M would always have to be deformed (e.g., strained) to achieve
its spatial representation m since no isometry exists between the two configurations.

Remark A10. If an intrinsically curved body manifold in the reference state M is stress-free,
per the constitutive prescription (e.g., (A12) or any other standard elasticity model), then the
intrinsically flat body in the current state m would be necessarily strained and stressed, even
if external traction p, vanishes along its boundary. Thus, this particular rendition of the
generalized Finsler theory supplies residual stress from a non-Euclidean material metric tensor
G ap in a manner matching other works that use Riemannian geometry [27,30].
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In the full version of the generalized Finsler theory [54,55], as discussed following (A6),
residual stresses could emerge from additional sources to those discussed under the forego-
ing assumptions of a Euclidean spatial metric, a conventional hyperelastic energy potential,
and an osculating Riemannian material metric with non-vanishing curvature. Several
different curvature forms can be constructed from the various connections and derivatives
of Finsler geometry and its generalizations [3,5]. Further analysis, beyond the present
scope, is needed to relate these geometric objects to physics in the continuum mechanical
setting, including residual stresses.

Remark A11. The deformation gradient Fj could be decomposed into a product of two map-
pings [62]: F4(X) = 949" (X) = (FE)4(X)(FP)%(D(X)). In this case, the strain energy
potential is written to emphasize the elastic deformation FF, with the state-dependent deformation
FP explicitly accounting for inelastic deformation mechanisms, including growth [29,107]. In
this setting, residual stresses can arise if (FF) ™! and, thus, FP do not fulfill certain integrability
conditions; neither the two-point tensor (FF)~1 nor FP is always integrable to a vector field [98].

Appendix B.2. Micro-Momentum and Growth

Now, consider the internal state-space equilibrium equation, (91) first, under the afore-
mentioned assumptions used to derive (A10). Furthermore, let Ni' = N£ (X) K- = v4-(X),
and & = 1. Then, with these assumptions, in the osculating Riemannian interpretation of
Corollary 1, (91) is

9aZ8 + 28945 — Z§5¢ — Qc = $3c(InVG) — Re, (A14)

Z4(0) = Z(X,D(X)) = 225 (X,D(X)),  Qa(X,D(X)) = S (X,D(X), (A1)
|A
where (A15) follows from (85). Use the energy density ¢ of (A11), so Z4 = 0 identically.
Choose the volumetric source term Rc = $dc(In+/G), which here represents the local
change in referential volumetric energy density due to growth effects on the local volume
form dQ)(X, D), since now, per (A4) of Appendix A, $5(dQ) = ¥[oc(Inv/G)s(DC)]dQ) =
Rcd(DC)dQ.

Remark A12. Physical justification exists in the context of growth mechanics for biological systems:
R can account for the effect on energy density from changes in mass due to tissue growth [30,107].
Thus, (A14) further reduces to, with (Al1l), to a form very similar to the equilibrium case of
Yavari [30] (e.g., matching Equation (2.73) of ref. [30] with the vanishing time derivative, if, here,
04 Gpc is arbitrary):

al/J . al[J dGgc _ 81/3 dGpc B

_ - -9 - Al
dDA ~ 9Gpc 0DA  9Gpe 0DA (A16)

Qa

To see how internal state components {D?} can represent growth, consider n = 2
(i.e., 2D M, such as a biological membrane), by which, {DA} — (D', D?) = (L, 1,E?),
where I, > 0 are normalization constants that render the &4 dimensionless. Choose a
polar (i.e., cylindrical {X4} — (R,®)) coordinate system on a region of M with (73)
applying, such that G = diag(1,R?). Assume a generalized Finslerian contribution
G = diag(exp(hy (&), exp(ha(&?)), where hy (D(X)) = h1(DY(R,®) /1) and hy(D(X)) =
hz(Dz(R, ©)/1,) are differentiable functions of their arguments. In matrix form, in this
example of anisotropic growth, the second of (73) becomes

= [GS][GcB] = exp(h1(gh)) 0 (A17)

_ |Grr 0
(Gag] = [ 0 R%exp(hy (&%) |

0 Goo
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A more specific case is now studied. Let x(R) denote a scalar radial growth function.
Then set
y_ D' _D? 2
¢=¢ :?:f:@ ¢=38(R); h=m = —hy =2x, h =h({(R)) = 2x(R). (A18)
This yields the metric G 45(X) as per Yavari (ref. [30], Equation (2.101)), which corresponds
to anisotropic annular growth:

_ [ep((ER))) 0
[GAB(Rrg)] - |: P 0 RZEXP(—h(C(R))):| (A19)
- _ [exp(2x(R)) 0
=  [Gag(R)] = { P (;( Rzexp(—ZX(R))}

Remark A13. In the special case given by (A19), internal state changes preserve volume via
det(Gap(X, D)) = R? being independent of x, &, and D, so C5, = 0.

Now, the energy potential (A12) is applied, so that, for equilibrium of the internal
state, (A16) transitions to the following, defining /(&) = dh(&)/d¢,

Qa= _%GBDGCECDESAGBC =0

{211Q1(§/ R) = —ppexp(—h(&))Crrh(¢) =0, (A20)
21,Q2(Z, R) = poR*exp(h(&))Cooh(§) = 0.

Thus, the equilibrium of the internal state is only ensured for this particular strain energy
function and material metric when /1 = 0. A sample function with three equilibrium states
at & =0, },11is the double-well:

h=301-¢)7  h=2(1-¢)(1-29). (A21)

Now, the Levi—-Civita connection and curvature for the metric G in (A19) are revisited.
Denote '(¢(R)) = [dh(&(R))/d¢][dE(R)/dR] = h(¢)&'(R). From (36), 94. has non-
vanishing components

- W R?K _ ~ 1K
=G Wo-ewlm(G-R), Wo-18-g-7 42

Recalling that & is the scalar curvature, the non-vanishing covariant components of
Ricpe = RécpGak are from (A13),

Rrore = Rorer = —Rroor = —Rerre = —R*%
= —[9rT60 + T60(TRR — TRe)ICRR
R?K R2K 1,
R exp(2h)< 7~ R)]exp(h) + ( 5 R) (R —h )exp(h)

_ —Bexp(—h) [R{h// . (h/)Z} +4h/}

2
d?¢  d¢ d \dhr dhdE\?> dhd¢
R<W+(ﬂ2(ﬂ2>(:h§_R<(i(§<ﬂ{) TAEaR |

(A23)

= —gexp(—h)

The annular material manifold {M : R € [Ry,R1],® € [0,01]}, Ry > Rg > 0,01 < 27 is
considered. Since R > 0 and for bounded #, the local flatness condition from (A23) is

v o , & dé d \dn dhd¢\*  dhdE
R{W" — (W')?} + 4h _OHR<dR2+deR>d§_R(d§dR) +4chde_O' (A24)



Symmetry 2023, 15, 1828 50 of 53

Remark A14. The first of (A24) is a second-order nonlinear ODE detailing the radial distribution
of the generic function h = h(R). The second is a second-order nonlinear ODE for ¢ = ¢(R), which
could be solved if the intermediate functional form h({) is known a priori (e.g., (A21)). Trivial
solutions are h(R) = constant and (R) = constant. General non-trivial analytical solutions are
not obvious. Given the boundary conditions, determining the particular non-trivial solutions for
flatness, should they exist, appears to require numerical methods.
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