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Abstract

The core of this PhD thesis is the extension and adaptation of concepts, originally
envisioned in the context of Analytical Mechanics, to the study of mechanical
problems—discrete, semi-discrete, and continuous—in which constraints, either
internal or external, are considered. Rather than trying to address each class of
problems separately, in this work we employ the enlightening language of Analytical
Mechanics with the purpose of unifying such problems and contributing to a
paradigmatic approach to mechanics. The main target of this PhD Thesis is to
extend some fundamental concepts of the mechanics of constrained systems, such
as Chetaev’s conditions, quasi-velocities, quasi-coordinates, and transpositional
relations, from their classical “discrete” definition to the semi-discrete continuous
contexts. This adaptation demonstrates the versatility of Analytical Mechanics across

biological and industrial problems, beyond enriching this discipline itself.
This PhD thesis is structured in three main parts.

Part I focuses on constrained discrete systems subjected to nonholonomic con-
straints, which are restrictions on system’s generalized velocities that cannot be
equivalently reformulated as conditions on the admissible configurations of the
system itself. Constraints of this kind are rather typical in robotics, control theory,
and other fields of the like but, to our knowledge, have received less attention in
Continuum Mechanics. We analyze the dynamics of nonholonomic constrained
systems by providing a modified version of a variational method originally suggested
by Kozlov in the 1980s and subsequently expanded by other authors. Our work sets
itself the scope of healing inconsistencies that arise in some problems of Classical
Mechanics when some logical steps of the traditional formulations of d’Alembert
and Lagrange are modified. In this respect, two problems that fall into this “gray
zone”, and that are analyzed in the present work, are the rolling coin problem and the

Gedankenexperiment of a charged nonholonomic skate subjected to a magnetic field.



viii

In Part I, we develop continuous models, inspired by the mechanics of constrained
discrete systems, for mechanical problems stemming from biology, with emphasis on
the biomechanics of growth and remodeling of tissues. In the case volumetric growth,
we look at the mass balance law as a nonholonomic constraint on the growth tensor and,
thus, we formulate a variational framework based on the Hamilton—Suslov principle,
from which governing equations can be derived variationally. This perspective may
provide new insights into the mechanics of growth and may pave the way to future
investigations on the symmetries and conservation laws in growth mechanics. In the
case remodeling, we extend Gurtin and Anand’s strain-gradient theory of plasticity
to the biphasic case in order to address multicellular aggregates, thereby coupling
the deformation of the solid constituents with a Darcy—Brinkman model for the
hydraulic part of the problem. Using the principles of Virtual Power and Maximum
Dissipation, we derive a constitutive framework able to capture boundary effects
related to the fluid flow and to remodeling.

Part III addresses semi-discrete mechanical systems in the industrial context,
focusing on the dynamics of concentrated defects in elastic media, as is the case of
disclinations. These defects, even though less studied than dislocations, are known
to play a crucial role in some strengthening processes occurring in technologically
relevant materials. By starting our discussion with a variational principle for the
mechanical description of a plane-strain linear elastic medium in small deformations,
we analyze the dynamics of a finite number of disclinations by showing how the
defects interact reciprocally in a manner resembling charged particles. In doing so,
we establish existence results of solutions, and we explore both the isotropic and the
crystalline settings (with constrained, predefined “glide” directions), also through

the use of numerical experiments.
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Chapter 1
Introduction

The focus of this PhD Thesis is to employ concepts and tools native of Analytical
Mechanics in the mathematical description of discrete, semi-discrete, and continuous
mechanical systems characterized by the presence of constraints and pertaining to the
biological and industrial contexts. On the one hand, this has required generalizing
and adapting these concepts and tools to make them appropriate for a broader class
of problems and to find the correct mechanical equivalent, while maintaining the
mathematical structures of Variational Calculus and Differential Geometry. On the
other hand, the underlying philosophy of Analytical Mechanics has made it possible
to contextualize many mechanical problems of very different nature within a unified,
paradigmatic framework. While some branches of mathematics, such as Operations
Research, Financial Mathematics and Numerical Analysis, already do so, we have
oriented our work towards specific problems in biomechanics, such as the growth
and remodeling of soft tissues, and in materials science, such as the evolution of

defects in crystalline solids.

Part I: Analytical Mechanics. The first part is devoted to the Analytical Mechanics
of discrete mechanical systems featuring nonholonomic constraints, i.e., constraints
that restrict the generalized velocities of a system of this type in a way that cannot be
equivalently recast in the form of conditions on the system’s configurations. These
mechanical systems often appear in many branches of mechanics, among which
robotics and control problems. Yet, to our knowledge, the study of this kind of
problems has grown quite parallel with respect to Continuum Mechanics, and even
when nonholonomicity has been investigated in the context of field theories [7-9],



there seems to be, at least in our opinion, a major highlight on Differential Geometry
than on the modeling side of Mathematical Physics. Whereas we comprehend that it is
necessary to develop rigorous languages to correctly formalize nonholonomic systems,
we felt it was necessary to us to find a common ground in which a sufficiently rigorous
formalism could meet the more physical aspects characterizing the specific problems
of growth, remodeling and the evolution of defects. In this respect, our purpose was
to propose models and approaches capable of framing, in a physical context, some
abstract results of the differential geometric formalism, with the common ground
being provided by Configurational Mechanics [10]. For this purpose, we begin our
path starting from the treatise by Lanczos [11], Pars [12], Neimark&Fufaev [13],
Gantmacher [14], and Bloch [15].

In Chapters 2 and 3, (the following text is taken from the abstract of [1]) we
study the dynamics of a class of mechanical systems subjected to nonholonomic
constraints by employing a method termed “modified vakonomic method” (MVM),
and developed by Llibre, Ramirez and Sadovskaia in 2014 [16]. In particular, we test
the MVM for the “rolling coin” problem and a variant of the “non-holonomic skate”
problem. For our purposes, we divide our work in two parts. For the first one, our
point of departure is a paper published in the journal “Acta Mechanica” by Lemos in
2022 [17], in which, for the “rolling coin” problem, Kozlov’s vakonomic method is
shown to lead to inconsistencies with the so-called d’Alembert—Lagrange traditional
nonholonomic method (TNHM). In this case, we prove that, if the MVM is used, the
equivalence with the TNHM can be restored, and the two methods can be reconciled.
In the second part, we formulate a thought experiment consisting of an electrically
charged “nonholonomic skate” interacting with a magnetic field, and we examine its
dynamics by means of the MVM. In this case, we point out the differences with the
predictions of the TNHM, and we propose a reformulation of the MVM capable of
retrieving the results obtained with the TNHM. Moreover, we give some insight into
the main computational aspects related to the MVM for nonholonomic constraints

linear in the generalized velocities.

Part I1: Biomechanical Problems. The second part is instead devoted to systemati-
cally develop dynamic models, based on the Analytical Mechanics concepts native of
constrained discrete systems, for two continuous mechanical systems representative of

materials stemming from biological contexts. In particular, we study some problems



4 Introduction

regarding the biomechanics of growth and remodeling, two very prominent subjects
in the current scientific scenario.

In Chapter 3, (the following text is taken from the abstract of [2]) motivated by the
convenience, in some biomechanical problems, of interpreting the mass balance law
of a growing medium as a nonholonomic constraint on the time rate of a structural
descriptor known as growth tensor, we employ some results of analytical mechanics to
show that such constraint can be studied variationally. Our purpose is to move a step
forward in the formulation of a field theory of the mechanics of volumetric growth
by defining a Lagrangian function that incorporates the nonholonomic constraint
of the mass balance. The knowledge of such Lagrangian function permits, on the
one hand, to deduce the dynamic equations of a growing medium as the result of
a variational procedure known as Hamilton—Suslov Principle (clearly, up to non-
potential generalized forces that are accounted for by extending this procedure), and,
on the other hand, to study the symmetries and conservation laws that pertain to
a given growth problem. While this second issue is not investigated in this work,
we focus on the first one, and we show that the Euler—Lagrange equations of the
considered growing medium, which describe both its motion and the evolution of the
growth tensor, can be obtained by reformulating a variational method developed by
other authors. We discuss the main features of this method in the context of growth

mechanics, and we show how our procedure is able to improve them.

In Chapter 6, (the following text is taken from the abstract of [5]) we rephrase
Gurtin and Anand’s formulation of strain-gradient plasticity [18] to describe the
isochoric structural transformations (remodeling) of multicellular aggregates in in
silico compression tests. We consider solid-fluid biphasic media, thereby accounting
for interactions that cannot arise in classical elasto-plastic materials. To gain insight
into the behavior of the fluid, especially in the proximity of the aggregate’s boundary,
we introduce a Darcy—Brinkman model, coupled with the deformation of the solid.
This results in a constitutive framework of grade one in the fluid velocity (Darcy’s
law is of grade zero), wherein the stress tensor of the fluid acquires a dissipative
contribution. To obtain the equations determining the system’s evolution, we adopt the
Principle of Virtual Power, which allows us to handle explicitly the internal constraints
of incompressibility of the solid-fluid mixture, and of isochoricity and null-spin of
the remodeling rate tensor. Furthermore, we enforce the Principle of Maximum
Dissipation to justify the generalized dissipative forces of our model. Lastly, we

discuss some relevant results of a numerical experiment and we provide a brief
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computational background for the initial- and boundary-value problem representing

our model.

Part III: Materials science problems. The third part is devoted to the description
and the analysis, via techniques proper of constraints, of the dynamics of semi-
continuous mechanical systems stemming from materials science and related to
defects (disclinations) in elastic media. Together with dislocations, disclinations are
commonly found in many materials of technological relevance, e.g. graphene, and
their presence significantly alters the thermo-electro-mechanical properties of such
materials. Whereas dislocation dynamics gathered more interest during the years,
disclination dynamics received less attention. However, disclinations have recently
been recognized as playing a crucial role in the “strengthening by kink formation”
[19] process, discovered in Japan, and already widely employed in the Japanese heavy
industry to produce steel and metal alloys. The initial modeling work by Inamura
[20] clarified the influence of disclinations on the kinematics of kink formation. Yet,
a comprehensive modeling of the energetics and dynamics of disclination systems,
aimed at understanding the kink strengthening process, is still lacking for the design

of improved, tougher materials.

In Chapter 7, (the following text is taken from the abstract of [3]) the dissipative
dynamics of a system of particles subject to a fourth order potential field modeling the
evolution of wedge disclinations is studied, focusing on finite systems of disclinations
within a circular domain. Existence theorems for the trajectories of these disclinations
are presented, considering both the dynamics without predefined preferred directions
of motion in an isotropic medium and the dynamics in which the disclinations move
parallel to predefined directions, modeling a crystalline material. The analysis is
illustrated with a number of numerical solutions to demonstrate various relevant

configurations.

1.1 Basic concepts of constrained mechanics

In this section, we recall some concepts of constrained mechanics that are vastly
employed throughout the Thesis: constraints, Chetaev’s conditions, quasi-velocities,

quasi-coordinates and transpositional relations. To provide the reader with a primer
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on these concepts, the content of the following subsections is self-contained, and can

be consulted independently of the notation employed in the following chapters.

1.1.1 Chetaev’s conditions

The content of this section is taken from [5].

In Analytical Mechanics (see, e.g., the work by Flannery [21]), Chetaev’s

conditions!

are relations that indicate how to select generalized virtual fields and
variations in compliance with the imposed constraints. They generalize the selection
criteria for the virtual displacements or velocities of holonomic systems to the case of
nonholonomic constraints. In other words, Chetaev’s conditions identify the virtual
variations that are physically admissible for the system at hand, and make it possible
to extend the Principle of Virtual Power or the d’Alembert—Lagrange Principle to
systems featuring nonholonomic constraints (see, e.g., the treatises by Pars [12],
Neimark and Fufaev [13], and Gantmacher [14]). To briefly contextualize Chetaev’s
conditions, let us consider a (discrete) mechanical system characterized by n > 1,
n € N, generalized coordinates, collected in the array g = (ql, ...,q"),and by n
generalized velocities, represented by ¢ (we recall that, at each time ¢, ¢(z) is a
tangent vector at the point g(¢) of the system’s configuration manifold). In addition,
let us assume that the system is subjected to m < n, m € N, constraints of the type
ek = Bko (g,4,7) = 0, which, for k = 1, ..., m, may be nonholonomic or holonomic,
but all expressed in differential form. Here, g and ¢ are functions of time ¢, and 7 is
an auxiliary map such that 7(z) = ¢ for each ¢. Note that, among these m constraints,
the holonomic ones are either linear or, at the most, affine in the generalized velocities
(indeed, if ek, for some k € {1,...,m}, is holonomic, it is obtained by taking the
total time derivative of a condition of the type f* = f¥ o (¢,7) = 0; hence, the
corresponding C* is linear in ¢ if . f = 0, and affine in ¢ otherwise). However, the
nonholonomic constraints can be linear or nonlinear in the generalized velocities,
depending on the problem at hand. Then, given the tangent vector field of the
generalized virtual velocities, here denoted by u, Chetaev’s conditions are defined as
the Gateaux derivatives of the given constraints, evaluated at (g, ¢, 7) and along u,

'Sometimes they are also referred to as Lagrange—Chetaev conditions.
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ie.,
Af = Ak o (q,¢,T3u) = (aa(zk ° (q,qlT))[u]
_ ; (‘Zif o (q,q’,T))[ui] -0, (1.1)
for k = 1,...,m. Hence, Chetaev’s conditions are by construction linear in the

generalized virtual velocities, even when the corresponding constraints are nonlinear
in g (e.g., when they are affine in ¢). Clearly, when the constraints él, e, @™ are all
linear in the generalized velocities (as is the case for the constraints considered in this
work), Chetaev’s conditions are obtained by replacing the generalized velocities with
the virtual ones. Yet, it should be remarked that there also exist constraints for which
Chetaev’s conditions are not applicable (see, e.g., the work by Borisov and Tsiganov
[22] and the references therein). However, this is not the case for the constraints

studied in our work.

1.1.2 Quasi-velocities and transpositional relations

The content of this section is taken from the Supplementary Material of [2].

Let 9t be a discrete mechanical system with n € N, n > 1, Lagrangian parameters
collected in ¢ = (¢',...,¢"), and let € and T be the system’s configuration
manifold and tangent bundle, respectively. Moreover, let us suppose that the system
presents m € N, 1 < m < n, linearly independent nonholonomic constraints that are

affine in the generalized velocities ql, ....q" 1.e., [23, Appendix I]

n

V= D0 (q,4,7) = Y [a% o (. D)]d" + b7 o (4,7)
k=1

EZaakc]k+b”:0, a=1,....m, (1.2)
k:

where 7 : ¢ — .7 is the time-identity map [24], such that 7(¢) = ¢ for all 7 in the
a=1,...,
k=1,...,

window in which the system is observed. Starting from some considerations done

timeline .#, and the matrix [a“] r'? has rank m almost everywhere in the time

in [1, Remark 1], we consider only constraints affine in the generalized velocities
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because such constraints are of the same type as the one representing the growth law
in Equation (5.4).

A set of quasi-velocities for 9 is any collection of functions w = (wl, vy '),

b .— b o (¢g,4,7), and

such that each w?, for b = 1,...,n, is defined as w
the Jacobian matrix J?; := 6qkd)b o (g, g, T) is non-singular almost everywhere
[13, 16]. Although being arbitrary, quasi-velocities ought to improve, or simplify,
the kinematics of the problem at hand and the physics related to it. For this reason,
a rather consolidated praxis consists in identifying the first m quasi-velocities with
the constraints themselves (possibly rescaled appropriately, so that they take on the
correct physical dimensions), and the remaining n — m quasi-velocities with arbitrary
functions ®” o (g, g, 7), such that the transformation is non-singular. This choice

renders the quasi-velocities “consistent” [25] with the constraints. Hence, we set

A
a

w*=0%0(q,q4,7):=V¥0(q,q,7) =0, a=1,...,m, (1.3a)
wﬁE(DﬁO(q,q’,T) ::éﬁO(q,q',T), B=m+1,...,n. (1.3b)

A typical example of a discrete mechanical system for which quasi-velocities
are useful is provided by the motion of Chaplygin’s nonholonomic skate on a fixed
inclined plane [13, 26, 27, 15, 16, 1]: the velocity of the skate’s center of mass, v, is
constrained to be parallel, at all times, to the axis n of the skate itself. Then, if the
true velocities of such a system are employed, the constraint reads v X n = (0, where
X denotes the cross product and, in a fixed reference frame, v has components equal
to the time derivatives of the two coordinate functions of the skate’s center of mass.
Although this description is correct, a more direct characterization of the kinematics
of the skate is achieved if one defines the functions w; := nyv; — njvy, = 0 and
wy = n1vy + npvy (Cartesian coordinates are used here for simplicity). These are
quasi-velocities because they are a (linear) transformation of v and v;, but none of
them is a total time derivative of a function of time and of the system’s Lagrangian

parameters.

Besides purely kinematic issues, quasi-velocities are powerful tools to highlight
differential geometry aspects of nonholonomic systems, i.e., those related to the
possible non-trivial curvature or torsion of the affine connections induced by the
constraints [25]. In particular, these geometrical features are associated with the

transpositional relations [13, 28, 29], which express the generally nonzero difference
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between the derivative of a variation of a given Lagrangian parameter and the

variation of its associated generalized velocity.

Along with the quasi-velocities, it is also possible to introduce a collection
of functions termed quasi-coordinates. In the case of m affine nonholonomic
constraints, and when the first m quasi-velocities are taken coincident with these
constraints, Neimark&Fufaev [13, Page 126, Equation (5.18)] define the quasi-
coordinates through linear differential forms of the type d0® = a®,dg* + b®dr, with
a=1,...,mandk = 1,...,n. However, one can also write §% := a“kq'k+b“ = wY,
fora =1,...,m,and 6% = WP, for B = m+1,...,n. Consequently, granted that
all the quasi-velocities are continuous functions of time in a given interval [ti,, tfin ],
where 5, could also be infinite, the Fundamental Theorem of Calculus permits to

express the quasi-coordinates, for ¢ € [tiy, ffn], as

t
0%(1) = 0% (tin) + / D%(q(s),q(s),s)ds = 0%(tin), a=1,...,m, (1.4a)
tin
t
08 (1) = 6P (tin) + / OP(q(s),4(s), s)ds, B=m+1,....n. (14b)
tin
Therefore, the quasi-coordinates 6'(¢),...,0"(t) are constant in time because
w', ..., " areall zero (since they are equal to the constraints), while 0" (p), .. ., 0" (1)

vary according to the corresponding quasi-velocities.

Note that the possibility of finding the functions 8%, with @ = 1, ..., m, does
not mean that these can be represented as 6 o (¢, 7). Indeed, if this were the case,
then the quasi-velocities w® = Ve o (g, g, 7) would be integrable in the sense of
differential forms; but that would lead to the absurd conclusion that the associated

constraints are holonomic.

It is possible to determine a very important relation between the incremental
function associated with the generic quasi-velocity w” and the time derivative of
the incremental function related to the corresponding quasi-coordinate, hereafter

denoted by ng. To this end, we introduce the homotopies associated to g and ¢ as

q(1) — q(t, &) = q(1) + n,(t)e + o(e), e —0, (1.5a)
q(1) — v(t,e) = 4(1) + ()& + o(e), e — 0. (1.5b)
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These homotopies differ from the “classical” ones, introduced in Equation (5.14a),
and employed in the standard formulation of Hamilton’s Principle [11], in that the

incremental functions 17, and 7, are not assumed to fulfill automatically the equality

nq = ']q

We introduce now the increments of the quasi-coordinates ng = (né, s T)-
Foreach b =1,...,n, 773 is expressed as né’ = ﬁg o(q,q,7), and, for a given f,
y(1) = 715(q(1), 4(1), 1) is defined by

n

a'\b
nb(1) = A5 (q(1).4(0),1) = a—‘;km(r),q'(r),t)n’;(r), b=1,....n, (16)

with (g(t),q(t),t) € T¢ x .#. Hence, it is identifiable with the result of the

application of the linear map

n

b
B5(g(0).4().0[1:= Y %m(r),q(z), Nel-1:T,n¢ »R (17

to the vector nq(t) €Ty, ie.,

n ~b

392 1), (o), e [, (1)

by (g (1), 4 (), )1, ()]

Sl
—_

perll

A’ .

= e t),q(t), 1), 1.8
24 54F (q(2),q(1),1)n4(1) (1.8)

where ef € T;( t)‘g is the kth element of the basis of linear maps of the cotangent
space T;( t)‘ﬁ of € at q(t) € €. By definition, it holds true that e* [u] = u*, for all
uc Tq(,)(g.

By means of § and # in Equations (1.5a) and (1.5b), we write the induced
homotopy of the generic quasi-velocity w” as @” (¢, &) = ®(G(t, &), ¥(t, &), 1), with
b =1,...,n. Then, by computing the increment 1’ (t) := d.@®"(t,0) and the time
derivative ’72 (1), we obtain

n n
ilok Ik
b _ . k . k
N = sz [qu ° (q.4.7) |y +,Zf [Hq'k o (q,q,‘r)]nq-, (1.92)
N[ d(0a” PN,
2b — | — . k . -k
Ny = ; [dt(@qk o (q,q,f)) ng + ; [8q'k ) (q,q,r)]nq. (1.9b)
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Subtracting Equation (1.9b) from (1.9a) yields, for b = 1,...,n,

n

nh,—p = > [&kd” 0 (4,4,4,0)]n Zl

k=1

°(q,4,7) |(n§ =), (1.10)

where ;0P o (¢, 4, ¢, ) is the kth Euler—Lagrange operator applied to w?, i.e.,

Ek(f)b © (q’ C], éj’T)
_gab o d (o
= agr ST T g\ Gax

o (q, q,r)) b,k=1,...,n. (1.11)

Equation (1.10) shows that, for systems featuring nonholonomic constraints (for
which the characterizing condition &P #0 applies, at least, for those values of b
corresponding to such constraints, i.e., b = @ = 1, ..., m), the differences nff, - 77’9’ and
77’; - ﬁ’q‘ are not both a priori identically zero. In fact, there exists an infinite number
of pairs ({n? — 779 (P {nq - nq i) satisfying (1.10). However, in the system of
the quasi-velocities and quasi-coordinates, the nonholonomic constraints may be
regarded to be formally “holonomic”. Indeed, the quasi-coordinates associated with
them are constant in time, and, thus, their only admissible incremental functions
77[5 can be taken to be the null ones (this returns Chetaev’s conditions), and, on the
same footing, since the quasi-velocities expressing the constraints are identically null,
nfj) can be taken null, too. In fact, according to [13, 28-30], Equation (1.10) can be
fulfilled in two main ways: depending on the “school of thought” which is followed
for defining the transpositional relations, one may require the vanishing either of
nb - 773, forb=1,...,n,orof ng — ﬁ’q‘, for k = 1,...,n. To compare the approach
proposed in the present work with the “Modified Vakonomic Method” developed by
Llibre et al. [16], we assume nf,’J - 772’ =0, forall b =1,...,n With this choice,
Equation (1.10) leads to [16, 1]

n

np == ) Wk, W= = Y [0 [E00 0 (¢,4,6,7)],  (1.12)
k=1 b=1

17 - . . b 1b=1,..., ~b . b=1,...,
where [J7'] is the inverse of the Jacobian [J k]kzl,...,Z = [0®” 0 (q,¢, )],
Since the first m quasi-velocities are taken equal to the functions expressing
the m nonholonomic constraints, it holds that ;0% # 0, for @ = 1, ..., m, thereby

implying that the matrix of coefficients W" is different from the null matrix. Hence,
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the incremental functions 17, and 7, are different from each other, and reciprocally
related by the conditions in (1.12), which are referred to as transpositional relations
[13, 30, 16].

Note that Equation (1.12) gives an operative way for computing the coefficients

W’ and, thus, the transpositional relations, by solving the n X n system of equations

n
Ecd’ 0 (¢,4,4,7) + ) JPuW =0, bk=1,...,n. (1.13)
h=1

For further insight on transpositional relations, see e.g. [16, 1].



Part I

Analytical Mechanics






Chapter 2

Nonholonomic constraints: a review
of the Modified Vakonomic Method

The content of this chapter is taken from [1].

2.1 An overview on nonholonomic mechanics

The motivation for studying mechanical systems subjected to nonholonomic con-
straints is determined not only by their mathematical beauty, but also by their
relevance in physics [31, 7], e.g. for modeling relativistic fluids; in biomechanics, for
describing, e.g., tissue growth and remodeling [23, 32, 33], and animal or cellular
motion [34]; and in engineering, especially in robotics [35-38]. The ever-green
interest for these systems is the search for a paradigmatic framework formalizing
nonholonomic mechanics, whose applicability should be as universal as possible.
This applies, in particular, to problems exhibiting nonholonomic constraints that are
either nonlinear in the generalized velocities of a given system [12, 14, 23, 32] or

involving the accelerations [39, 21].

A peculiar feature of nonholonomic systems is their intrinsic tendency to involve
several aspects of mathematics, such as analysis, differential geometry and numerics,
with the aim of providing physically consistent formulations of their evolution.
This has led to descriptions of nonholonomic systems different from those of

standard analytical mechanics, which are based on the Lagrange—d’Alembert principle,
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typically “augmented” by the technique of Lagrange multipliers, i.e., the so-called
“traditional nonholonomic method” (TNHM) [11, 39, 21, 40]. For example, in
the early 80’s, Kozlov proposed a method for modeling nonholonomic mechanics,
known as “vakonomic method” (VM) [41-44], and standing for mechanics of the
“variational axiomatic kind” [17], which applies Hamilton’s principle of stationary
action [11] also to systems subjected to nonholonomic constraints. One of the main
features of this method is the capability of describing nonholonomic systems through
a fully variational procedure, based on the definition of an appropriate constrained
Lagrangian function [41-44]. We remark that also other types of variational
approaches have been introduced to study systems subjected to nonholonomic
constraints (see, e.g., [45-49, 25]).

The vakonomic method [41-44], used as is, can lead, in same cases, to motions
that differ from the ones obtained with the TNHM, which is known to supply
solutions observable experimentally for the majority of mechanical problems [26, 50—
52,27, 17]. In particular, as recently shown by Lemos [17], one of such cases is the
problem of the “rolling coin”, which describes a rigid coin rolling without slipping
on an inclined plane [17, 40], for which the VM is said to lead to unphysical results.
Similar problems have also been investigated in [27, 16]. On the other hand, there are
problems, e.g. in geometric control theory [15, 53, 34] and in field theory [31, 7], in
which it is claimed that the TNHM does not provide physically consistent dynamics,
while the VM provides “interesting results” [7].

Many authors have compared the VM and the TNHM on the basis of the
variations introduced to define the associated variational principle [51, 26, 54—
56, 52,50,57,7, 31, 53], and in terms of the geometrical meaning of such variations
[15, 55, 56, 58, 57, 49, 53]. Often, one of the purposes of these investigations is to
provide conditions that allow to conclude that a solution to a mechanical problem
obtained within the TNHM is also a solution of the VM, whereas the converse is, in
general, not true (see [26] for a critique on Kozlov’s approach). In fact, Lemos’ work
[17] places itself in this research line, thereby highlighting the discrepancies between
the VM and the TNHM for a certain class of problems. Still, in our opinion, Kozlov’s
idea is worth of being investigated because of its conceptual potential, and, to the
best of our understanding, it could be “saved” by performing suitable modifications
to it (Llibre et al. [16] speak of “modified vakonomic method’). Indeed, if our
interpretation is correct, it is with this attitude in mind that the works of Ramirez

et al. [59] and Llibre et al. [16] have been conceived. From an operative point
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of view, the modifications to the VM should be able to provide conditions on the
variations of the Lagrangian parameters of a given system, and on the associated
generalized velocities, in such a way that, under certain working hypotheses, the
TNHM solutions can be recovered (see Section 2.3.3). To this end, the variations
should satisfy Lagrange-Chetaev’s conditions in addition to other conditions specified
by the method employed.

To our knowledge, in fact, a possible reconciliation between the vakonomic
method and the traditional methodologies is given in a paper by Llibre et al. [16],
whose germinal idea was already present in [59], and in which the authors elaborate
a modification to the original vakonomic method based on the Hamilton-Suslov
variational principle [60, 61, 16] that accounts for the presence of non-vanishing
transpositional relations [62, 13, 59, 25, 16]. Such relations express that, in the
presence of a nonholonomic constraint, the variation of a generalized velocity involved
in the constraint is generally not equal to the time derivative of the variation of the
associated Lagrangian parameter. With this premise, Llibre et al. [16] prove that
the equations of motion obtained with their so-called modified vakonomic method
(MVM) [16] are equivalent to the ones obtained with the traditional nonholonomic
method, up to a “zero Lebesgue-measure set” [16]. For their purposes, Llibre et
al. [16] propose two paths: one is based on the introduction of auxiliary functions
that augment the Lagrangian function of the considered problem in a suitable way
(see Theorem 2 of [16] and Section 2.3 below), while the other one imposes a
priori conditions that compel the equivalence of their approach with the TNHM (see
Theorem 3 of [16] and our Corollary 2.1).

Within the context explained above, the scope of this chapter is to present a
reformulation of the MVM that, on the one hand, retrieves the equivalence with the
TNHM, and, on the other hand, merges the two paths of [16] in a physics-driven way.
More in detail, we propose a way to indicate, on physical grounds (e.g. compliance
with evident conservation laws), which path should be followed.

It should be noticed that, in the following, our efforts are concentrated on the
reconciliation of the VM with the TNHM for a class of mechanical problems known
to be reliably described by the TNHM, i.e., for which the TNHM is known to produce
solutions consistent with the experiments. In fact, our interest for such reconciliation
does not require that the TNHM should always be used as a reference, but it resides

in the possibility of describing the dynamics of a given mechanical system through
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a variational approach that supplies the same solutions as the TNHM, and, thus,
the experimentally observable motions. In this respect, our work can be seen as a
“gym” for testing the MVM [59, 16], and for understanding whether fundamental
results of Analytical Mechanics holding in the nonholonomic setting [13] can be
extended to study the symmetries of mechanical systems (see Noether’s theorem
and its extension to nonholonomic problems [63]), and whether, and with which
modifications, the MVM can be imported to field theories (e.g. inelastic processes in
continuum systems [23, 32]). Hence, in this work we are not interested in comparing
the VM and the TNHM, neither on theoretical nor on experimental bases. Rather,
we would just like to present our reformulation of the MVM of Llibre et al. [16],
which enjoys the efficacy and elegance of the Lagrangian formalism, while providing
solutions that are in harmony with the TNHM.

Outline of the content of Chapter 2. As for the structure of this chapter, Section
2.2 is dedicated to give the reader an overview on the mathematical foundations of the
MVM [16]. In particular, in Section 2.2.1 we establish the geometrical setting used for
describing the kinematics of a nonholonomically constrained system and the need for
introducing non-vanishing “transpositional relations” [62, 13,25, 16]; in Section 2.3,
we have explicit recourse to the Hamilton—Suslov variational principle [60, 61, 16]
that leads us to the dynamic equations for the system under investigation, which
are then closed under the assumption of suitable solvability conditions discussed in
Section 2.3.1; in Section 2.3.2, we further elaborate on some computational aspects
regarding the MVM, which help us draw the differences and similarities between the
MVM and the TNHM, as expanded in Sections 2.3.3 and 2.3.4. Some geometric
remarks related to the analyzed constraints are summarized in Appendix A.

2.2 Modified Vakonomic Method: kinematic aspects

In this section, we summarize the fundamental aspects of the modified vakonomic
method developed by Llibre et al. [16] that are relevant for our work. Hereafter, for
the sake of brevity, we shall refer to the “modified vakonomic method” [16] as MVM,
in order to distinguish it from the original “vakonomic method”, referred to as VM,
introduced by Kozlov [41-44].
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2.2.1 Constraints, variations and Chetaev’s conditions

Let M be a mechanical system whose evolution is characterized by n > 1, n €
N, Lagrangian parameters, i.e., n functions of time, collected in the array g =
(¢',....q" : [tin, tin] € -# — €, where [tin, tan] is a closed interval of the time
line .# [24], and ¥ is referred to as the configuration space of M [11]. The latter
is regarded here as an n-dimensional manifold representing the set of all possible
configurations for 9 and, as required in [16], it is assumed to be smooth in the sequel.
In this sense, g : [tin, tin] — % is a one-parameter family of configurations of %,
thereby parameterizing a curve on this manifold, such that, for each t € [#iy, tn], 9

is the unique element of ¢ satisfying ¥ = ¢(¢) € €.

For each configuration ¢ € %, Ty% denotes the tangent space of ¢ at ¥, and
TE = Ugey ({9} XTy€) is the tangent bundle of €, so that, for each pair (9, v) € TC,
v € Ty% is arealization of the generalized velocity vector attached at . Moreover,
under the hypothesis that ¢ is differentiable, we denote by (q, §) : |tin, tin[ = TE
the map such that, for each time ¢ € |tiy, t5n[ , ¢(2) € T, is the tangent vector
to the curve parameterized by ¢ at ¢(¢), and is equal to the vector of generalized
velocities attached at g(t) € ¢, i.e., there exists v € T,(,)€ such that §(¢) = v.

We assume that the system 9 is subjected to m € N, with m < n, linearly
independent nonholonomic constraints, represented by the functions Ve TEX I —
R, for @« = 1,...,m. The presence of such constraints restricts the admissible
generalized velocities to the following sub-manifold of the tangent bundle 7% (see
e.g. [51, 64])

T%. = {(9,v) eTE : V*(9,v,t) =0, a=1,....,m, V1€ [timts]}. (2.1)

Moreover, as done in [59, 16], in this chapter and in Chapter 3, we focus on
nonholonomic constraints linear in the generalized velocities. To this end, for
each @ = 1,...,m, and for all 9 € ¥ and r € .#, we introduce a linear map

G¥(3,1)[ -] : T9€ — R, i.e., an element of the cotangent space T;%, represented by

n

§*(@,0[1:= ) a" (@ 0e @], (2.2)

k=1
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with e (9)[ - ] denoting the kth basis co-vector of Ty¢, and defined such that

n

§° @0l = ) %@t = V(@ v.), (2.3)

k=1
where the identity e (9)[v] = v* is exploited for each k = 1, ..., n, and, for varying
a=1,....mand k =1,...,n,ad% : € x ¥ — R determines a collection of given

scalar-valued functions.

When V is evaluated for ¢ = ¢(7) and v = §(¢), we use the notation

V2 (q(0),4(1),1) = [V 0 (g, ¢, 7)1 (1) = V*(0), 2.4)

where we have employed the composition of maps to define the scalar-valued function
Ve . 7 — R, with 7 : 7 — 7 being the time-identity function [24] defined as
7(t) := t. Finally, for all the pairs (g, ¢) that are admissible in the sense specified by
Equation (2.1), i.e., (g, q) : |tin, tin[ — T,

V0 (q,¢,7) = [a%k © (¢, 7)1¢" =0, a=1,...,m. (25

In Equation (2.5), we have used Einstein’s notation to imply a summation over
the repeated index k, and, in the following, we will make large use of such notation,

unless otherwise specified. Note that the linear independence of the constraints is
a=1,...,

fulfilled by requiring the functions [a®], 2,

" to defined a (rectangular) matrix of

rank m.

Now that the kinematics of the system It is described, we can introduce the

variations of g and ¢ as

G : [tin, tin] X ] — €0, +e0[ — €, (2.6a)
Vo [tin, thin] X ] — &0, +&0[ — Tq(g, (2.6b)

with g9 > 0 being a smallness parameter, and we require them to be such that

q~(t9 8) € Cg, q(t,O) = Q(f), Vie [tin’ tﬁn], (273-)
i}(ta 8) € Tq([,s)cga i}(ta O) = q(t)a Vt S [tina tﬁn]’ (27b)

where, in Equation (2.7b), ¢ is prolonged by continuity to #, and #gp.
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By varying t € [fiy, tn] and & € | —&g, +&¢[, one can determine the two-parameter
family of tangent spaces 7%, such that Tj(; .)€ is the element of this family obtained
for fixed (¢, &) € [tin, tin] X ] — €0, +&0[ , and T, € = T;(. )€ is the one-parameter
family of tangent spaces identified by £ = 0 and ¢ varying in [#p, ffin].

To avoid technicalities, we assume that both ¢ and ¥ are C? maps over their
domain, i.e., [fin, tin] X ] — €0, +&0[ , and we set

o
ny() = 5L(1.0), Vi € [tin, fal, 280

Py
n,(1) = ad (1,0), Vt € [tin, thinl, (2.8b)
oe

where i, : [tin, tin] — T,% and N, [tins tn] — T, are the first-order variations
of ¢ and g, respectively, and 17,, is such that 57, (#in) = 1, (#in) = 0[24, 11, 16]. Before
proceeding, to simplify the notation, in analogy with the maps ¢ and ¥, we introduce
the auxiliary map 7 : [fin, ffin] X | — €0, +&€0[ = [fin, tfin] defined as 7(z,&) =t so

that 0,7(z, €) = 0 applies everywhere in its domain.

We evaluate now the constraints for the varied configuration and varied velocity,
defined in Equations (2.6a) and (2.6b), and we set [16]

V=V 0(4,9,%) = [a% 0 (§,7)]7*. (2.9)

Clearly, evaluating V¥ate =0foreacha =1,...,m yields the original set of
constraints, i.e.,

V(-,0) = V"0 (q,4,7) = [a% o (¢,1)1¢" = 0. (2.10)

However, following [16], we also require that each Ve fora = 1,...,m, satisfies

the corresponding constraint at the first order in &, i.e., up to orders o(&) in the limit

& — 0. This requirement, in turn, is expressed by enforcing the set of conditions:

oV da”
-,0) =

aqkl o(q. 1) |nkd' +[a% o (. D)k =0, a=1,...m
(2.11)
Furthermore, by adhering to the framework developed in [59, 16], we hypothesize

that, in the jargon of [16], all the constraints considered in this work are ideal, in the

sense that they satisfy the so-called Lagrange—Chetaev conditions [16, 7, 52], which
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are expressed in the form

L rove &
Y5 e@anlnl=Yla% o @0k =0, a=1...m @12
o C[k q q
k=1 k=1
Note that, since, foreachae =1, ...,m, V2 is linear in the velocities, Equation (2.12)
returns the constraints in the form V¢ o (g, n,7) = 0, i.e., with p, replacing ¢,
thereby prescribing the conditions that must be fulfilled by the first-order variations
77;, . .»1g (see [12, 14]). Thus, by computing the derivative of Equation (2.12) with

respect to time, we obtain

S |20 o .|t} = G2k o)

k=1 =1
_ [0dak
= (')qi

0a%y

ot

o (q.0)|nkd" + | o(q,r)]n§+[d“ko(q,r)]ﬁ’,;=0. 2.13)

Moreover, by computing the difference between Equations (2.11) and (2.13), and by

changing the indexes appropriately, we obtain, for each @ = 1, ..., m, the relation
[16, 39, 21]
A ave
0= 0= g2 Rlid
5% (+.0) -~ sz 34" °(q,4,7)|n,
ada/k k i aAak k
[( 9 )0 (q,T)]nqq’ + [— ° (q,f)]nq
+ [a no (g, D)) 1), (2.14)

Equation (2.14) produces a set of m linear relations between the components of
1, — 1, and the components of 7,. Thus, by following the framework established in
[59, 16], we hypothesize (see Section 2.2.2) the existence of a linear transformation
between 17, — 7, and 77, represented by a matrix W := (W k]Z such that

n
=l =y Whnt, h=1,...,n. (2.15)

In the terminology of [62, 13, 25, 16, 59, 64], the relations reported in Equation
(2.15) are referred to as “transpositional relations”, since they express, at the first

order in &, the fact that, for each & = 1, . . ., n, the variation of the time derivative of
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the Lagrangian parameter ¢”, i.e., 172.’, is not equal, in general, to the time derivative of
the variation of ¢”, i.e., 772. The statement just given here contains a deep geometric
meaning, and can be formalized quite rigorously by employing the language of
Differential Geometry developed, e.g., in [57]. In this respect, one should introduce
the concept of second tangent bundle of ¢, denoted by TT¢, and declare n, and 7,
as elements of TT%, but belonging to different fibers of 77T% . A study of constrained
mechanical systems conducted by having recourse to such concepts of Differential
Geometry can be found in [57], which, in turn, employs the framework established in
[65].

To the best of our understanding, the variations taken in the MVM proposed by
Llibre et al. [16] live in the intersection between two sets of variations introduced in
a work by J6Zwikowski&Respondek [52] (based on the paper by Gracia et al. [53]),
i.e., the set of “nonholonomic admissible variations” [52], defined according to
“Chetaev’s principle” [52], and the set of “vakonomic admissible variations” [52].
The latter variations are also in agreement with those presented in the vakonomic
approach provided by Lemos [17]. The reason for requiring that the variations of the
MVM belong to the intersection mentioned above is that we need the consistency
with Lagrange—Chetaev’s conditions in order to look for coherence between the
TNHM (based on the fulfillment of such conditions) and the MVM. More details are
reported in Appendix A.

2.2.2 Quasi-velocities and transpositional relations

Granted the approach specified above [59, 16], which, as remarked in [16], places
itself in the school of thought of “Suslov, Voronets, Levi-Civita, Amaldi,. . . ” [16], the
presence of nonholonomic constraints renders the operations of “variation” and “time
differentiation” non-commutative in general [39, 21]. More in detail, as discussed
in [13, 30, 59, 16, 64], if a generalized velocity featuring in a given constraint is
taken as dependent, i.e., as a function of the other independent velocities, then its
corresponding transpositional relation does not vanish. On the contrary, indipendent
velocities produce null transpositional relations [13, 30, 59, 16, 64].

To contextualize the introduction of the square matrix W = [th]zz} """ in
Equation (2.15), we briefly review the point of view of Jarzebowska [30], who

summarized the discussion of Neimark and Fufaev [13] on the transpositional
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relations and the analysis of motion in terms of guasi-velocities and quasi-coordinates.
Hence, by slightly modifying Jarzgbowska’s notation [30], we denote here by
w!,...,w" the n quasi-velocities of a given mechanical system (they must be as
many as the “true” velocities). Each quasi-velocity w", with h = 1,...,n, is, in

h

general, a function defined as w" := o o (¢, g, T), which supplies a convenient

reformulation of the system’s kinematics. For systems featuring m < n non-
holonomic constraints (m > 1), it is useful to identify the first m quasi-velocities
with the functions expressing the constraints themselves, i.e., w® := @* o (¢,q,7) =
Ve o (g,g,7) =0, with @ = 1,...,m [13, 30] (indeed, this way, the constraints
are satisfied as w! = 0,...,w™ = 0), while, as remarked in [13], the remaining
n — m quasi-velocities can be assigned arbitrarily through generic functions F%, i.e.,
WP = 0P o (q,4,7) = FP o (q,¢,7), with B = m + 1,...,n, provided that they
represent a change of variables in the “space” of the velocities. Thus, by denoting
by J = ach?)h o (g, g, 1) the coeflicients of the non-singular Jacobian matrix

.....

procedure [30] to ours, we rewrite Equation (16) of [30] as

AT

1510

dg*

~T

) d|do )
© ((],(],T) - E[ﬁ_qk © (q’q’T)

my — 1y = —[J‘llhi{ }n’;, (2.16)
which is obtained by identifying our 772’, 772’, and n’q‘ in Equation (2.15) with 64,,
(dg.), and 8¢, of [30], respectively, and assuming that the difference dw, — (67,)" is
null for each r = 1, ..., n (here o, is the rth form defined by “o7, = [0, w,]09,”
in [30]). We emphasize that the latter assumption is not made in [30], although
Neimark and Fufaev [13] explain that it can be done always. At this stage, if in
Equation (2.16) we set

AT

g d|dw
h ._ -11h, . _ ]
Whe = —-[J7] l{aqk °(q,4,7) pm [Gq'k o (q,q,T)]}, (2.17)

we retrieve Equation (2.15). Note that the matrix W obtained this way is related to the
one defined in [30] through Wy, = JW J~!, where “Jar” stands for “J arzebowska”.

If m is the number of nonholonomic constraints /inear in the velocities, i.e., if

a

w® = O% 0 (q,q,7) = [a% o (q,7)]¢%, as is the case addressed in this work, the
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terms between braces in Equation (2.17), evaluated fori = @ = 1, ..., m, become
dw® . d [0 .
9k °o(q,4,7) - a[(?q'k ) (q,q,r)]
9a%;  9a% o 04%
- [(aqk B aql ) © (q’T)]q - ot © (an)5 (218)

which, after multiplication by 77,’;, is the sum of the first two terms on the right-
hand side of Equation (2.14). In conclusion, in deriving Equation (2.15), we have
hypothesized the existence of the linear transformation relating 7, — 7, with 1,
because in Equation (2.14) the matrix corresponding to [d%}, o (g, T)] is rectangular,
and, thus, cannot be inverted to obtain Equation (2.16) at once.

2.2.3 Transpositional relations and the ‘“Canonical flip”

A relevant result of the work by Grabowska&Grabowski [57] is their Equation (2.5),
which reproposes the tranpositional relations discussed by Neimark&Fufaev [13],
and establishes a peculiar relationship between the quantities that, in our context, are
denoted by 1, and 7. In our notation, which follows the one adopted in [13], the
transpositional relations could be written as [13, 57, 52]

n
ng=nh+ > €uglnl, (2.19)
k=1
where €, = —C;; is a collection of functions that is skew-symmetric in the

lower indices, and represents, in local coordinates, the fourth slot of the “Canonical
flip” between TT% and itself [57, 52] (see Appendix A). However, adapted to our
framework, in which the constraints are linear in the velocities as in (2.5), and are

allowed to depend explicitly on time, Equation (2.19) is reformulated as
n n
nh =+ > Chont + Y gk (2.20)
k=1 k=1

This result, in fact, is consistent with the skew-symmetry of the first two terms on the
far right-hand side of Equation (2.14)!.

'Whereas the skew-symmetry of the first term is obvious, that of the second one becomes evident
if, for each @ = 1, ..., m, we introduce an identically null function @%g o (g, 7), whose only role is to
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Although obtained in a different context, Equation (2.15) (see [59, 16]) can
be understood as an equivalent form of the relationship (2.20) adapted from [57],

provided the following identification is made:

n n n
=y = ;thﬂz = ;C’howz + f;lehfk gy

= Z{e%k + Ze%k q‘}n. 2.21)
k=1 =1

In the remainder of our work, and, in particular, in the presentation of the benchmark
problems analyzed in Chapter 3, we will show how relationships similar to Equation
(2.21) are obtained. Moreover, we will emphasize that the skew-symmetry of the
functions C”; in the lower indices is respected as a consequence of the structure
of the coefficients W” . More specifically, we will present two situations in which
Equation (2.21) is studied with special care: One case (see Section 3.2.4) requires
redefining the coefficients thk as functions of g, ¢, and 7 (this will involve, in fact,
the dependence of these coefficients on the generalized momenta of the problem); the
second case (see Section 3.2.5), instead, requires redefining the generalized velocities
g by suitably normalizing the generalized momenta mentioned above.

2.3 Hamilton—Suslov Variational Principle

Given the mechanical system It introduced above, and assuming 9t to be subjected
to m nonholonomic constraints of the type specified in Equation (2.5), we denote by
L:TE x [tin, tin] — R the Lagrangian function that would characterize 9t if none
of the m imposed constraints were present. Moreover, we adopt the composition
L=Lo (¢,4,7) : [tin, tin] — R to rephrase L as a function of time. Then, by
following [41—44], we introduce also the constrained Lagrangian function of MM as

Le=Leo(q,4,71:0) =L o(g,4,7) = D Al V0 (g,4,7)], (2.22)

a=1

yield the expression [6kd”o - 0;4% k] o (¢, 7). Note, however, that this is true because, throughout
the remainder of Chapter 2 and in Chapter 3, we are not considering constraints affine in the velocities.
Indeed, should these constraints be considered, as in Chapter 5 within the context of growth mechanics
[2], the function @%g o (g, T) would not be identically zero, and Equations (2.19) and (2.20) would
change accordingly (see also [46] for a discussion on constraints affine in the velocities).
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where A1, ..., 4, are m Lagrange multipliers associated with the m nonholonomic
constraints. For the sake of a compact notation, such Lagrange multipliers can
be collected in the array A := (A, ..., 4,). Next, we define the action functional

associated with £ over the time interval [#i,, f5n]| as [41-44]

Aol ) = / " Ze(q (1), 4(0). 7(1): A(1)) dt = / " Lol di

in in

-/ e - Yool (2.23)
lin a=1

To perform the variation of the action functional 27, and in analogy with the
notation given in Equations (2.6a), (2.6b), and (2.9), we write A(t, £) to indicate the
collection of varied Lagrange multipliers, and [41-44, 16]

L(t,e) = L(G(t,8),7(1,8),7(1,8)) (2.24)

to indicate the varied Lagrangian function. Note that, for each @ = 1,...,n, we
set Ao (2,0) = A,4(1), and we call 0, () := d:A4 (2, 0) the first-order variation [16].
Accordingly, the varied action functional can be written as a function of &, and reads
[41-44]

LA 3=/tﬁn Le(q(t,8),7(1,8), 7(1,8); (1, 8)) dr

in

tfin
:/ (Z(1,6) = Y Talt, )V (1) far, (2.25)
lin a

where we have simplified the notation by using the convention according to which, in
the summations, the index @ runs from 1 to m. A similar notation will be employed
in the sequel also for summations over indices running from 1 to n. We remark that,
in Equations (2.23) and (2.25), the structure of the Lagrangian function £, is taken
from [41-44], while the way in which the varied velocity ¥ (¢, ) is defined rephrases
the definition given in [16]. Finally, for the sake of brevity and for future use, from
here on we denote by

h=(g.4,7), Ba = (g, 4,73 2) (2.26)
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the lists of arguments of £ and L, respectively, and by

#=(4.4.4.7), fa = (4,4, G, T3 4, A) (2.27)

the lists of arguments of the corresponding Euler—Lagrange operators, i.e.,

. aL d[aL

8k’60ﬁ::a_qkoh_a[a—q_koh], k:I,...,n, (2288.)
. oL d[oL

ExLcoth :aﬁq;oha—g[a—qzoha}, k=1,...,n. (2.28b)

With all the premises given above, the condition of stationary action at & = 0
yields [11, 16]

_ /fﬁn {Z[gkzc o ﬁa]ﬂg + Z % o ha]n/l(,}(l‘) dr
fin % — o
+ /, {Z [Zj ha] (g - }(r) dr = 0. (2.29)

h

Equation (2.29) can be further worked out by employing Equation (2.15) to rewrite
the differences 772’ - ﬁf]‘ in terms of 7,,, by introducing the operators [59, 16]

@kL Oﬁa.—gk,a Oﬂa+z

Oha]W ks k=1,...,n, (2.30)

and by noticing that the derivative of L. with respect to A, returns, up to the sign,
the ath constraint. These considerations lead to the following compact expression of
the condition of stationary action:

_/tﬁ"{Z[Dkﬁcoﬁa * 2= "o, j(Ndi=0.  (23D)

tin k

Since Equation (2.31) must hold for any possible choice of #;, and tg, > ti,, we
require the integrand to be zero, and, since the latter condition must be fulfilled for

arbitrary variations n;, R nZ and iy, ...,1,,,, we obtain [16]

DiLcotla =0, k=1,...,n, (2.32a)
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—V¥oh =0, a=1,...,m. (2.32b)

This is a set of n + m equations in the n + m unknowns given by the n Lagrangian
parameters ¢!, . .., ¢" and by the m Lagrange multipliers A1, . .., A,,. We notice that
Equation (2.32a) are the dynamic equations of the problem, while Equation (2.32b)

return the constraints.

It must be emphasized, however, that the system of equations just obtained differs

from the one of standard Analytical Mechanics for the following facts:

(1) The dynamic equations (2.32a) search for functions ql, ..., q" that yield, for
each k = 1, ..., n, the vanishing of the quantity Di L introduced by Llibre
et al. [16], instead of the standard Euler-Lagrange operator applied to L,
ie., & kﬁc. In this respect, it should be noticed that, if one followed Kozlov’s
vakonomic method [41-44], the dynamic equations would still be formulated
in terms of the standard Euler—Lagrange operators applied to L., since the
transpositional relations (2.15) would not be explicitly considered. Exactly at
this point the “modification” to the vakonomic dynamics proposed in [59, 16]
comes into play. Indeed, Llibre et al. [16] resolve explicitly the transpositional
relations in Equation (2.15) through the introduction of the matrix W, which, in
turn, leads to the definition of the quantity Dy L.. From here on, with a slight
abuse of notation, we shall refer to this quantity and to other similar ones as
“operator”. To conclude, we mention that, in the case of holonomic constraints,
Equation (2.14) complies with the equalities 772 = ﬁZ foreachh =1,...,n,
thereby requiring W to be the null matrix.

(i1) Even though the number of equations (given by the sum of the number of the
dynamic equations and of the constraints) equals the number of unknowns,
Equations (2.32a) and (2.32b) are not closed, because, foreach k = 1,...,n,
the operator D kﬁc features the n? unknown coeflicients of W. To overcome

2

this problem, n~ auxiliary conditions need to be imposed (see the difference

with the approach sketched in Section 2.2.2).

(iii) In this theory, the equations for the Lagrange multipliers are first order

differential equations, whereas they are algebraic in the TNHM.
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2.3.1 Solvability conditions

Equations (2.32a) and (2.32b) can be rewritten as

Dyl oﬁ+210[% ° h] = > A DV o] =0, k=1,...,n, (233a)

V?oph=0, a@=1,...,m. (2.33b)

As anticipated in Section 2.3, we need to assign n? additional conditions, denoted
hereafter as the solvability conditions of the MVM, in order to close the system
(2.33a) and (2.33b). In particular, due to the properties of the constraints highlighted
in Equations (2.14) and (2.15), mn conditions can be found by substituting Equation
(2.15) into Equation (2.14), which amounts to setting

DV ot =0, k=1,...,n, a=1,...,m. (2.34)

The last n(n — m) conditions are assigned via the prescription of Ansdtze, in which
either n — m auxiliary functions satisfying certain conditions [16] are introduced or

the fulfillment of some physics-based conditions is assumed.

Ansatz 1: approach based on the auxiliary functions

To solve Equations (2.33a) and (2.33b), Llibre et al. [16] determine univocally the
coefficients of W by introducing n — m auxiliary functions FB = FP o (g, 4, 1), with

B =m+1,...,n, which yield the following n(n — m) conditions
DiFP ot =0, k=1,...,n, B=m+1,...,n. (2.35)

As anticipated in Section 2.2.2, the rationale behind the introduction of the set of
functions {”J”ﬂ }sz 1 relies on the concept of quasi-velocities (see e.g. [13, 30, 25]),
i.e., a set of functions {wh}Z: | constituting a reparameterization of the velocities
{g* %=1 such that wh(t) = d"(q(1),4(t),1), forall h = 1,...,n, and the Jacobian
Jh(t) = (')ch?)h(q(t), q(1),t) is non-singular. In fact, for a mechanical system
subjected to m constraints on the velocities, it is possible to choose the first m
quasi-velocities coincident with the constraints themselves (see Section 2.2.2), and

to identify the remaining n — m quasi-velocities with the “arbitrary” functions
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"t = gm+l " = . However, in spite of this arbitrariness, some selection
rules are necessary (see [59, 16]). To this end, the identification of the functions

{FB }Z:m .1 With the corresponding quasi-velocities {WP }g notwithstanding, it

=m+1
is instructive to critically review the method outlined in [16] because it involves

conditions on the auxiliary functions that are called for by the variational procedure.

As a starting point, the functions 3*!, ..., F" must be such that the matrix
J=[J k]’;ﬁ;::f’ﬂ, with components

Jio- [841(\7“]0(61,6],7), i=a=1,...,m, k=1,...,n, (236)
k= R i
[6qkff"ﬁ]0(q,c],‘r), i=B=m+1,...,n, k=1,...,n,

is non-singular, i.e., detJ # 0, almost everywhere in T6 X [tin, tin]. However, on

this point, we would like to emphasize that:

(i) The conditions in Equation (2.35) may be regarded as gauge conditions [66]
for the problem under study. In fact, through the introduction of " m+l g

we can transform a posteriori the Lagrangian L. in Equation (2.22) as [16]

'Z:c ofa 2’c ol — ZC,B[C?F'B of] = ﬁL o (Ha: k), (2.37)

B
where the summation over 3 is done from m + 1 to n; ¢j41, . . . , ¢, are constant-
valued parameters, i.e., cg(t) = cgo € R, for = m +1,...,n, and for all
t € [tin, tan]; and ¢ :== (¢y+1, - - - , cp) collects all such parameters. Therefore,

by applying the variational procedure described in Section 2.3 to the case in
which the Lagrangian is transformed as in Equation (2.37), it is necessary to
impose Equation (2.35) in order for the dynamic equations associated with L
to be invariant with respect to those associated with Le, reported in Equation
(2.33a). However, this invariance of the dynamic equations is only sufficient
for the equivalence of the descriptions provided by L1 and L. Indeed, also
the next remark has to be considered.

(i) The transformation in Equation (2.37) has to be consistent with the Principle
of Stationary Action [11], in the sense that the Action associated with the

transformed Lagrangian needs to have the same stationary points as the
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(111)

non-transformed Action. In other words, upon setting

Ifin
a0 = [ Ra0.40. 6O @38
it must hold true that .o (g; A; ¢) = 9% (q; 1) + C, where C is a real constant,
i.e., the Actions 27 (q; 4; ¢) and 7. (g; A) only differ additively by a constant
term [11]. To this end, the generic function F8 will be chosen either as a
total derivative, e.g. a generalized velocity, or as a function of the generalized
velocities (quasi-velocity) that carries some physical interpretation for the
problem at hand. Note that, in the second case, the associated coefficient cg
must be zero in order to satisfy the previous hypothesis on 27, [16]. To see
this, assume that there exists 8 € {m + 1, ..., n} such that FB is not the total
derivative of a function of the type f o (g, 7), while all other functions 57 are
so, with B € {m +1,...,n}\{B}. Then, the Action %4 (g; A; c) becomes

Alaidie) ==Y [ es0FP e [ e oy
B#f tin tin

— G 0-Yep [ a0 [ F0nar
B£f fin tin

=C

=ol(q;1) + C — cﬁ—O/ " FB(4(2))dr, (2.39)

m

which means that ¢z, must be zero.

Last but not least, the auxiliary functions must be chosen in such a way
that the coeflicients of W computed through Equation (2.35) must yield zero
transpositional relations for those velocities that do not feature in the constraints
or that, if featuring in them, can be varied independently of the other ones (see
Section 2.2.2, and [46]). Operatively, if 8* corresponds to a velocity that can be
chosen as independent or absent in the constraints, one can choose FF o h=qg%.
A function of this type complies trivially with the requirements (i), (ii), and
with the present one, and implies that the *th row of W is identically null.
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Given these considerations on the choice of the auxiliary functions, Equations (2.34)

and (2.35) can be rewritten in explicit form as [16]

a@a h a
Z aqhouwk:—ekv off, k=1,....,n, a=1,....m, (2.40a)
h

oFP .

§[a_hoh]whk:—ek5fﬁoﬁ, k=1,....,n, B=m+1,....n, (2.40b)
q

h

so that the coefficients W"; are obtained by solving (2.40a) and (2.40b). Note that,
Equations (2.40a) and (2.40b) together are equivalent to Equation (2.17).

In spite of the selection rules mentioned above, we remark that, in the “charged
skate” benchmark studied in Section 3.2, we found that an auxiliary function that
works well in the uncharged case, yields to results that, in our opinion, are unphysical
when the skate is charged and subjected to an interaction with a magnetic field.
According to our calculations, indeed, there occur inconsistencies with the fulfillment
of certain conservation laws, that can be related to the way in which the chosen
auxiliary function depends on the velocities that are involved in the constraint. To
amend these shortcomings, we suggest to switch to a different formulation, that we

report in the following Ansatz 2.

Ansatz 2: physics-based conditions

In order to close Equation (2.33a) and (2.33b), we can require the system to respect
the symmetries that may be naturally present in the Lagrangian function £ and in the
constraints. For instance, if we assume the existence of a Lagrangian parameter ¢*

“ignorable” [11]in £, i.e., not explicitly featuring among its arguments, and such that

0 p: Ve o g=0forall@ =1,...,m, then, by consistency with classical Analytical
Mechanics, expressed by the Lagrange—d’Alembert method, we may impose the
condition
oL
D W' =0, phi= ok, (2.41)
T dq

to restore the conservation of the generalized momentum pjz [11].

Another scenario could be the one in which all the m constraints, say f'o (g, 1) =
0,...,f™o(q,7) =0, are holonomic. In this case, it is known that the equations of
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motion are Lo+, ,ua[aqkf“o (q,7)] =0,fork =1,...,n(see,e.g., [11]), and
one can put the constraints in “nonholonomic™? form by setting V?of = d,[ /%o (g, 7)],
with @ = 1, ..., m and d; indicating the total time derivative. In this case, however,
it automatically applies Sk\AW off=0,forallk =1,...,n,and foralla = 1,...,m.
Thus, if we take 7P oy = d,[8P 0 (¢,7)], with B = m+1,...,n, and ¥ o (¢, 7) being
arbitrary scalar functions such that the matrix J in Equation (2.36) is non-singular,
then W turns out to be the null matrix, as prescribed by Equations (2.40a) and (2.40b).

Note that, the conditions in Ansatz 2 are, in general, not enough to close the
problem, so that a combination of the conditions featuring in Ansatz I and Ansatz
2 is required. From an operative point of view, our Ansarz 2 suggests to introduce,
as shown in Ansatz 1, a number £* of auxiliary functions {?ﬁ }?:n{;+ 1> if this is the
number of velocities that either do not feature in the constraints or can be chosen as
independent. Then, to determine the remaining n — (m + {*) conditions, Ansatz 2
indicates to apply a criterion that will be formalized in Theorem 2.1. Indeed, this
criterion provides automatically the “physics-based conditions” mentioned at the
beginning of this section, also for those cases in which it can be hard to impose them

from the outset.

In conclusion, when matrix W is found, either by Ansatz I or Ansatz 2, then the

dynamic equations of the “modified vakonomic method” read [59, 16]

. A
exlofi+ Y puWh + Zaa[a—qk o u] -0, k=1,....n,  (242a)
h a

—Vop=0, a=1,...,m. (2.42b)

In the presence of generalized forces Qy, . .., Q; that cannot be obtained from a
scalar potential (Lanczos [11] refers to such forces as “polygenic”), Equation (2.42a)
acquires, up to the sign, the right-hand side 9y, so that the set of Equations (2.42a)
and (2.42b) becomes

. . 1oV
8k,5 o ﬂ + thth + Zﬂ“[aq‘k
h a

V2o =0, a=1,...,m. (2.43b)

oh]:—Qk, k=1,...,n, (2433

%In other parts of this Thesis, the word “differential” is used in place of “nonholonomic” to refer
to this reformulation of the constraint.
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2.3.2 Some computational aspects regarding the MVM

In this section, we discuss some computational aspects regarding the solution of the
set of Equations (2.42a) and (2.42b) (or (2.43a) and (2.43b)). We remark that having
a general methodology for solving numerically the MVM dynamic equations is a key

aspect of the theory, since not all problems allow for an analytical solution.

To include problems that involve electromagnetic interactions [66] as well as

time-dependent holonomic constraints [11], we assume £ to be of the type

. 1l & A . .
Lof=5 > [Guo(g.0]d"d" + D [Zno (q.1)]¢" +Wo (q.7),  (244)
2h,k:l h=1

where G is the generic component of the “metric tensor” associated with the kinetic
energy [11]; Z, is the hth component of a co-vector field accounting for Maxwell’s
(co-)vector potential [66], and for the possible explicit time-dependence of holonomic
constraints; U is a potential function that collects both electric and mechanical
interactions as well as the contribution to the kinetic energy stemming from the
possible presence of explicitly time-dependent holonomic constraints. Moreover, for

such type of Lagrangian functions, their associated kth Euler—Lagrange operator

reads
el ot =—[Guno (g 0{d" + [0 (.7)14"4'} - [ 7o (q.7)|d"
02, 07 g (U 8z
= , — = 7). 2.45
[(aqk aqh)O(qT)q +(aqk é,T)O(qf) (2.45)

where I'” pi © (g, 7) is the generic Christoffel symbol induced by the metric tensor,
i.e. (see, e.g., [27, 67]),

6@,,, 0G, aépl

G +
dq! dqP aq"

h .
=

, (2.46)

1 n
2 r=1
and G'" are the components of the inverse of the metric tensor.

Before going further, we notice that the substitution of Equation (2.45) into (2.42a)
renders the latter one of second order in the Lagrangian parameters ¢',...,q",

whereas Equation (2.42b) is, by definition, of the first order in these variables.
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Following [27], it is convenient to “promote” the constraints to second-order ordinary
differential equations, as to store the constraints in the first non-singular matrix
associated with the highest derivatives of ¢, i.e., the mass matrix. This can be

accomplished by differentiating Equation (2.42b) with respect to time, thereby

obtaining
d o
—[V¢
[V on
o i, |94 i, |94 .
= [d"0 (q.01g" + |G om e (a1 | ' + aT"o(q,r)]q":o, (2.47)

and by solving the resulting equations together with Equation (2.45). For this purpose,

it is convenient to introduce the following notation:

My =Gno(q,7), (2.48a)
Cchy=1",0(q,7), (2.48b)
. 82;, 62k 0Gkh
Qkh = |:a_qk - a_qh:| S (q’ T) - ﬁT o (q’ T), (248C)
ou 07
Fp = |— - — 2.4
k [8qk 57 ] ° (g, 1), (2.48d)
A% =a4d% o (g,71), (2.48¢)
o 9a%y
A% = o(q,71), (2.48f)
dgh
a'\a
0% = 285 6 (g, 7). (2.48g)
or

Hence, by substituting Equation (2.45) in (2.42a), and changing sign to the resulting
expression, Equations (2.42a) and (2.42b) take on the form

Ming" + Mthhplqpql — Qung" = Fy = ppWh — 1,A% =0, (2.49a)
—AWg" = A" p1gP g — 0% pg" = 0. (2.49b)

Moreover, Equations (2.49a) and (2.49b) can be recast in matrix form as

M —AT| (4] [-M[C :q®q] + Qq+F+WT wi
l_MICqeal + Q4+F+Wipl_)bal JWiel = 5
A N :q®q+04 be 0

-A 0
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where the symbols in Sans Serif font represent the matrices and vectors (in the sense
of arrays) associated with the quantities in Equations (2.49a) and (2.49b).

Moreover, we can exploit the saddle-point nature of the system (2.50) by employing
the Schur complement technique [27], and, by doing so, we can recast the system
(2.50) as

g=[M"' - M TAHST(AM™)] (bg + WTp) — (MT'AT)S b, (2.51a)
A=-S7'[(AM ) (bg + WTp) +b], (2.51b)

with S := AM~!AT being the Schur complement of the block-wise system. Note that
the formalism used in Equation (2.51a) is similar to the one adopted in [63].

2.3.3 Differences and similarities with the TNHM

In this section, we will acknowledge the differences and the similarities between
the MVM and the “traditional nonholonomic method”, in short TNHM, which is
based on a generalization of the Lagrange—d’Alembert Principle (see, e.g., [39, 21]).
In particular, let us briefly recall the main results related to dynamic equations
characterizing the TNHM [39, 21, 17, 7].

If we consider a mechanical system described by n Lagrangian parameters and
constrained by m nonholonomic constraints Vo h=0,witha =1,...,m, then the
TNHM is characterized by the n + m equations [17, 27, 26]

. m ava
EkLoli+Z,ua[—.oh]:O, k=1,...,n, (2.52a)

a=1 aqk
~-Vrop=0, a=1,...,m, (2.52b)

in which y, is the ath Lagrange multiplier associated with the ath constraint.

By comparing Equation (2.42a) with Equation (2.52a) for the case of nonholo-
nomic constraints linear in the generalized velocities, we notice that the quantities
&L o f are the same for both equations, and that the derivatives 9, Ve o b return the
coefficients 4% o(g, 7) of Equation (2.5), foralla = 1, ...,mandforallk = 1,...,n.
Therefore, the only visual differences between these equations are due to the presence
of the quantities Y3} _, p xW" and of A, in lieu of Uq in Equation (2.42a). Moreover,
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for each @ = 1,...,m, the physical dimensions of the Lagrange multiplier 4, in
Equation (2.42a) are equal to the physical dimensions of the corresponding multiplier

o multiplied by a characteristic time [23, 32].

As previously done for the dynamic equations of the MVM in Equation (2.50), we
can specialize Equations (2.52a) and (2.52b) for the case of the Lagrangian function
in Equation (2.44). In particular, by referring to the same notation introduced in
Equations (2.48a)—(2.48g), and by defining the array of Lagrange multipliers of the
TNHM, i.e., i := {u1,...,un}", Equations (2.52a) and (2.52b) can be written in

matrix form as [27]
q( _ -M[C :g@g] + qu+F _ bq ' 2.53)
w N:qe®q+0q9 be

Moreover, by defining S := AM~!AT, the Schur complement technique allows us to

M —AT
-A 0

invert Equation (2.53), which reads as follows:

g=[M"' - 'AT) S (AM by — (M'ATYS b, (2.54a)
w=-S"'[(AM Hbg +b.]. (2.54b)

Note that, both for the MVM and for the TNHM, we obtain the same block-wise
matrix on the left-hand side of Equations (2.50) and (2.53). However, the right-hand
side of these equations is different since WTp features in Equation (2.50), only, as a

result of the followed procedure.

At this stage, we find it convenient to formalize the results obtained so far by
providing a definition of equivalence between the “modified vakonomic method”
(MVM) and the “traditional nonholonomic method” (TNHM).

Definition 2.1 (Equivalence between MVM and TNHM). Given the same set of
initial conditions on the generalized coordinates and velocities, we say that the
MVM, i.e., Equations (2.42a) and (2.42b), and the TNHM, i.e., Equations (2.52a)

and (2.52b), are equivalent, if they return the same solution g.

Theorem 2.1 (Characterization of the equivalence between MVM and TNHM). Let
us consider a mechanical system described by a Lagrangian function of the type
given in Equation (2.44) and by the set of nonholonomic constraints featuring in

Equation (2.5), which are linear in the generalized velocities. Then, the MVM, i.e.,
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Equations (2.51a) and (2.51b), and the TNHM, i.e., Equations (2.54a) and (2.54b),

are equivalent if, and only if, the following conditions are met

M~ — (M~ ATy S I (AM)|WTp = 0, (2.55a)
A=p-(S'AMHWTp. (2.55b)

Proof. If the MVM and the TNHM predict the same motion, which implies that the
collection ¢ = (¢', ..., "), represented by the array q, satisfies Equations (2.51a)
and (2.51b) as well as Equations (2.54a) and (2.54b) at the same time, then subtracting
Equation (2.54a) from Equation (2.51a), and (2.54b) from Equation (2.51b) yields
Equations (2.55a) and (2.55b).

Conversely, if Equations (2.55a) and (2.55b) hold true, then Equation (2.51a)
becomes identical to Equation (2.54a), and it is possible to establish a univocally
determined relationship between the multipliers of the two methods, i.e., A and p,
thereby predicting the same solution. [

As stated in Theorem 2.1, the fulfillment of Equations (2.55a) and (2.55b)
provides the equivalence between the MVM and the TNHM. Moreover, it contributes
to the understanding of whether a problem formulated with the vakonomic method
yields, in a general context, the same solutions as the TNHM. In this sense, Theorem
2.1 seems to give an affirmative answer, since it prescribes the conditions under
which the vakonomic method, modified as indicated by the MVM of [59, 16], returns
the same results obtained within the TNHM.

We emphasize that, granted the equivalence between the MVM and the TNHM,
the identification between the Lagrange multipliers in Equation (2.55b) is similar to
the ones originally presented in [16]. Note also that, even though it is possible to
formally find relations as in Equation (2.55b), they alone are not sufficient, in general,
to guarantee the equivalence between the TNHM and the MVM.

Corollary 2.1 (Sufficient condition for the equivalence between MVM and TNHM).
Given a mechanical system of the type addressed in Theorem 2.1, the MVM is
equivalent to the TNHM, if it holds true that

WTp =0, (2.562)
A= (2.56b)
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Proof. If the condition WTp = 0 applies, then Equation (2.55a) is trivially satisfied,
and, thus, the MVM is equivalent to the TNHM. In addition, Equation (2.56b) follows
directly from Equation (2.55b). 0

We emphasize that our Theorem 2.1 is a reinterpretation of Theorem 2 in [16],
while our Corollary 2.1, and, by extension, also our Ansatz 2, aim to reinterpret
Theorem 3 of Llibre et al. [16] and Section 3.2 of Ramirez et al. [59], as a sufficient

condition for Theorem 2.1.

Remark 2.1 (On the role of the Lagrangian, its generalized momenta p, and W). The
condition (2.56a) requires that the array of the generalized momenta p belongs to
the kernel of the matrix W™, and it amounts to requiring that the second term on the
left-hand side of Equation (2.42a) vanishes identically, i.e., 27 _, p aWh =0, for
k =1,...,n. For a given Lagrangian function £, which identifies the components
Ph = 84;.2 o hj of p, whether or not p belongs to the kernel of WT depends both on W
itself, and, thus, in general, on the conditions imposed to determine the coefficients of
W, and on the form of p. The conditions on W, in fact, can be obtained by following
the Ansatz 1 and/or the Ansatz 2. On the other hand, for a given matrix W, determined
e.g. through the assignment of suitable functions 3*1, ..., " (we recall that the
constraints provide indications on the adequacy of such functions, which are none
other than additional quasi-velocities), the array of momenta stemming from a given
£ does not necessarily belong to the kernel of W', depending on the interactions
accounted for by £. Indeed, the Lagrangian function addressed in our work, specified
in Equation (2.44), is more general than the ones typically considered in the context
of vakonomic mechanics, since it accounts for interactions that do not allow to write
it as the sum of a kinetic energy plus a potential depending solely on the Lagrangian
parameters and possibly on time. This will become clearer below, when we shall
analyze a modification of the classical benchmark of the nonholonomic skate, by
including magnetic interactions that yield the presence in the Lagrangian function of a
term linear in the generalized velocities. In fact, this generalization leads to momenta
that are affine in the velocities and that, because of their nature, cannot belong to
the kernel of WT, and do not trivially satisfy Theorem 2.1. This issue, however, will
be discussed in Section 2.3.4, and specialized to the case of the “charged skate” in
Section 3.2.3.

Before closing this section, we deem it worthwhile to emphasize that, to the best
of our understanding, the MVM proposed by Llibre et al. [16] could be viewed as a
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variational version of the method based on the quasi-velocities (see e.g. [13, 30]),
in which the variational form of Newton’s second law of dynamics is obtained
by employing d’Alembert principle, but admitting that the time derivative of the
variations are different from the variations of the velocities. In this respect, the
sufficient conditions for the equivalence between the MVM and the TNHM, i.e.,
Equations (2.55a) and (2.55b), are a consequence of the method of the quasi-velocities.

2.3.4 The case of momenta linear in the velocities

In Equations (2.43a) and (2.43b) of Section 2.3.2, we have shown the equations
of the MVM in the presence of “polygenic forces” [11]. In fact, it is possible to
obtain the same form also in the case in which the interaction that leads to the term
2o [Z),0(g,7)]¢" in the Lagrangian function of Equation (2.44) is formally treated
as a force of this type (although this force is not polygenic per se). Indeed, by making
the identification

A7, 07
— =T
dg*  dq

A

0Zy
ot

) o (g,7)|¢" + =10 (q,7), (2.57)

and, thus, consistently omitting the term )}, _, [Z, o (¢,7)]¢" in the Lagrangian
function of Equation (2.44), i.e., redefining L ohas

A 1 oA N
Look=75 D 16w o (q.0]4"¢" + o (q.7). (2.58)
h,k=1

Equations (2.42a) and (2.42b) are recast in the form

R A
ExLoot+ ZPOhth + Z/la[a—q.k o h] =-Q, k=1,...,n, (2.59a)
h @
Vo =0, a=1,...,m, (2.59b)

with poj = 6q~hﬁ0 oh =3y, [Ghe o (g, 7)]4%. This last result, which stipulates that
the momenta are linear functions of the velocities, has deep repercussions on the
fulfillment of conditions (2.55a) and (2.55b), with pg substituting p. More details on
this issue will be discussed in Remark 3.5 of Section 3.2.3 for the specific case of the

“charged skate”.



Appendix A

Some geometric insight on the
variations taken in the MVM

The content of this appendix is taken from the appendix of [1].

The scope of this appendix is to put the variations characterizing the MVM within
the context of Differential Geometry. We start combining J6Zwikowski&Respondek’s
formalism [52], which implements the framework established by Gracia et al. [53],
with ours. In doing this, however, for the sake of simplicity, we consider here only
constraints of the type Ve o (g,9) = [a% o q]¢* = 0, i.e., that do not depend
explicitly on time. We denote by v = (q,q) : [tin,tin] — TE a “path” [52],
identified with the “tangent lift” [52] of q at ¢, i.e., y(t) = T:q(t) = (q(¢t),4(2)).
In terms of § : [fin, tin| X | — €0, +&0[ — € (see Equation (2.6a)), we also define
¥ :=(4,0/G) = TG : [tin, thin]X | — €0, +&0[ — TE, so that the chain of equalities

y(1) = (q(1),4(1)) = (§(,0),0,4(1,0)) = T;4(z,0) = 7(1,0) (A.D)

applies. Moreover, by differentiating § with respect to &, and evaluating the result at
& = 0, we obtain, for each r € [fi,, tfn ], the quantity (see [52])

§(t) =Teq(1,0) = (4(1,0),0:4(1,0)) = (q(2),1,(1)), (A2)

in which the identification 57, (¢) = 9,4(t,0) € T()¢" has been made by virtue of
Equation (2.8a). Looking at the structure of £(¢), we notice that the second tangent

bundle formalism arises naturally by iterating the operation of tangent lift, i.e., by
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computing the tangent lift of &£, which yields

(1) = (q(1). 1, (). 4(0), i, (1)) € TTE. (A3)

Finally, following [52], we compute the quantity

To7(1,0) = T T (1,0) = (q(1). 4(1). 8:4(1,0), 83,4 (1,0))
= (@(0.4(0. 0, (1,10, (1) €TTE,  (Ad)

thereby recovering the identity T,y (z,0) = x4 (T;£(2)), where the map kg : TTE¢ —
TT% is referred to as “canonical flip” in [57, 52], since it changes the position of the
entries of the second and third slots of the elements of TT% . In the jargon adopted
in [57, 52], the quantity T.¥(¢,0) is referred to as “natural variation” and is also
denoted by 6,y (t) = T,7(¢,0) to highlight that the natural variation is generated by
&(t) through the canonical flip.

In analogy with the reasoning leading to Equation (A.1), and with the purpose
of putting the approach of Llibre et al. [16] in the language used in [52], we also
define the pair & = (4, %) : [fin, tin| X | — €0, +&0[ = TE, where we require ¥ to
satisfy the condition #(¢,0) = ¢(t), for t € [tin, tin] (see Equation (2.6b)). Hence,
we compute T, (z, 0), thereby obtaining

T.o(1,0) = (4(2,0),9(,0),9:4(t,0), 97 (¢, 0))
=(q(1),4(1),m,(1),n;(1)) e TTE, withn,(1) = 9:9(1,0). (A.S5)

The quantity T, (#,0) in Equation (A.5) defines a generic variation. To specify such
variation for the MVM, we need to impose the following conditions:

(a) The path (g, ¢) must satisfy the m given constraints V?(¢(1), §(¢)) = 0, with
a =1,...,m,atall times, so that the pair (¢(t), g(¢)) belongs to Té., defined
in Equation (2.1).

(b) The pair (¢,1n,) € T¢ is compelled to fulfill Lagrange—Chetaev’s conditions
(2.12), which, for @ = 1, ..., m, here become

104V (q (1), g(0)]m, (1) = [V (g (1), (1) Imj (1) = 0. (A.6)
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(c) As specified in [16], for every 7 € [fin, ffin], the vector n,() is required to
satisfy the constraints at the first order in €. Thus, upon defining the functions
Ve [tin, tin] X | = €0, +60[ = R, such that V¥ (z, &) = V2 (§(z, €),7 (1, €)),
and V2 (1,0) = V2(gq(1), §(¢)) = 0,foralla = 1,...,mand forall € [fin, t5in]
(see Equations (2.9) and (2.10)), we write

V(t, &) = V¥(t,0) +0,V(1,0)e + o(e), g —0, (A.7)
———
=0

and we set 9,V?(z,0) = 0, thereby obtaining Equation (2.11), i.e.,

A,

ave

0=0,V(t,0) = o7
q

af?a’
(q(1). ()i (1) + a—(ﬂc(Q(f),f?(t))ﬂg(f) (A.8)

Equation (A.8), which characterizes the vakonomic variations, can be also worked
out further as

A, A,

_[ave N ¢ NP ¢ N
0= gaqk 0 (q’ Q) nq + aqk o (q’ (])] [Uq - nq] + 6_qk © (q’ Q)]Uq
[« Do d([aVe
_ N B . ko .k . k
= PEkV"o (9-4,4)|ng + 3k ° (q,q)][nq- — gl + E{[aqk o (q,q)]nq}
= &V 0 (q,4.9) |n; + 5ax ° (@ q)][n’; 1], (A.9)
with
. Ve d[oVe
&V 0 (q,4,4) = ) — — )|, A.10
KV 0(q,4,q) 8qk0(qq) dt[aq.kO(qq)] (A.10)

and the last summand of Equation (A.9) being null by virtue of Lagrange—Chetaev’s
conditions (cf. Equation (A.9) with Equation (2.14): They are the same for
nonholonomic constraints linear in the velocities and not depending explicitly
on time).

With all the premises specified above, the set of the variations characterizing the
MVM can be defined as:

MM ={T,5(1,0) € TTE)| (q(1).4(1)) € TS, (q(1).n,(1) € T,
n,;(1)| 8:V(2,0) = 0}. (A.11)
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Note that, as written in Section 2.2.1, in Equation (A.9) we guess (this is, in fact, an
educated guess, since we are aware of the existence of the transpositional relations)
that n’q? — ﬁ’q‘ can be expressed in terms of the linear transformation n’q? - ﬁ’q‘ = kag,
in which [W* 5]12:11 ''''''''' :l’ are the coefficients of a partially unknown matrix W. Indeed,
if the matrix made by the derivatives d,x Vo (g, q) were square (it is rectangular,
here), the coefficients of W could be determined from Equation (A.9) by solving
for 77’; — 77’;. However, this matrix can be made square by introducing suitable
quasi-velocities, as is done in the standard procedure leading to the transpositional
relations (see e.g. [13, 30] and cf. Equation (2.17)). This is, to our understanding,
the philosophy underlying the approach proposed by Llibre et al. [16], whose main
objective is to put the nonholonomic constraints in the variational framework, but
with variations that are not only vakonomic, but both vakonomic and complying with

Lagrange-Chetaev’s conditions.

Finally, if the further identification Wk, = % ,0g" is made, where C¥,; are the
coefficients of the third-order tensor field defined in [57, 52], or in [13] (see Remark
2.2.3), and that characterizes the transpositional relations, then, in the formalism of

[52], Tz (t,0) can be rewritten as

Toor(1,0) = (q“(1), 4 (0,5 (1,7 (1) + k(@) (DM (1). (A1)

=14 (1)

Before closing this appendix, we remark that one crucial difference between the
MVM and the VM is that, while the MVM is formulated by accounting explicitly for
the transpositional relations, the VM is developed without even introducing such
relations [41-44, 59, 16].



Chapter 3

Comparing the MVM with the
TNHM over two benchmark problems

The content of this chapter is taken from [1].

The introduction of new methods that are, in a sense, ground-breaking, since
they question the pillars of the standard variational procedures, requires them to
be tested against the more traditional ones. This, indeed, has been done quite
intensively by having recourse to widely studied and easy-to-reproduce “benchmark”
problems, all encoded in the classical literature of Analytical Mechanics (see e.g.
[13, 26, 51, 15, 50, 27, 52, 54-56, 58, 68]). Typical examples are a ball rolling over
a moving or fixed surface [51, 26, 50], a skate moving on an inclined or horizontal
plane [16, 27, 26], a disk rolling on an inclined plane [54-56, 40, 17, 52], and a
two-wheeled carriage moving on a plane [51, 54, 56, 68, 52]. In spite of the fact that
these case studies were formulated many years ago, and can be found in textbooks,
they remain up-to-date (see e.g. [39, 21, 27, 31, 7, 59, 52], and, more recently,
[16, 17]), since they are archetypal and, thus, serve as a reference even for much
more complex physical situations in which the constraints can be reconducted to
those characterizing the original case studies.

Granted all this, the scope of this chapter is twofold:

(i) To add a methodological note to the paper recently published by Lemos [17]
by proving that the MVM and the TNHM are in agreement with each other for
the “Rolling coin” problem [40, 17].
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(i) To apply the procedure developed in [59, 16] to a variant of the “Non-
holonomic skate” presented in [16]. Specifically, we consider a nonholonomic
and electrically charged skate interacting with an imposed magnetic field, and
we show that, for this problem, if the MVM is formulated according to the
first path, it is not equivalent to the TNHM. The second path is equivalent to
the TNHM, but, for our problem, it is inconsistent with the first path. For our

purposes, we generalize a benchmark taken from [25].

Outline of the content of Chapter 3. The “rolling coin” [15, 40, 17] and the
“charged skate” [25, 16] benchmark problems are examined by means of both the
MVM and the TNHM, as seen in Section 3.1 and Section 3.2, respectively. More
specifically, a fully analytical resolution of the “rolling coin” problem is presented
in Section 3.1.3, while in Section 3.2.2, and in the three subsequent sections, three
possible choices of the collection of auxiliary functions are tested and discussed for

the “charged skate” problem.

3.1 The “rolling coin” benchmark

In this section, we compute analytically the MVM equations of motion for the
benchmark problem of the “rolling coin”, recently presented in [40, 17], and adopted
as a benchmark for comparing the VM and the TNHM in [54-56, 52].

The mechanical system that we are considering is composed by a coin, hereafter
denoted by €, idealized as a bi-dimensional rigid disk of radius R and mass m, that
can roll without slipping over a plane inclined of an angle @ € |0, 7/2[ with respect

to a horizontal plane. A graphical representation of € is reported in Figure 3.1.

As done in [40, 17], we specify a coordinate system {O, (x, y, z)} in which the
y-axis is parallel to the inclined plane and is aligned along the direction of steepest
descent; the z-axis “enters” the inclined plane and is orthogonal to it; the x-axis is
such that the x-, y-, and z-axis form a right-handed triad, whose origin O is a point
having the same z coordinate as the center of mass of €, hereafter denoted by G.
Moreover, similarly to [40], we introduce the coordinates of G, i.e., (xg, yg,0); the
angle of rolling, ¢, taken clockwise from the z-axis; and the angle 6 between the

y-axis and the axis along which rolling occurs. Note that xg, yg, ¢, and 6 are the
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Fig. 3.1 Graphical representation of the “rolling coin” benchmark problem. This image
was first showed during the conference “3rd International Conference on Nonlinear Solid
Mechanics (ICoNSoM 2024)” held in Cagliari, Italy, on June 11-14, 2024, within the
presentation of the abstract “A review on some ‘“‘analytical” aspects of nonholonomic
mechanics”, authored by A. Pastore, A. Giammarini, A. Grillo.

Lagrangian parameters of the mechanical system under study, and are thus intended

as functions of time, defined over the interval of observation [#,, tf,].

From here on, the identification g = (¢', ¢%, ¢°, ¢*) = (xg, yg, ¢, 6) is made,
which implies that the system satisfies automatically two holonomic constraints: one
requires G to experience only motions parallel to the inclined plane; the other one
prescribes that the coin € remains orthogonal to the inclined plane during its entire

motion.

If gravity is the only interaction accounted for, the Lagrangian function of the

mechanical system under study reads [17, 40, 13]

Lo(q.9) = 3m[(¢") +(¢1)* +3R* (D)’ + 1R*(¢1)*] + (mgsina)g®,  (3.1)
N——
j{oq’ Uogq

where K = K o ¢ is the kinetic energy; U = Uo q 1s the gravitational potential; and

g denotes the magnitude of the gravitational acceleration.

The assumption that the coin “rolls without slipping” [40, 17] determines m = 2
nonholonomic constraints given by [13, 54-56, 68, 52]

V=V (q,q¢) = ¢' - R¢*sing* = 0, (3.2a)
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V2 =V20(q,q) = ¢* - RG> cosq* = 0. (3.2b)

Note that, by indicating with T = sinf e, + cosf e, the unit vector defining the
direction of rolling, Equations (3.2a) and (3.2b) express, in terms of the Lagrangian
parameters of the model and their derivatives, the fact that the velocity of the coin’s

center of mass, vg, satisfies the condition vg = Rét, given in the physical space.

3.1.1 The traditional nonholonomic approach

In the benchmark that we are analyzing, the dynamic equations of the TNHM, namely
Equations (2.52a) and (2.52b), admit the expressions [40, 17, 54-56, 68, 52]

—mg' +pu; =0, (3.3a)

mg sina — mg* + ps = 0, (3.3b)
— %mRZ(f —u1R sinq4 — 2R cosq4 =0, (3.3¢)
- 1mR*§* = 0. (3.3d)

As shown in [17], Equations (3.3a)—(3.3d) can be solved analytically by exploiting
the direct integrability of Equation (3.3d), so we will not further investigate this

solution.

3.1.2 The Modified Vakonomic approach

In this section, we study the benchmark problem introduced above by means of the
MVM [16], thereby determining the motion from the dynamic equations (2.42a) and
(2.42b) in compliance with the solvability conditions (2.40a) and (2.40b).

By applying the Euler-Lagrange operators defined in Equation (2.28a) to the

Lagrangian function in Equation (3.1), we obtain

&L ol =-mg', (3.42)
&L off = —mg?* + mg sina, (3.4b)
&L ot = -1mR*§’, (3.4¢)

€4l ot = —ImR*G". (3.4d)
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Furthermore, we write explicitly the differential operators in Equation (2.34) for
the expressions of the two constraints in (3.2a) and (3.2b), respectively. Hence, for

a = 1, we have

DiVot =W — (Rsing")W?, =0, (3.52)
D)V o = Wl — (Rsing)W?3, = 0, (3.5b)
D3V o = Wi — (Rsing®) W5 + (R cosg™)g* = 0, (3.5¢)
DyV o = Wy — (Rsing" )W, — (Rcosg)g® =0, (3.5d)

while, for @ = 2, we obtain

D V? ot = W2, — (RcosgH)W?, =0, (3.6a)
DyV% o = W2, — (RcosgH W3, = 0, (3.6b)
D3V? 0§ = W23 — (R cosg) W33 — (R sing™)g* = 0, (3.6¢)
DaV? o ff = W24 — (Rcosgh) W34 + (R sing*)g> = 0. (3.6d)

By choosing the arbitrary auxiliary functions as [59, 16]

F=Foph:=g°, (3.72)
Fr=Frop=g", (3.7b)

Equation (2.35), for 8 = 3 and B = 4, implies that

DiF o =W =0, k=1,...,4, (3.82)
DeFro =W =0, k=1,...,4 (3.8b)

We can represent the coefficients W, in a more compact way by assembling the
4 x 4 matrix W that, by having recourse to Equations (3.5a)—(3.5d), (3.6a)—(3.6d),
and (3.8a) and (3.8b), is given by

0 —(Rcosg®g¢*  (Rcosqghg’
0 (Rsing®)¢* —(Rsing*)q>
0 0 0
0 0 0

3.9

oS O O O
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Our choice of the auxiliary functions in Equations (3.7a) and (3.7b) is done in
compliance with Remark 2.2.2, since, by inspection of the constraints (3.2a) and
(3.2b), the generalized velocities ¢> and ¢* are independent, thereby leading to the
vanishing of the corresponding transpositional relations 772 - 77(31 and nf] - 773. In
fact, this choice is a strong way of guaranteeing this result because the conditions
(3.8a) and (3.8b), implied by the selected auxiliary functions, ensure that the third

and fourth row of W are null.

Finally, if we substitute Equations (3.4a)—(3.4d) and the coefficients collected in
Equation (3.9) into the Euler—Lagrange equations of the MVM written in (2.42a),
we can recast Equations (2.42a) and (2.42b) in the form

mg' — A, =0, (3.10a)
mg*> — 1, = mg sine, (3.10b)
%mRzéf + AR sing* + LR cosq® = —mR(§' cosq* — ¢° sing*)¢*, (3.10c)
}1mR2c'j4 = mR(§" cosq® — ¢*sing*)¢>, (3.10d)
' = R¢’ sing*, (3.10¢)
G* = Rg> cosq”. (3.10f)

Before going further, we notice that the quantity ¢' cosg* — ¢?sing*, which
features both in Equations (3.10c) and (3.10d), is none other than the component
along the axis e, of the cross product v X 7, which is null because the velocity of
the center of mass of the coin has to be parallel to the unit vector 7. In particular, it
should be noticed that this condition is naturally satisfied by the constraint of rolling
without slipping, but it is, in fact, more general than the latter, since it expresses a

merely geometric fact. In conclusion, it applies that [13]
(vg XT) - e, =q' cosqg* — ¢*sing* = 0. (3.11)

By virtue of this result, Equations (3.10a)—(3.10f) become

mg' — A, =0, (3.12a)
mé® — Ay = mg sina, (3.12b)
ImR*§ + A1 Rsing® + 2R cosq® = 0, (3.12¢)

ImR*G* = 0. (3.12d)
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g' = R¢*sing’, (3.12¢)
G* = Rg> cosq”. (3.12f)
By making the identifications u, = Ao, for @ = 1,...,m, the set of equations

(3.12a)—(3.12d) is equal to the set of dynamic equations obtained within the TNHM,
i.e. Equations (3.3a)—(3.3d). This shows that, in agreement with [16], the MVM is
indeed equivalent with the TNHM for the “rolling coin” problem.

Remark 3.1 (The MVM and the TNHM for the “rolling coin” problem). It should be
noticed that the equivalence between the MVM and the TNHM, and the identification
between their respective Lagrange multipliers, could have been proven in advance
since, in the case considered above, the matrix W in Equation (3.9) and the array of
momenta p satisfy the hypothesis of Corollary 2.1, namely WTp = 0.

Remark 3.2 (“Canonical flip” [57, 52] for the “rolling coin” problem). Looking
at the structure of the matrix W featuring in Equation (3.9), and computing the
quantities 7]2 - 772, with A = 1,...,n, once as ng - 172 = Zlehkn’q‘ and once as

n’q? - 172‘ = z’;’kzlehgkq'fn’; (cf. Equation (2.21)), we can choose

Clyzg* = W' = —=(Rcosg*)g* Clys = Clyz0g = —Rcosq®,  (3.13a)
Cl34g® = Wy = +(R cosgh) g’ Clys = Cl34 0 g = +Rcosg?,  (3.13b)
6243q4 = W23 = +(R sinq4)q'4 6243 = é243 og =+R sinq4, (3.13¢)
C%344° = W24 = —(Rsing*) ¢’ €%, = %409 = —Rsing®,  (3.13d)

G Ul

while all the other entries of C"/; can be set equal to zero. We notice that, in
the case studied in this remark, the nonzero entries of ", reported in Equations

(3.13a2)—(3.13d), depend on ¢, and, in particular, on q4, only.

3.1.3 Analytical solution of the Modified Vakonomic Method

In this section, we are interested in finding an analytical solution to the dynamical
equations previously obtained within the MVM, i.e., Equations (3.12a)—(3.12d). To
this end, we introduce the following set of initial conditions, i.e., at t = t;,, for the

generalized coordinates and velocities:

g (tw) =gt  @w) =qh, ) =g,  q*(tw) =g,  (3.14a)
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ql (tin) = Vi]n’ qz(tin) = Vizn’ q3(tin) = Vi31’l’ 6}4(tin) = Vi4na (314b)
where their specified values qi"n and vi’; ,fork =1,...,4, should satisfy the constraints
in Equations (3.10e) and (3.10f), both for physical and for numerical consistency

[27]. Furthermore, we introduce the initial values for the multipliers

A1(tin) = Atin, A2(tin) = A2in. (3.15)

By taking inspiration from the solution strategy employed by Lemos [17], from
the direct integration of Equation (3.12d) we obtain that g* is affine in time, that is

g*(t) = Q[t - t] + g} = Qt + 6, V't € [tin, thn) (3.16)

where Q = ¢*(t) = ¢*(tin) = vfn for all # € [t;n, t6n], and, for a better readability, we
write 0y := q?n — Qt;,. Note that the angular velocity ¢*() = Q is constant in time.

We can exploit the saddle-point nature of the system of equations under study
by decoupling the dynamic equations (3.12a)—(3.12d) from the constraints, i.e.,
(3.12e) and (3.12f), so that the latter ones can be computed a posteriori. Hence, by
substituting the constraints in (3.12¢) and (3.12f) into Equations (3.12a) and (3.12b),

we obtain

A1 = mg>R sing* + mg*¢*R cosq?, (3.17a)
A = mc’j3R cosq4 — mc]3c]4R sinq4 — mg sina. (3.17b)

With the expressions obtained in Equations (3.17a) and (3.17b) for the two time
derivatives of the Lagrange multipliers, and with the expression of ¢* in Equation

(3.16), we can re-frame Equation (3.12c¢) as follows

esi
(1) = 2220 o5 + 6p). (3.18)

3R
In the following, we introduce, for each k = 1,...,4 and for each @ = 1,2,

the notations ¢*(r) = ¢*(;Q) and A,(r) = A, (1;Q) in order to emphasize the
dependence of the solution of the system under study on the parameter Q. In
particular, depending on the value of Q, we can distinguish two cases.
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Case 1. By assuming Q # 0, the right-hand side of Equation (3.18) represents an
oscillatory forcing term with angular frequency €2 and initial phase 6. By integrating
Equation (3.18), we obtain

7*(1) = (19Q) = g () + vy [1 = 1] + 45, (3.19)
where we have introduced the auxiliary notation

c}gsc(t; Q) = d)s(Q){ sin(Qr) — sin(Qtin)} - CI)C(Q){ cos(Qt) — cos(Qtin)}
— Q[ — tin] {Pc(Q) sin(Qin) + D(Q) cos(Qtin) }, (3.20a)
2g sina

PO = Srar

D (Q) == D(Q) cosly, D(Q) := D(Q)sindy. (3.20b)

Note that, by virtue of Equation (3.19), the Lagrangian parameter ¢>(¢) features an
oscillatory contribution, given by Equation (3.20a), which is characterized by the
amplitude ®(Q) in Equation (3.20b), and a contribution that is affine in time, i.e.,

vi3n [t —tin] + q?n. Moreover, by differentiating in time Equation (3.20a), one obtains

~3
%(z; Q) = Q{®4(Q)[ cos(Qt) — cos(Qtin) | + D (Q) [ sin(Qt) — sin(Qtin) |}

= Q®(Q) [ sin(Q + 6o) — sin(Qtin + 6p)]. (3.21)
Thus, by integrating Equations (3.12e) and (3.12f), ¢'(¢) and ¢?(¢) read as

q'(t) = §' (t;Q) = —1RO(Q) [ sin(2Q¢ + 269) — sin(2Qin + 260) |

V3
- R[ﬁ — O(Q) sin(Qt, + HO)] { cos(Qr + 6y) — cos(Qty + 90)}
+ 1RQ®(Q)[1 — tin] + ¢, (3.22a)
7> (t) = §*(1;Q) = —1RD(Q) [ cos(2Qr + 26) — cos(2Qti, + 260) |

3
+ R[22 — ©(Q) sin(Qin + o) | { sin(Q + ) — sin(Qtin + 60) }
+qk. (3.22b)

In light of the calculations above, we conclude that, for Q # 0, ¢! (¢) and ¢*(¢)
exhibit two oscillatory contributions: one with angular frequency Q and the other one
with angular frequency 2Q. In particular, ¢! (¢) is unbounded in the limit t — +oo,

whereas ¢ (¢) is bounded. Therefore, the center of mass of the coin moves indefinitely
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along the x-axis and, in addition, will never reach the end of the inclined plane along

the y-axis.

Finally, we compute the Lagrange multipliers a posteriori by integrating Equations
(3.17a) and (3.17b) in light of the relations obtained for ¢>(¢) and ¢*(t), i.e., Equations
(3.16) and (3.21). By doing this, we obtain

(1) = 41 (1;Q) = —ImRQD(Q) [ cos(2Q1 + 26)) — cos(2Qtiy + 26y) |

+mR[vi — Q®(Q) sin(Qtiy + o) | {sin(Q + 6p) — sin(Qtiy + o) }

+ Alin, (3.23a)
L() = L(1:Q) = ImRQD(Q)| sin(2Qt + 26) — sin(2Qtiy + 26p) |

+ mR[vfn — QO(Q) sin(Qf, + 90)] {cos(Qt + 8p) — cos(Qti, + 0p) }

— (mgsina) [t — tin] + A2in. (3.23b)

Case 2. In the case Q = 0, we find that g*(¢) = 6y = q?n for all ¢ € [tin, tan], and
that the right-hand side of Equation (3.18) is constant in time, thereby returning a
uniformly accelerated angular motion for ¢°. Thus, by integrating Equation (3.18)

two times, we obtain

_ 2gsina cost

¢(1) = @ (5:0) = 3€ [t =l + v [t = tn] + 45, €= =————, (3.24)

where & represent the angular acceleration associated with ¢°.

Since the evolution in time of ¢* is known, we can deduce the evolution of ¢!
and ¢ by substituting Equation (3.24) in the constraints, i.e., Equations (3.12¢) and
(3.12f). By integrating the resulting expressions, we get

q' (1) = JE(Rsinbo) [t — tin]* + v (Rsindo) [£ — tin] + gy, (3.252)
N————
EV.]
q*(t) = 3E(R coso) [t — tin]* + v; (R coso) [t — tin] + ¢, (3.25b)
N———

=y?
in
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Finally, we can compute A and A3 a posteriori by integrating Equations (3.17a)
and (3.17b) as follows:

/11(1‘) = mf(R sinGo) [t - tin] + Atin, (3.26a)
Ao (1) = {mé&(R cosOy) — mg sina}[t — tin] + A2in. (3.26b)

We conclude noting that, for Q = 0, the Lagrange multipliers 4;(¢) and 1,(z) are
affine in time, whereas their time derivatives are constants. This means that, since
A1(1) and A, (1) are equal to the Lagrange multipliers 1 (¢) and u»(2), respectively,
of the TNHM (see Corollary 2.1 and Remark 3.1), and since the latter ones measure
the magnitude of the reaction forces associated with the imposed constraints, we can
say that the reaction forces are constants.

Remark 3.3 (Continuity of the third Lagrangian parameter with respect to €2).
From Case 1 and Case 2, it follows that the solution of Equation (3.18) is defined as

qusc(t; Q) + Vi3n [t - ZLin] + (]?n, if Q +# O,

(1) = ¢ (1Q) = 1 ;s s
€[t —tin]” +v; [t —tin] + g5, IfQ=0,

(3.27)

where §2.(¢; Q) is reported in Equation (3.20a). In particular, we emphasize that

43(t, -) is continuous with respect to Q uniformly in [#in, ffn], since it holds that

Jim G1:Q) =33 (1:0), 1€ [tin trn]. (3.28)

3.1.4 Numerical simulations

In this section, we present the graphical results of the “rolling coin” problem with
the purpose of visualizing that the MVM is equivalent, for the considered problem,
to the TNHM.

Hence, we numerically solve the system of Equations (3.12a)—(3.12f), put in a
more general form as in Equation (2.50), over the interval [fiy, tn] = [0, T']. To this

end, we introduce the set of normalized Lagrangian parameters

a' =q'/R, a* = q*/R, Q=g a*=q", (3.29)
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and the set of normalized Lagrange multipliers as
A1 = A1/(mR), A2 = Ay /(mR). (3.30)

Note that the normalization of a given Lagrangian parameter is necessary only when
it represents a translational kinematic descriptor, and not an angular one, while both
the normalized Lagrange multipliers “absorb” the coin’s mass m and radius R. As a
consequence of (3.29) and (3.30), Equations (3.12a)—(3.12f) are thus normalized as
follows:

§'—A; =0, (3.31a)
G2 — Ay = 8300 (3.31b)
L& + A sing® + Ay cosq® = 0, (3.31¢)
lit=o0, (3.31d)
§' = ¢’ sing®, (3.31e)
§* = ¢’ cosq®. (3.31f)

Finally, Equations (3.31a)—(3.31f) are solved numerically using the “trapezium rule”
in the case in which the physical and numerical parameters are the ones reported in
Table 3.1.

Parameter Value  Units Description

R 11.625 mm  Radius of the coin

m 7.5 g Mass of the coin

g 9.81 m/s®> Gravitational acceleration
a n/6  rad Angle of the inclined plane
T 2 S Total time of simulation

At 10~ S Time-step

Table 3.1 Physical and numerical parameters chosen for the simulation of a standard “1 Euro”
coin rolling down an infinitely long inclined plane.

Parametric sweep of Q. The first scenario we examine is the case of a coin, initially
tilted towards the direction of steepest descent of the plane, i.e., q;‘n = 0, that rolls
without slipping from the top of the inclined plane. Moreover, we consider the initial

angular velocity v; = Q, and we study its effect on the evolution of the system. Then,
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we initialize the remaining generalized coordinates as g/ =0, ¢> = 0 and g3 = 0,
m m m

and the Lagrange multipliers as 4;j, = 0 and A»i, = 0. Further, we assume that

vi3n = 0, which implies that the initial velocities viln and vizn are zero too, since they

have to satisfy the constraints in Equations (3.2a) and (3.2b) at time 7 = ¢, = 0.

| |—o—Q =7/2 rad/s
—a—Q=7 rad/s
Q=27 rad/s

m
e
=
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Fig. 3.2 Trajectories of the center of mass of the coin for different values of Q €
{r/2,n,2n} rad/s simulated from f;, = 0s to tg, = 2s.

In Figure 3.2, we show the trajectories of the center of mass of the coin for
different values of Q, e.g. Q € {n/2, n, 27} rad/s. We observe that gyroscopic effects
arise when non-vanishing values of € are considered, as predicted by the analytical
solution of the problem (see e.g. Section 3.1.3) [40, 17]. These effects, which are
produced by the action of the constraints, are due to an oscillatory contribution
characterized by angular frequency 2€2, since, if we specialize the analytical solution
to the case under examination, the coordinates of the center of mass of the coin read

q'(t) = ¢'(1;Q) = —1R®(Q) sin(2Q) + 1RQD(Q)1, (3.32a)
g*(t) = §*(t;Q) = —3RD(Q) [ cos(2Q) — 1]. (3.32b)

Note that, by expanding Equations (3.32a) and (3.32b) in a neighborhood of € = 0,
and for a fixed time ¢ € [#i,, tfin|, We obtain, in the limit Q — 0, that

q'(t) = ¢'(1;Q) = IRDP(Q)Q’F +0(Q) = 2gsina Q + 0(Q), (3.33a)
g*(t) = ¢*(1;Q) = IRD(Q)Q*r* + o(1) = Lgsina 1* + o(1). (3.33b)

Therefore, we find that §'(z;0) = limg_0§'(#;Q), and that the leading term of
4%(1; Q) does not depend on Q and grows quadratically in time in the considered
neighborhood.
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In conclusion, if Q = 0, the coin rolls downwards indefinitely and reaches the
end of the inclined plane, when the latter one is finite. On the other hand, when
Q # 0, the center of mass of the coin exhibits a behavior similar to the one of a
“yo-yo”, since it oscillates back and forth in the direction of the y-axis, while moving
indefinitely along the x-axis, and the amplitude of the oscillations depends on Q.
Moreover, even for inclined planes whose slope is finite, yet sufficiently longer than
the amplitude of the y-oscillations, there exist values of € such that the coin does not

reach the end of the slope.

In Figure 3.3, we have reported four plots describing the qualitative and quantita-
tive behavior of the Lagrange multipliers A; and A; in the case in which Q is either
nmrad/s or 2rrad/s. In particular, in Figure 3.3a-3.3c, we introduce p; and p; as the
“reactive forces” associated to ¢! and g2, respectively, and p3 the “reactive moment”
associated to ¢°, so that the corresponding pairs of “Lagrangian parameter — reactive
force” could be compared. Note that, the expressions of p1, p; and p3 follow from
Equations (3.12a)—(3.12¢) and read

o1 = Ay, 02 = Ao, 03 = —A R sing* — 1»R cosq?, (3.34)

while, by virtue of Equation (3.12d), the “reactive moment” associated to ¢*, i.e., p4,

is identically zero.

In Figure 3.3a we observe that in the instants of time in which the reactive force
p1 vanishes, the Lagrangian parameter ¢! exhibits, in the same instants, inflection
points. This phenomenon is a direct consequence of Equation (3.12e). Moreover, as
one can see in Figure 3.3b,c, for the instants of time in which ¢ or ¢* admit a local
maximum, their corresponding reactive force and moment, i.e., p> and p3, feature
a local minimum, and vice versa. Indeed, this is in compliance with the analytical
expressions of the Lagrange multipliers A (¢) and A, (¢) featuring in Equations (3.23a)
and (3.23b), and reported in Figure 3.3d, since, in the case we are considering, they

read

(1) = 41(1;Q) = —mRQD(Q) [cos(2Q1) — 1], (3.35a)
L(t) = L(Q) = ImRQO(Q) sin(2Qt) — (mg sina)t, (3.35b)
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which, in turn, produce the following reactions

pi1(t) = 3mg sina sin(2Q), (3.36a)
pa(t) = %mg sina cos(2Qt) — mg sina, (3.36b)
p3(t) = tmgR sina cos(Q). (3.36¢)

Therefore, by comparing the expression in Equations (3.36a)—(3.36¢) with Equations
(3.32a), (3.32b) and (3.19), we conclude that:

(i) The constraint V! has the effect to change the curvature of the trajectory of the

center of mass of the coin, i.e., the second time derivative of ql (1).

(ii) The constraint V2 produces a reaction force on ¢ opposing to the motion that,
in turn, determines the oscillatory behavior of the center of mass of the coin

along the y-axis.

Effect of a non-zero 6. The second scenario we examine for the “rolling coin”
problem concerns how considering non-zero values of 6y = qf’n, for the fixed value
of Q = 2mrad/s, affects the overall motion of the system. In particular, we will
compare the solutions when the chosen value of 6 belongs to the set {0, 7/2} (see
Figure 3.4). Note that, the two cases above describe the situations in which the initial
direction of rolling, indicated by the unit vector 7, is either aligned with the direction
of steepest descent (6p = 0) or is orthogonal to it (8p = /2). As in the study above,
we initialize the remaining generalized coordinates as qiln =0, qizn =0and qfn =0,
and the Lagrange multipliers as 41j, = 0 and A, = 0.

In Figure 3.4, we observe that in the case in which 6y = Orad, the trajectory of
the center of mass of the coin features an oscillatory motion that makes the center of
mass move in the positive direction of the x-axis without ever going backward in the
same direction. Instead, for 8y = m/2rad, the center of mass of the coin experiences
an oscillatory motion that moves the coin initially in the negative direction of the
x-axis. Since this behavior is periodic in the motion, a knot is produced in the

trajectory of the center of mass when # =~ 1s.

Finally, from Figure 3.5, we have compared, as done previously in Figure 3.3,
the pairs of “Lagrangian parameters — Reactive forces” that are obtained when € is
fixed at 2z rad/s and 6y € {0, 7/2} rad. In this case, by looking at Figure 3.5a-3.5c,
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Fig. 3.3 In 3.3a-3.3c the pairs “Lagrangian parameter — Reactive force” are represented by
continuous and dotted lines, respectively. In Figure 3.3d, 2;(7) and A,(¢) are represented
with a continuous and a dotted line, respectively.

we can draw similar conclusions to what we draw for the parametric study on Q.
Nevertheless, we acknowledge the fact that, when 6y # 0, then the reactive forces p
and p, are determined by an apposition of oscillatory motion with different angular
frequencies (see Figure 3.5a—3.5b). On the other hand, as shown in Figure 3.5¢, p3
is defined by only one cosinusoidal contribution that is shifted by the presence of a
non-zero 6. Indeed, these phenomena are explained by the analytical expressions
for the three generalized reactive forces, which, in the case of #;, = 0 and 6y # O,

read as follows:

p1(t) = $mg sina | sin(2Qt + 26p) — sinfy cos(Q + 6p) |, (3.37a)
p2(t) = %mg sina/[cos(ZQt + 26p) + sinfy sin(Qt + 00)] —mgsina, (3.37b)
p3(t) = %mg sinaR cos(Q1). (3.37¢)
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0.00 0.10 0.20 0.30 0.40 0.50
Lagrangian parameter ¢'(¢) [m]

Fig. 3.4 Trajectories of the center of mass of the coin for 8y € {0,7/2}rad which are
simulated from t;;, = Os to t5, = 25.

Note that the presence of non-zero 6y provides the same “reactive moment” p3(¢),
i.e., Equation (3.37c), that we had in the case with 8y = 0, i.e., Equation (3.36¢),
thereby manifesting the independence of p3(¢) with respect to 6.

3.2 The ‘““charged skate” benchmark

In this section, we study the dynamic equations for the benchmark problem of the
“nonholonomic skate” (see e.g. [13, 15, 55, 51, 50, 27, 54, 16, 68]), which we have
modified by introducing an electromagnetic interaction (see also [25]). Also in this
case, we employ the “modified vakonomic method” (MVM) with the objective of
showing how an interaction of this type can “break” the equivalence between the
MVM and the TNHM, thereby violating the hypothesis of Theorem 2.1. In particular,
the role of the Ansdtze, needed for the closure of Equations (2.42a) and (2.42b), is
investigated in the sequel.

We consider a three-dimensional rigid skate &, shaped as a rectangular paral-
lelepiped having mass m, length ¢, and cross section of area o2, that slides over an
inclined plane of an angle @ with respect to a horizontal plane. We assume that the
skate is electrically charged, with volumetric charge density e distributed uniformly
in S, so that the total electric charge of the skate is Q := efo>. Moreover, we let
the skate interact with a field of magnetic induction associated with the (co-)vector
potential A [66]. A graphical representation of S is reported in Figure 3.6.
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Fig. 3.5 In 3.5a, 3.5b and 3.5c the pairs “Lagrangian parameter — Reactive force” are
represented by continuous and dotted lines, respectively. In Figure 3.5d, 4; () and 1,(¢) are
represented with a continuous and a dotted line, respectively.

A coordinate system {O, (x, y, z) } is prescribed such that the x-axis is parallel to
the inclined plane and is aligned with the direction of steepest descent; the z-axis
“exits” the inclined plane and is orthogonal to it; the y-axis is such that the x-, y- and
z-axis form a right-handed triad; the origin O is fixed at the same z-coordinate as
the center of mass of the skate, hereafter denoted by G. Furthermore, we denote
by {ey, ey, e } and {e*, e”, e} the basis unit vectors and co-vectors, respectively,
associated with the coordinate system {O, (x, y, z)}.

By introducing (xg, yg,0) as the coordinates of G, and 6 as the angle between
the x-axis and the axis of the skate, we choose x, yg and 6 as the n = 3 Lagrangian

parameters of the mechanical system under study, thereby leading to the identification
q=(q".4*¢") = (x6,y6.0) [16].
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In the following, we will only consider the case in which the magnetic induction
field B = curlA is homogeneous in space and orthogonal to the inclined plane, i.e.,
B(x,y,z,t) = Bo(t)e_, so that the resulting Lorentz force, acting on the skate, is
parallel to the inclined plane itself. To this end, we design the (co-)vector potential
tobe A(x,y,z,t) = [—%Bo(t)y]ex + [%Bo(t)x]ey.

Fig. 3.6 Graphical representation of the “charged skate” benchmark problem. This image
was first showed during the conference “The coupled nonlinear continuum theory horizon”
held in Castro Urdiales, Spain, on July 1-5, 2024, within the presentation of the abstract
“Towards a variational theory of nonholonomic continuum media: the discrete mechanics
scenario’, authored by A. Pastore, A. Giammarini, A. Grillo.

Given the premises above, and if, in addiction to the considered magnetic
interactions, we also account for the gravitational interaction, then the Lagrangian of
the skate reads [16, 27, 54, 50]

OCto

Lo(g.4,7)=im [(ql)2 + (D)2 + B2 (32| + (mg sina) g
| Fimgsine)q.

j(oq' ugoq

A U E AR o FRNCED

U 0 (.4.7)

where K = K o g is the kinetic energy; U, = ﬂg ogand Uy, = Up o (g, q, ) are the
gravitational and magnetic potential functions, respectively; g is the magnitude of
the gravity acceleration vector, and By = By o 7 is the magnitude of the magnetic
induction field.
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By denoting by n = cosfe, + sinfle, the unit vector aligned with the skate’s axis,
we assume the velocity of the center of mass of the skate, v, to remain always
parallel to n. This condition, written in the physical space as v X rn = 0, prescribes
the nonholonomic constraint to be [16, 27, 54-56, 50]

V=V o (g,4) = (sing®)¢' — (cosq®)g* = 0. (3.39)

Note that the absence of ¢ in the constraint (3.39) is sufficient to conclude that the

o cn 393 : 3_:3 _v3 3 h
transpositional relation n 5 — 11, must be zero, i.e., 7 gy = L Wing = 0. In turn,
this means that the coefficients W31, W>,, and W33 must be either identically zero or
such that their combination with n ;, nf], and 772 is zero because of Lagrange—Chetaev’s
conditions (2.12).

3.2.1 The traditional nonholonomic approach

In this section, we compute the dynamic equations produced by the TNHM for
the “charged skate” problem. Hence, we specify the Euler—Lagrange operators in
Equation (2.28a) for the Lagrangian in Equation (3.38), i.e.,

&1L ot = -mg' + QBog* + 10Bog* + mg sina, (3.40a)
€L 0§ = -mg* — OBog' - §0Boq", (3.40b)
€L o= —Lm( + 0H)§ - L0Bo(6* + ), (3.40¢)

and, by substituting Equations (3.40a)—(3.40c) as well as the constraint (3.39) into
Equations (2.52a) and (2.52b), we find the TNHM dynamic equations for the “charged
skate” problem to be as follows:

mg' — py sing® = mg sina + QBog* + 10Bog, (3.41a)
qu + cosq3 = —QBoc]'1 - %QBoql, (3.41b)
Em(6* + 0§ = -L0(6* + %) By, (3.41c)

(sing®)g' - (cosq?)g* = 0. (3.41d)
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We notice that Equations (3.41a)—(3.41c) can be recast in a more suggestive form

by rewriting them in terms of the canonical momenta:

d

T [m il — %QBoqz] = sinq3 + mg sina + %QBOq'z, (3.42a)
=P1

il

5 |md+ %QBOCII] = —p1 cosq> — 30Bod", (3.42b)
=p2

il

4 Sm[f* +0?1¢* + £0[6* + c*]By| = 0. (3.42¢)

=p3

Note also that, since the Lagrangian parameter ¢° is “ignorable” [11], Equation
(3.42c) is equivalent to state the conservation of the generalized momentum conjugated
with q3, which, thus, turns out to be an integral of the motion, i.e.,

pa(t) = g—;w(t)) Sm[l* + 0?17 (1) + 5 [6* + 0?]0Bo(1) = C,  (3.43)

with C being an integration constant.

3.2.2 The Modified Vakonomic approach

Now, we apply the procedure reported in Section 2.2 to the problem under study.
Hence, we solve Equations (2.42a) and (2.42b) in compliance with the solvability
conditions (2.40a) and (2.40b), for the case in which the Lagrangian function and
the constraint are of the type specified in Equations (3.38) and (3.39), respectively.

To this end, we express the conditions in Equation (2.34), for k € {1,2,3} and
with @ = 1, in the case in which the considered constraint is the one reported in
Equation (3.39):

DV ot = (sing )W'| = (cosg®)W?| — (cosq?)¢> =0, (3.44a)
D,V ot = (sing®)W's — (cosqg®)W?, — (sing*)¢> = 0, (3.44b)
D3V ot = (sing®)W's — (cosg®) W23 + (cosg?)g' + (sing?)g> = 0. (3.44c)
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To find all the coefficients W, we proceed as follows:

3.2.3 Case A: Llibre et al.’s auxiliary functions

In the sequel, we take the same auxiliary functions as those suggested by Llibre et al.
[16] for the case of the “nonholonomic skate” without magnetic field (see also [25]
for comparison). However, we flip their order from the one reported in [16], thereby

writing

FP=Folh =4’ (3.452)
F=F o= (cosqg’)g' + (sing®)g?, (3.45b)

to emphasize that the choice of these functions must respect the criterion given in
Ansatz 1. In particular, this means that they must respect the transpositional relation
77(32 - 77?1 = 22:1 w3 hnf]‘ = 0, and, indeed, 72 o fj = > ensures the fulfillment of this

condition in strong way, as can be seen by the equations

D FPof =W =0, (3.46a)
DyF? o= W, =0, (3.46b)
D3F? o =W =0, (3.46¢)

Conversely, the auxiliary function in Equation (3.45b) leads to the conditions

D1 F3 o = (cosg®)W!| + (sing®)W?; + (sing®)¢> = 0, (3.47a)
DrF o ff = (cosg®)W's + (sing®) W2, — (cosq®)g® = 0, (3.47b)
D3F3 o8 = (cosg®)W's + (sing®)W?3 — [(sing®)¢' — (cosq®)¢*] = 0. (3.47¢c)

=0

We remark that, as anticipated in the Ansatz I of Section 2.3.1, Equation (3.45b)
identifies 3> with the component of the projection of v onto the unit vector n,
namely F3 = v - n, which is the geometric interpretation of a quasi-velocity.
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By solving the linear algebraic system in Equations (3.44a)—(3.44c), (3.46a)—
(3.46¢), and (3.47a)—(3.47¢) for the unknown coeflicients W”;, we have [16]

0 q-3 _ 22
W=|[-¢ 0 ¢']|. (3.48)
0 0 0

Hence, by substituting Equations (3.40a)—(3.40c) and (3.48) into Equations (2.42a)
and (2.42b), we obtain that the dynamic equations returned by the MVM for the
“charged skate” problem read

mg' — Ay sing® = mg sine — mg*¢> + QBog” + S0Bog® — 10Bog'q’, (3.49a)

mg* + A1 cosq® =mg'¢* — 0Bog" - L10Boq' - 10Bog*¢’, (3.49b)
Bm(C+02)§ = —30(C + 0%)Bo + 50Bo(q'd" + ¢°d%), (3.49¢)
(sing’)g' — (cosq?)g* = 0. (3.49d)

For ease of comparison with the TNHM, we rewrite Equations (3.492)—(3.49¢) by
highlighting the canonical momenta, i.e.,

T mqg' - %QBoq2 = A, sing® + mg sina + %QBocj2 — pag’, (3.50a)
=p1

d| . | . . .

5 |md® + 30Boq" | = A1 cosq® - 30Bog" + p1d’, (3.50b)
=pr2

d| . . .

5 Sm[ +0%¢ + L0+ d?]By| = $0Bolqg'¢' +4%°¢*] . (3.50c)

=P3 ==p1¢*+p2g!

From Equation (3.50c), we notice that the generalized momentum p3 is not conserved
with the functions 32 and F° of Equations (3.45a) and (3.45b) characterizing Ansatz
1 for this problem. The criticality with this choice of functions is that they do not
guarantee the equivalence between the MVM and the TNHM, i.e., the characterizing
condition of Theorem 2.1 in Equation (2.55a) is not satisfied. Indeed, such condition
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would require the vanishing of the quantities
(cosq®)(WTp)1 + (sing’)(W'p)s  and  (W'p)s, (3.51)
which, in the case considered, i.e., with W as in Equation (3.48), are instead

(cosq™)(WTp)1 + (sing®) (W'p)> = =30Bolg' cosq’ + ¢ sing’1¢> # 0, (3.52a)
(W'p)s = 50Bolq'¢" +4°¢%] #0, (3.52b)

where the right-hand sides of Equations (3.52a) and (3.52b) stem from the terms

making the momenta affine in the velocities.

Hence, if we take the same auxiliary functions as in [16] for the problem at
hand, then, although the transpositional relations are maintained, the MVM is not
equivalent to the TNHM, since Equation (2.55a) of Theorem 2.1 is not satisfied, and

a conservation law, which should exist, is lost.

Remark 3.4 (“Canonical flip” [57, 52] for the Case A of the “charged skate”).
Similarly to what has been done in Remark 3.2, the matrix W in Equation (3.48)

allows to choose the coefficients C”;; of the associated “Canonical flip” as follows

Clg® =Wy = +4° = Cl3=0'50qg=+1, (3.53a)
Clyg? = Wl = —¢? = @lyu=Cyog=-1, (3.53b)
C*314° = W? = -¢° = % =0%0q9=-1, (3.53¢)
C213¢" = W23 = +¢' = 53=0%30g9=+1. (3.53d)

As for the “rolling coin”, all the other entries of ", can be set equal to zero.

Remark 3.5 (The “charged skate” in the case of momenta linear in the velocities).
The fact that, with the matrix W of Equation (3.48), the results (3.52a) and (3.52b)
spoil the fulfillment of Theorem 2.1, and make, thus, the MVM not equivalent to
the TNHM, is a direct consequence of the last three summands of the Lagrangian
function (3.38), which correspond to 22:1 [Zh o (g, 7)]4", and render the momenta
affine (rather than linear) in the generalized velocities. However, if we follow the
approach presented in Section 2.3.4, so that we deal with Equations (2.59a) and
(2.59b), the dynamic equations (3.49a)—(3.49d) for the charged nonholonomic skate
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with the magnetic interactions regarded as (pseudo-)polygenic [11] become

mg' - Aising® = -mg*¢> + [0Bog® + 10Bog?] +mgsine, (3.54a)
——
=(WTpg); =Q;

mc'j2 + 4 cosq3 = +mq‘1q'3 + [—QBoq'l - %QBOCII], (3.54b)
~———
=(WTpp), =0,

Im(*+0%@ = 0 + [-50(6 + %) By, (3.54¢)

=(WTpo)3 -0,

(sing*)¢' - (cosq?)¢* = 0. (3.54d)

Accordingly, the condition (2.55a) of Theorem 2.1, instead of Equations (3.52a) and
(3.52b), produces

(cosq®)(WTpg)1 + (sing®) (WTpg)s = —(cosqg®)mg*¢> + (sing®)mg> ¢!
=mq’[(sing®)¢' — (cosq®)¢*] =0, (3.55a)
(WTpo)3 = —=¢*mg" + ¢'mg* = 0, (3.55b)

with the right-hand side of Equation (3.55a) being null by virtue of the constraint.
Therefore, within the present formulation, Equation (2.55a) of Theorem 2.1 is
automatically satisfied, and Equation (2.55b) follows by working out the terms
Ay sing® — mg?¢3® and -4, cosq® + mg' 3.

3.2.4 Case B: Direct use of Theorem 2.1

In addition to what has been done in Remark 3.5, we may also reason in a different
way, which constitutes the core of Ansatz 2. Specifically, to compute W, we adopt the
conditions supplied in Equations (3.44a)—(3.44c) and (3.46a)—(3.46¢), which stem
from the constraint and from the use of 52 o | = ¢°, respectively, and, in lieu of
introducing 33, we invoke directly Theorem 2.1, thereby requiring the vanishing of
the quantities in Equation (3.51):

(cosq”) (WTp); + (sing®) (W'p),
= picosg’ W' + pysing®W's + pacosg® W2 + pasing®W?, = 0, (3.56a)
(WTp)3 = p1W's + poW?3 = 0. (3.56b)
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This guarantees the equivalence between the MVM and the TNHM.

It is important to remark that the conditions (3.56a) and (3.56b) amount to
requiring that the vector associated with WTp lies on the plane on which the skate’s
motion takes place and is orthogonal to the skate’s axis. Thus, the plane projection
of this vector is orthogonal also to the velocity of the skate’s center of mass vg,
so that the force WTp produces no power on v. Moreover, by virtue of Equation
(3.56b), WTp produces no source/sink of momentum for p3, so that it does not spoil
its conservation.

The eight conditions (3.44a)—(3.44c), (3.46a)—(3.46¢), (3.56a) and (3.56b) permit
to determine the nine coefficients of the resulting matrix W up to an arbitrary function

o, i.e.,

Wl = o, (3.57a)

wl, = P243
2 - . 3 3 . 3
sing” [p1 cosq® + p; sing|
¢! cosq® + ¢* sing?

— ocotg’, (3.57b)

W3 =—p I (3.57¢)
P1COSg + P2 sing
W2 = -4 + otang’, (3.57d)
3 3
Sin — COS
p1cosg> + posing?
-1 3 22 i3
COS + Sin
W2 = p L 2 2 (3.57f)
P1C0sq° + ppsing
W31 = W32 = W33 =0. (3.57g)

Hence, the equations of motion (2.42a) and (2.42b) take on the form

L= A sinq3 + mg sina + %QBoc]2 - p2q'3 + Q[p1 + p2 tanq3], (3.58a)
p2 = —Aicosq’ = L0Byg" + pag’ cotg® — o[pa + p1 cotg?], (3.58b)
p3 =0. (3.58¢)

Thus, as predicted by Theorem 2.1, the MVM is equivalent to the TNHM, provided

the following identification of the Lagrange multipliers is made:

ty = A — p26]3 cscq3 + Q[p1 cscq3 + p2 secq3]. (3.59)
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Note that, because of the equivalence between the two methods, the present refor-
mulation of the MVM conserves the momentum p3, that is, Equation (3.58¢c) is
identical to Equation (3.42c). In this respect, it should also be noticed that, even
though Equations (3.58a)—(3.58c) apparently depend on o, which is still unknown,
this dependence is not effective. Indeed, if the MVM has to be equivalent to the
TNHM, this dependence cancels out by virtue of Equation (2.55a) of Theorem 2.1
when the equations of motion are put in the form (2.51a). This means that, if the
equivalence between the MVM and the TNHM is maintained, the determination of
the motion does not require the complete knowledge of W and, thus, of 0. However,
as predicted by Equation (2.51b), the Lagrange multiplier A; does depend on o,
thereby yielding a one-parameter family of solutions that are all equivalent to those
obtained by the TNHM and lead to one, and only one, u;. Clearly, as anticipated in
Ansatz 2, o can be determined through a physics-based condition, or by adopting
Corollary 2.1, which requires WTp = 0. In particular, the latter case retrieves the
condition pointed out by Ramirez and Sadovskaia [59], and, later, by Llibre et al.
[16] (see, in particular, Theorem 3 of [16]).

Before closing this section, we find it convenient to summarize the results that

we deem particularly noteworthy in the following Remarks.

Remark 3.6 (Consequences of the adopted methodology).
Transpositional relations. Given the matrix W, whose coeflicients are reported in

Equations (3.57a)—(3.57g), the transpositional relations characterizing the problem

at hand are
1 1 P2623 2 quz 3
g =g = My 7, (3.602)

~ sing? [p1cosq® + pasing?| - sing3|p1 cosq® + pa sing?|

o o 3.4, P2cosg’ —pising’ 5 5 §'cosq’ +¢*sing’

Mg =g = q’74+pcoss 3974 3 3
1 q° + p2sing P1C€0sq° + pj sing

ng =1 = 0. (3.60¢)

pin;. (3.60b)

It is interesting to notice that the unknown parameter o featuring in some coeflicients
of W, i.e., in Equations (3.57a), (3.57b), (3.57d) and (3.57e), does not enter the
transpositional relations in Equations (3.60a)—(3.60c) because of the Lagrange-
Chetaev condition in Equation (2.12).

Indetermination of the matrix W. Our formulation of the MVM according to Ansatz

2, which renounces to one of the auxiliary functions, and invokes directly Theorem
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2.1, does not determine univocally all the 9 entries of W. This is testified by the
independent unknown o, and follows from the fact that the conditions delivered by
Equation (2.55a) are only two (difference between the total number of Lagrangian
parameters, i.e., 3, and number of constraints, i.e., 1). Even though this could seem
to be a deficiency of our approach with respect to the one developed in [16], one can
assign or determine o through other conditions, e.g. physically inspired, as suggested
by Ansatz 2.

Remark 3.7 (“Canonical flip” [57, 52] for the Case B of the “charged skate”).
Although the case analyzed here shares some similarities with Remark 3.4, some
changes arise, which are worth of being investigated. This time, we start looking at
Equations (3.60a)—(3.60c), and we compare them with the relationships (2.21). To

this end, we notice that Equations (3.60a) and (3.60b) can be rewritten as

3 3
. P2 CScq .32 P2 CSCq .2
NG~ = 3 — g - 3 —d’ng, (3.61a)
p1cosq> + pjsing p1cosqg + pjsing
2 _ 2 _ pi1cosq’ 3ol L pi1cosq’ 13
Mg =g = 3 3494 3 347
p1cosg? + pjsing p1cosqg + pasing

~ pising’ 32 pising’
p1cosg’ + pasing3” "1 pjicosg3 + p;sing

-2.3
<d*nj,  (3.61b)

where, to obtain Equation (3.61b), we have made use of the Lagrange—Chetaev

condition (sinq3)n}1 - (cosq3)n§ = 0. Hence, a direct inspection yields

3
A 5 CSC A
Cly=C'no(gp) = 2 3 L ;= —C'n=-C'no(q,p), (3.62a)
p1cosg3 + pysing
3
A p1cosq A
%1 =C%10(g,p) = - 3 — =—C%;3=-C%130(q,p), (3.62b)
P1COSg” + pp SIng-
p1sing’

= @23 = —C%30(q. p), (3.62¢)

Cn=Cpo(g,p) =~ 3 —
p1c€0sq> + pa sing

whereas all the other coefficients of ", can be set equal to zero. It should be noticed
that, in the present situation, the nonzero coeflicients reported in Equations (3.62a)—
(3.62c) are functions of both the Lagrangian parameters g and of the generalized
momenta p. This result is, in fact, a consequence of the Lagrangian function featuring
a term linear in the velocities, which, in turn, renders the momenta affine functions
of the velocities themselves, and is in harmony with the functional dependence
prescribed in [59, 16] for the entries of the matrix W. We emphasize that, in
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Equations (3.62a)—(3.62c), the identifications of the functions Cly is purely formal,

since we have not determined them through the assignment of a set of quasi-velocities.

Remark 3.8 (Absence of electromagnetic interactions [16]). If the interaction with
the magnetic field is switched off (i.e., if Bo(7) = 0 is zero at all times), Equations
(3.50a2)—(3.50c), as well as Equations (3.58a)—(3.58c) upon setting o = 0, simplify
to the case already addressed in [16]. In particular, we obtain the same dynamic
equations found by Llibre et al. [16] by employing W as in Equation (3.48) for the
“nonholonomic skate” problem, i.e., [16]

p1=mg' = —-mg*q> + mg sina + A; sing?, (3.63a)
pr=mic = mglqd — A cosq’, (3.63b)
p3 =0. (3.63¢)

Moreover, the matrix W with coeflicients in Equations (3.57a)—(3.57g) trivially
reduces to the one in Equation (3.48). Hence, by removing the magnetic interaction,
the equivalence between the MVM and the TNHM is restored again for Case A, while,
in Case B, the equivalence was already present even with the magnetic interaction.
In both cases, the assumptions By = 0 and ¢ = 0 induce the same relation between

the Lagrange multipliers of the two methods, which reads
pi = A1 —mg*q’ eseq® = Ay —m|[¢' cosq® + ¢* sing’| ¢, (3.64)

where the last equality is obtained by working out cscg® and employing the constraint.
Finally, the absence of the magnetic interaction allows the transpositional relations to

simplify to the ones found in [16], i.e.,

my =Ny =M -4, my—na=4q'ng—d’n,  m-m=0. (3.65)

3.2.5 Case C: New formulation of the constraint

Looking at the relationship connecting the generalized velocities and the momenta,
the constraint (3.39), the expression of the functions 32 and 7 supplied by Llibre et
al. [16], and the matrix W of Equation (3.48), we notice that there exists a sort of
“natural pattern” among all these characteristic features of the considered problem.

Indeed, by referring to Case A, both in Equation (3.39) and in 33 there appear the



3.2 The “charged skate” benchmark 75

same constrained velocities, whereas F> involves the “unconstrained velocity” ¢>.
Moreover, the structure of W is such that: its first 2 X 2 block is skew-symmetric in
c]3; its last column features the components of the vector e3 X v, which has zero
projection onto the skate’s unit vector n, so that the mixed product (e3 X vg) - n
vanishes, thereby returning the constraint; and its last row is null. These results render
the MVM equivalent to the TNHM in the absence of the magnetic field, as highlighted
in Remark 3.8, although they lead to a loss of equivalence in the presence of the
magnetic field, as made evident in Equations (3.50a)—(3.50c) and in the subsequent
discussion. It was indeed this broken equivalence, and the need for restoring it, that
made us “re-design” W to obtain the matrix in Equations (3.57a)—(3.57g) under the
guidance of Theorem 2.1. However, this required to renounce to the “natural pattern”
mentioned above. Yet, this pattern can be recovered by redefining the constraint in
such a way that the effective velocities of the skate, i.e., pi/m and p,/m (or (M~!p);
and (M~!p),, in matrix notation), rather than ¢' and ¢, are constrained. Clearly, this
amounts to modifying the original problem, but in a still physically sound way, so
as to account for the velocity shift induced by the magnetic field by passing from
a constraint linear in the velocities ¢! and ¢ to one affine in these velocities (see
Equation (3.66) below).

By virtue of the discussion above, and setting y := %, we introduce

= Vhew 0 i = (sing’) B — (cosq™) 22
=sing’ [¢' - xq°] - cosq’ [¢* + xq']
= (sing’)g" — (cosq’)¢” - x[(sing”)q* + (cosq’)q' |
0. (3.66)

fVl

new

The new constraint expressed in Equation (3.66) suggests that the “natural pattern”
discussed above can be recovered by defining also the auxiliary functions in terms of

the effective velocities, i.e.,

Foow = Toewoli= @ +x (3.67a)
———
= 12p3/m[*+02]
Foew = Foew 0 1= cosg” [¢" — xq?] +sing® [¢* + xq'] . (3.67b)

| — —_———
= pi/m = pa/m
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Accordingly, the new solvability conditions read

@W}lew off = (sinq3)W11 - (cosq3)W21 - (cosq3) [q'3 + X] =0, (3.68a)
DaVlew ot = (sing®) W'y — (cosg®) W — (sing®)[¢° + x] = 0, (3.68b)
D3Vnew ot = (sing”)W's — (cosq®)W?3 + (cosq™) L + (sing’) 22 =0, (3.68¢)
Dy Fpew o = W3 =0, (3.68d)
Dzﬁfﬁew off = W3 =0, (3.68¢)
D3F oy o = W53 =0, (3.68f)
D1 Fpew © f = (cosg”)W' + (sing”)W?| + (sing”) [¢° + x] = 0, (3.68g)
Dy Fpew o = (cosg®)W's + (sing”)W?; — (cosq) [¢* + x| = 0, (3.68h)

D3F iy 0 = (cosg®)W's + (sing®) W25 —(sing®) 2L + (cosq”) 2 = 0. (3.68i)

=0

Finally, by virtue of these results, the new matrix Wy, which solves Equations
(3.68a)—(3.681), takes on the form

0 (¢ +x) —(d*+xq")
Whew = |- (¢° + x) 0 (' - xq?) |- (3.69)
0 0 0

which corresponds to shifting the original matrix W4 in Equation (3.48) by a matrix

0 1 —4!
Wiag = x |-1 0 —¢?|, (3.70)
0 0 0

which accounts for the interaction of the skate with the magnetic field, i.e., Wpew =
Wold + Wmag-

We notice that, since the new constraint V!, in Equation (3.66) is the sum of
the original constraint in Equation (3.39) and of an additional term not involving
the generalized velocities, the condition in Equation (2.55a), which guarantees the
equivalence between the MVM and the TNHM, requires the vanishing of the same
terms displayed in Equation (3.51). Indeed, by computing the product WL p, we
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observe that the equivalence is satisfied, since the following identities hold:

) 12p3 | . 3p1 D2
(c0sq”) (WeywP)1 + (sing?) (Wi p)2 = 7102 SIHCI3; - 008613; =0,

(3.71a)

P2 Pl

(WLp)s = —=pi + —py =0. (3.71b)
m m

Moreover, the dynamic equations returned by the MVM with the new formulation
of both the constraint in Equation (3.66) and the auxiliary functions in Equations
(3.67a) and (3.67b) read

p1 = Ay sing® + mg sina + 10Bog® - ps (q'3 + X) , (3.72a)
pa = —dicosq® = 30Bog" + p1 (¢ + x). (3.72b)
p3 = 0. (3.72¢)

Finally, the relation between the Lagrange multipliers of the MVM and the TNHM
is a direct consequence of Equations (3.72a) and (3.72b), and, following the same

procedure as in Equation (3.59), it holds that

Uy = A - (p1 cosq3 + p2 sinq3) (cf +)() . (3.73)

Remark 3.9 (“Canonical flip” [57, 52] for the Case C of the “charged skate”).
Looking at Equation (3.69), it is immediate to notice that, in spite of the presence of
the factor y, the structure of the “new” matrix Wy, is the same as the one obtained
for the Case A (see Equation (3.48)), with the sole difference that the entries of Wiy
coincide with the components of the momenta of the theory, p, normalized by the
corresponding components of the mass matrix. A direct consequence of this fact is
that the coefficients "y, of the “Canonical flip” characterizing this version of the
considered problem are exactly those determined in Remark 3.4, provided that the

transpositional relations are written as

12 p3 2 P2 3

77,1; - 7731 =+ (¢’ +X)7731 - (¢* +Xq1)772 =+ mﬂq - g (3.74a)
~—— ——— S~
=3 =72
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12 p3 P1
2 0 .3 1 a1 2.3 _ 1, P13
ng =y ==(4 +xn,+(q —xq)m, = T ror et T (3.74b)
~——— S~
=73 =l
m, — 1, =0, (3.74c)
where 7!, 72, and 7® are the normalized momenta, and can be interpreted as the

effective velocities of the problem at hand (in the sense that they are the physical

quantities, having physical dimensions of velocities, that are effectively constrained).



Chapter 4

Concluding remarks of Part I

The content of this chapter is taken from [1].

In Part I, we have employed the “modified vakonomic method” (MVM), introduced

by Llibre et al. [16], to achieve four main results that, in our opinion, may deepen

the understanding of vakonomic mechanics:

@

(ii)

We have shown that, for the “rolling coin” problem, the TNHM and MVM
are equivalent. By doing so, we have proven that the methodology outlined
in [16], which, however, was not adopted therein for this problem, allows to
reconcile the vakonomic approach with the traditional one, at least for the
considered case. This result, in fact, confirms the statement given by Lemos
[17], who spoke of “complete inequivalence between the vakonomic and the
non-holonomic method”, but it contextually indicates how to overcome this

inconsistency by using the procedure developed in [16].

After testing the methodological power of the MVM with the “rolling coin”, we
have considered another widely studied problem, namely, the “non-holonomic
skate”, and we have elaborated a variant of it obtained by assuming the
skate to be electrically charged and exposed to an imposed, homogeneous
magnetic field (we have, in fact, modified the framework outlined in [25]).
We emphasize, in this respect, that, whereas Llibre et al. [16] studied the
uncharged “non-holonomic skate” by using their MVM, we have studied the
variant to this problem described above in two steps. First, we have employed
the MVM as is (i.e., as formulated in [16]), and we have seen that, according to
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Concluding remarks of Part I

(iii)

(iv)

our results, it is not equivalent to the TNHM as long as the auxiliary functions
of the MVM are taken like in [16]. However, our second step was to show that,
by following the rationale supplied by Theorem 2.1, the equivalence can be
restored through a suitable set of conditions on W entering the transpositional

relations.

Theorem 2.1, in fact, is the result that states the characterizing conditions by
which the MVM can always be made consistently equivalent to the TNHM.
This, however, requires to further modify the MVM according to the physical
motivations given in Ansatz 2. Although the germinal idea of this modification
is already present in [59] (cf. the condition WTp = 0, in our notation) and in
[16] (cf. the unnumbered equation in the Remark 19 of [16] with our Equations
(2.55a) and (2.55b)), we have reinterpreted and expanded it to formulate a
new criterion, which we may call “M2VM”, where “M?” stands for “Modified
Modified”. The reason for this, as remarked in Section 3.2, is that one can
formulate problems for which it is not straightforward to find a full set of
auxiliary functions guaranteeing the equivalence between the MVM and the
TNHM. Therefore, in our opinion, the approach outlined in [16] should be

augmented by invoking Theorem 2.1.

In Section 3.2.5, we have highlighted the existence of a “natural pattern”,
and we have discussed how this “pattern” is not respected when the charged
nonholohomic skate is subjected to the classical constraint (3.39), and the
auxiliary functions supplied in Equations (3.45a) and (3.45b) are used (cf. [16]).
Thus, we have proposed a variant of the constraint in which the constrained
velocities are the effective ones, 1.e., those obtained by dividing the momenta p;
and p, by the mass, and p3 by the corresponding coefficient of the mass matrix,
and we have re-defined the auxiliary functions in terms of such velocities.
As reported in Section 3.2.5, this restores the pattern and allows to apply the
MVM by Llibre et al. [16] as is. In addition, this way of looking at a given
mechanical problem could lead to a more physical conception of the constraints
which may result, for instance, in the passage from a constraint linear in the

velocities to one that is affine in them.

We are aware of studies (see, e.g., [15, 31, 7]) suggesting that, for some problems

of field theory or geometric control theory, the vakonomic method leads to results

that are sometimes believed to be physically remarkable in comparison with those
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obtained with the traditional non-holonomic method. This belief, in our opinion,
promotes further investigations on the vakonomic method, with its generalizations,
and on its relationship with the TNHM. In this respect, it is important to emphasize
that the aim of our work is not to affirm that the TNHM should always be taken as
reference for all types of problems, and that, thus, other methods (e.g. the MVM)
should always be made equivalent to it. However, we are saying that, if there are
physical reasons —even very subtle ones— hinting that the MVM can be made
equivalent to the TNHM, then this equivalence must be accounted for. Indeed,
following this philosophy, we highlighted, through Theorem 2.1, the possibility of
applying the variational approach of Llibre et al. [16] to a class of problems that the

scientific community regards as correctly described by the TNHM.

It should be noted that, by promoting the further study of the vakonomic
procedure, we intend the study of generalized variational procedures that well-suit
the nonholonomic setting and, when expected, should be consistent with the TNHM.
In fact, to our knowledge, there is no experimental evidence implying that the
VM is better than the TNHM in modeling classical mechanical systems subjected
to nonholonomic constraints (see e.g. [26, 50]), but this discussion is out of the
scope of our work. In light of the previous sentence, our interest for the MVM
relies on the possibility of having a fully-variational procedure specialized to non-
holonomic systems, which, while being consistent with the TNHM, allows to exploit

the Lagrangian formalism.

As a last remark, we would like to emphasize that our work served, essentially,
two main purposes. The first one was to satisfy our need to test the MVM in its
original formulation by [16] against both standard (see Section 3.1) and non-standard
(see Section 3.2) problems in order to see whether or not the consistency with the
TNHM holds. Exactly in this spirit, we view our work as an instructive “exercise” on
the MVM. The second purpose, instead, was to propose some modifications of the
MVM that ensure both the consistency with the TNHM (see Theorem 2.1) and the
fulfillment of the appropriate transpositional relations (see Remark 2.2.2). Given the
results above, future investigations could make use of the insight gained in this work
on the MVM to look for symmetries in complicated systems (see [63] for a review
on Noether’s theorem in non-holonomic systems), and for extending the MVM to the
continuum setting as a tool for approaching the rheonomy and non-holonomy of the

inelastic processes [23, 32].
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Biomechanical problems






Chapter 5

An approach to growth mechanics
based on nonholonomic constraints

The content of this chapter is taken from [2], as well as from its Supplementary
Material. Note that the labels employed in some of the figures reported in Section 5.6
differ from those reported in the Supplementary Material of [2] to adhere with the

change in notation from “K” to “F,”.

5.1 Return ticket from growth to Analytical Mechanics

The primary purpose of this chapter' is to construct a quasi-variational theory of
the mechanics of volumetric growth. By “quasi-variational” we mean that, even
though we formulate a field theory of growth, with its own Lagrangian density
function and action functional, we also need to consider peculiar interactions that
do not admit a potential, not even in generalized sense. These interactions can
rather be described by force-like entities [69] (see also [70], and [10, 71] for the
rationale behind this approach), which have to be deduced constitutively when they
are regarded as internal, or assigned phenomenologically when they are rated as
external. In both cases, however, they can be so complicated and problem specific,

that they cannot be determined from a single scalar function. For this reason, such

'The wording “return ticket” in this context was first used during the conference “Giornata
Signorini” held in Florence, Italy, on December 15, 2023, within the presentation of the abstract “A
revisitation of Kozlov’s Vakonomic Mechanics: modifications, reconciliation, and new perspectives”,
authored by A. Pastore, A. Giammarini, A. Grillo.
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forces are referred to as non-potential, or “polygenic” in the terminology of [11],
while those that can be obtained by differentiation of a generalized potential are said

to be “monogenic”, or “single-generated” [11].

While non-potential forces must be allotted in a model of growth to study
biologically relevant situations, the Lagrangian density function of a growing
medium is “apodeictic”z, i.e., it represents a model that is “true” by itself, since it
is assigned on the basis of all the hypotheses done on the body (see also [72]). In
other words, the Lagrangian density function is constructed so as to account for all
the items of information that can be “condensed” in one (pseudo-)scalar quantity.
Therefore, if the body is assumed to be hyperelastic, and if one can find, or design,
interactions that admit generalized potentials, such as inertial forces (although they
are often negligible), gravity, and forces acting on the body’s internal structure, then
the Lagrangian function will consist of the body’s kinetic energy, strain energy, and

all the other potential terms that participate in the body’s dynamics.

Why a Lagrangian theory of growth: advantages and problems. Aside from
mathematical elegance, a Lagrangian theory of growth has some advantages. To
mention a few: it is self-contained; up to non-potential forces, it encloses both the
“direct” and the “configurational” dynamics of a body [73, 10, 74], and it unfolds
each of them depending on the variations that are performed on the arguments of the
body’s Lagrangian function (here, the adjectives “direct” and “configurational” are
intended as in [73], and [10], respectively); through Noether’s Theorem (see, e.g.,
[75, 76,74, 63,77]), it provides the natural device for investigating the symmetries of
a body, the related conservation laws, and the symmetry breaking brought about by
growth along with its consequences on the body’s overall dynamics [77]. In addition,
a field-theoretical approach to growth can be inherently geometrized [78—80], so as
to account for the phenomenological aspects connected with the incompatibility of
the distortions induced by growth [81], and it supplies the basis for including other
theories, like that of micromorphic media [82].

Yet, to benefit from all these advantages, one has to answer the question as to
whether the Lagrangian density function of a growing body is able to account also

for the core feature of the mechanics of volumetric growth, which is the presence

2We are thankful to Prof. Gaetano Giaquinta (1945-2016) for teaching us the meaning of this
word in relation to Lagrangian functions.
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of mass sources that, acting in the body’s interior, trigger its variation of mass [83].
These sources are positive when mass increases, as is the case for cell proliferation in
tumors, and negative when mass is depleted due to removal processes such as necrosis
or apoptosis [84, 85]. In both situations, they appear in the body’s mass balance law,
and must be characterized very accurately in order to capture the combination of the
biochemical, biophysical, and mechanical stimuli from which they originate (see,
e.g., [69, 86]).

Mass sources: a posteriori and a priori approaches. To our knowledge, two
distinct paths can be followed for characterizing mass sources in accordance with
experimental evidences. As reported in [87], the functional form expressing a mass
source is called “growth law”, and it can be determined by employing “a posteriori
approaches” or “a priori approaches”. Both rely on the Bilby—Kroner-Lee (BKL)
decomposition of the deformation gradient tensor of the growing medium under
study. The anelastic factor of such decomposition, termed growth tensor, is identified
with the descriptor of the medium’s structural transformations accompanying its
growth. A crucial aspect is that the mass balance law of the medium can be recast in
the form of a relationship between the mass source active in it and the trace of the
time rate of the growth tensor (see, e.g., [83, 73, 88-90]).

In the a posteriori approaches, an initial and boundary value problem is formulated
for determining both the motion and the growth tensor of the body, and, once the
growth tensor is known, the source of mass is obtained “a posteriori” [87, 91] by
setting it equal to the trace of the growth tensor time rate [73, 90, 77]. It should be
noticed that, even describing the evolution of the growth tensor very accurately, the
growth laws obtained with the a posteriori approaches, being calculated quantities,
may exhibit discrepancies with the ones observed experimentally.

In the a priori approaches, the growth law is prescribed by the modeler to
reproduce experiments [92-94], to comply with phenomenology [88, 89, 95, 84, 96—
98], or to test the response of a medium to a mass source designed to match some
target biomechanical behavior. This may occur, for instance, in control problems,
or when a specific medicament is analyzed. In all these cases, using the knowledge
of the given growth law in the mass balance of the medium under study amounts to
imposing a condition on the time rate of its growth tensor. If the latter is viewed as

a generalized kinematic variable [69, 86], this condition acquires the meaning of a
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constraint 23, 32]. In particular, unless very specific growth laws are considered, this
constraint can only be expressed as a differential relationship, and is thus classified as
nonholonomic [11, 13, 12, 14], i.e., it cannot be obtained by time differentiation of a
scalar function of the sole growth tensor, material points and time. We recall that, on

the contrary, a constraint is said to be holonomic when the converse is true [11].

As discussed in [23, 32], interpreting the mass balance of a growing medium as
a nonholonomic constraint on the growth tensor ensures that the evolution of this
quantity complies with the growth law taken as target, while granting the freedom of
modeling other interactions as necessary. Hence, no further restrictions are placed
on the growth tensor, if unneeded (see, e.g., [92, 93], and [23] for some remarks
on this issue), and its dynamics is dictated by the constraint and the balance of the
configurational forces obtained through the quasi-variational procedure outlined in

the forthcoming sections.

Nonholonomic constraints: Kozlov’s Method and its modifications. The consid-
erations reported so far lead to the fundamental question as to whether a nonholonomic
constraint can be handled variationally. While the answer is affirmative for holonomic
constraints, which can be appended to the Lagrangian function of a given mechanical
system through the Lagrange multiplier technique (see, e.g., [11]), the extension of
such procedure to nonholonomic constraints is not trivial, and has been the subject
of a whole branch of literature. In particular, this was the main point of the works by
Kozlov [41-44, 99], who developed a formulation of analytical mechanics in which
it was claimed that Hamilton’s Principle of stationary action can be employed also to
Lagrangian functions augmented with the Lagrange multiplier method applied to
nonholonomic constraints. In the literature, Kozlov’s approach is termed “Vakonomic
Method” (VM).

If, on the one hand, exploiting Kozlov’s idea would allow to cast the nonholonomic
constraint on the growth tensor in the variational picture which we are looking for
—and that, as previously discussed, is the primary scope of our work—, on the other
hand, a lot of caution is necessary to “import” Kozlov’s method as is. Indeed, many
critiques have been raised towards it (see, e.g., [26, 50, 17]), because, in several
cases, it has been proven to be inconsistent with the well consolidated results of
the analytical mechanics of nonholonomic systems, based on Extended Hamilton’s

Method or, equivalently, on the d’Alembert—Lagrange Principle [11, 39]. In the
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sequel, we shall refer to both approaches as the “Traditional Non-Holonomic Method”
(TNHM) [1].

In spite of the problems related to the VM, a work by Llibre et al. [16]
proposes a “Modified Vakonomic Method” (MVM) [16], which, for the class of
constraints analyzed by the authors, is able to save the idea of handling nonholonomic
constraints variationally. This is achieved by raising a technical issue: namely,
the variations performed on the generalized velocities restricted by the considered
nonholonomic constraints should not be taken equal to the time derivatives of
the variations of the associated Lagrangian parameters. This non-commutativity
between time differentiation and variation of a given kinematic descriptor is known
as “transpositional relation” [13, 30, 16], and constitutes a fundamental concept of

the mechanics of nonholonomic systems.

Llibre et al. [16] employ transpositional relations in conjunction with a variational
procedure referred to as Hamilton—Suslov Variational Principle [61, 60], which
they apply to a Lagrangian function augmented with the considered nonholonomic
constraints, just as Kozlov would do, but taking the variations on the system’s
generalized velocities consistently with the transpositional relations. Moreover,
Llibre et al. [16] develop their MVM in two ways, which they formalize in two
corresponding theorems (see Theorem 1 and Theorem 3 of [16]). In the present
work, we are interested in comparing our approach with the formulation of the MVM
provided in their Theorem 1, and in studying how it applies to our growth problem.
Hence, from here on, Llibre et al.’s MVM [16] refers to their Theorem 1.

Outline of the content of Chapter 5. While the MVM has been recently reviewed
in [1], in the present chapter we investigate whether the MVM can be used for
handling variationally the nonholonomic constraint placed on the growth tensor.
Although for this purpose we take much inspiration from [16], we find that we need
to reformulate it remarkably in order to reach our goal. Indeed, rather than adhering
to the theory presented in [16], we follow a different path, which, to a certain extent,
could be regarded as the “inverse” of the one developed in [16]. Howeyver, also other

noticeable differences arise, and the main novelties of our work are:

N1. Upon considering the mass balance law of the growing medium under study as
a nonholonomic constraint on the growth tensor [23, 32], we determine the

transpositional relations associated with it by having recourse to the concept
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of quasi-velocities [13, 100], which we suitably adapt to the problem at hand.
We remark that quasi-velocities constitute a pillar of the analytical mechanics
of nonholonomic systems, but, to the best of our knowledge, they have not
been employed to describe growth, yet. For our purposes, we use the algebra

of fourth-order tensors, as shown in Sections 5.3.1 and 5.3.2.

N2. We show that, by means of our reformulation of the MVM by Llibre et al.
[16], it is possible to obtain the full equivalence between our approach and the
TNHM (see Section 5.4). This is the core result of our work because, starting
from the dynamic equations of a growing body, written in the system of the
quasi-velocities (Section 5.4.1), it allows us to conclude that one can determine
a Lagrangian density function even in the presence of the nonholonomic
constraint on the growth tensor (Section 5.4.2).

N3. We analyze in detail the quasi-static case, since it is the most relevant one in
the biomechanical problems of interest, and we show that our method is able
to recover other formulations [69, 90, 101, 102] (Section 5.4.3).

N4. We highlight the main differences between our results and those of Llibre et al.
[16], and we provide a theorem and a corollary to state the conditions under

which the latter ones can be used for modeling growth.

To present our results, we review some well-established formulations of growth
mechanics based on the Principle of Virtual Work [69, 86, 90, 101, 103, 104, 32, 87,
91] (Section 5.2.1) and the Extended Hamilton Method [11, 105, 77] (Section 5.2.2).
Although both of them are rather consolidated, it is important for us to recapitulate
their most essential logical steps to compare the resulting dynamic equations with

those obtained in the present work (Section 5.4).

5.1.1 Main notations employed

To express the ideas presented in the following, it is convenient to start with the

presentation of the main notation used throughout this chapter.

Let us denote by Z the reference placement of the medium under investigation
(an open subset of the three-dimensional Euclidean space .¥), by .4 its boundary,
and by .7 the time line [24].



90 An approach to growth mechanics based on nonholonomic constraints

In our setting, 4 is assumed to be a smooth differentiable manifold, endowed, for
all X € %, with the metric tensor G(X) : Tx# — Ty %, where Tx % and Ty % are
the tangent space and cotangent space of Z at X € %, respectively. For future use,
we also introduce the tangent bundle 7% := Uyc5({X} X Tx%) and the cotangent
bundle T*% := Uxcz({X} X TxA).

By letting (Z')7_, and (X*)3_, be a system of Cartesian and curvilinear
coordinates, and (P’ )?:1 the collection of real-valued C*-functions such that
A CDI(XI, X2, X3), for I = 1,2, 3, with non-singular Jacobian [c’)KCI)[];K:1 [24],
the components of G are given by G 4 = 07504 @' 9 DK, where 6,k is the Kronecker
Delta [24]. Together with G, & is endowed with an affine connection, which, for our

purposes, can be taken equal to the one induced by the chosen curvilinear coordinates.

Let us consider the list of the kinematic and space-time variables that are necessary

for our minimal description of the medium’s volumetric growth:
4 := (v, Dy, F. Fy; v, Dy = Grady, F, F',; X, 7). (5.1)

Each entry of  is a function defined over the Cartesian product % x .#, and valued
in an appropriate set of points, or in a vector or tensor space. To be specific, the
following identifications apply:

l. ¥y : Zx I — & defines, for varying time ¢t € .#, the one-parameter
family of embeddings y(-,?) : # — % mapping the points X € % in the
three-dimensional Euclidean space . at time f € ..

2. For each pair (X,t) € Zx .7, Dx(X,t) : Tx# — Ty(x- is the two-point
tensor defining the Jacobian tensor of y(-,7) at X € %. Here, Ty (x
is the tangent space of . at y(X,t) € .. The tensor D y (X, t) represents
the deformation gradient tensor of the body, and with respect to two local
coordinate systems, covering a neighborhood of X € % and a neighborhood of
x = x(X,t) € .7, respectively, the components of D y are given by the partial
derivatives [Dy|%4 = dax“ = 6)(“/6XA, witha, A =1,2,3.

3. F is an “auxiliary” deformation gradient tensor field, which, for our purposes,
is regarded as a generalized kinematic variable on its own. Later, it will be
identified with D y. This is done in order to unfold a variational procedure

similar to the Hu—Washizu variational principle [106].
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4. F, is referred to as growth tensor (see, e.g., [89]), and represents the time-
dependent anelastic tensor field describing the structural distortions associated
with growth [89, 80]. The tensor F, (X, t) maps the vectors of Tx % into the
linear vector space, denoted by #x(¢) [107, 108], that defines the natural
state of Tx# at time t € . (see, e.g., [69, 80, 109, 103]). Hence, we
can write F, (X,t) : Tx%# — Ax(t). We recall that Tx.% is referred to as
“body element” in [69]. For a givent € &, A (1) := Uxez({X} X Ax(1))
denotes the bundle of linear spaces representing the natural state of the body at
time 7. Once .#/(¢) is introduced, we indicate with F, (-, ) the tensor field
F,(-,t): B — A (t) ® T*%. Moreover, we also define the collection of
natural states .4 := Use s ( Uxes ({X} X A%(1))).

5. x : Bx I — T.7 is the (Lagrangian) velocity field associated with y, so
that y(X,t) € Ty (x,). The superimposed dot means y(X,t) = d,x(X,1).
Analogously, F = §,F and Fy = o,F,.

6. X . Bx I - Band T : B x .# — . denote the projections X(X,r) = X
and T(X, 1) = t. For any physical quantity f defined as a function f of F
and F,, and exhibiting explicit dependence on points and time, we write

f=fo(F,F,X,7) and f(X,t) = f(F(X,1), F,(X,1),X,t) [110].

For any second-order tensor 7, we use the wordings “A-deviatoric part” and
“A-spherical part” of T, with A being an appropriate non-singular second-order
tensor, to indicate T' — %tr(A'lT )A and %tr(A'lT )A, respectively.

To perform operations involving vectors, tensors, and their dual entities, we employ
the notation of duality pairs between a generic vectorial or tensorial quantity V and its
dual entity . Hence, we denote by (2|V') the real-valued application of the linear map
Q to V. For example, if V is a vector and  is a co-vector, we obtain (Q|V) = Q, V4.
Similarly, if V and Q are mixed second-order tensors with components VL, and
Qp? in some coordinate system, then we find (Q|V) = Q 8V = tr(QTV).

Given two fourth-order tensors L and K having components, e.g., L4z and
K p2rs, we define the operation L ¢ K as the contraction of the second pair of indices
of the first tensor with the first pair of indices of the second tensor, i.e., in components,
[LoK]grs = LAY yKy™gs.

By viewing a fourth-order tensor L as a linear map L : % — ¥ between
the spaces of second-order tensors %/ and 7', possibly of different kind, we write
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L[U] =V to denote the application of L to U € % returning V € . For example,
if L and U have components LAz¢p and Up2, then V has components given by
VAg = LAgMyUyN. The transpose of L is defined through (Q|L[U]) = (LT[Q]|U),

and LT has components [LT]¢p4 5.

5.1.2 An overview from geometric to configurational mechanics

The process of volumetric growth manifests itself through a source of mass, hereafter
denoted by R, and yields a variation in time of the mass density of the body under
study. This is captured by the mass balance law, which, in the body’s reference
placement 4, is given by or = orR, with pr being the body’s mass density per unit
volume of & (see, e.g., [73]).

In general, the variation of pr represents a reorganization of the internal structure
of the body that is virtually independent of deformation. Moreover, it introduces
inhomogeneities [111, 76, 112] that do not amount only to nonuniform redistributions
of mass within the body, and that, similarly to dislocations [113-115], cannot be

eliminated by deformation alone.

Growth can be accompanied also by other structural reorganizations, which,
although possibly related to R, do not directly induce changes of or. All these
structural processes lead to incompatible rearrangements of the body elements, often
termed anelastic. When such rearrangements occur, the body elements tend to
find themselves in a state in which they do not “fit together” [80]. This produces
residual stresses [81, 116], which are the mechanical manifestation of incompatibility
[117, 116].

Incompatibility is a geometric concept expressing that, in general, the above
mentioned rearrangements cannot be reduced to maps transforming % into other body
material manifolds in the Euclidean space. For these reasons, a second-order tensor
field —in fact, F,— that is not defined as the tangent map [24] of a deformation is a
suitable descriptor for growth and for the other structural reorganization processes
related to it.

From the mechanical point of view, the residual stresses accumulated in the
body elements in response to growth can be relaxed by virtually isolating each body
element from the other ones, and letting it grow alone. By doing this, the body

element undergoing growth will be in a stress-free state at each time ¢t € .#. This
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state is, in fact, the linear space .#x(¢) introduced in Section 5.1.1, and the ideal
operation of relaxation is F, (X, t) : Tx % — Ax(t).

The incompatibility of F,, i.e., its intrinsic non-integrability, leads to frame the
mechanics of growth within non-Euclidean geometry. Indeed, it allows to introduce
a non-Euclidean metric and affine connections by means of which several geometric
settings can be studied, such as the Riemannian, Riemann—Cartan, Weitzenbock, or
Weyl manifolds (see, e.g., [78, 79, 118-120, 80, 121-125]).

By referring to configuration of a body as the manifold described by its deformation
and growth tensor F,, one can augment its kinematics. This way, it is possible to
resolve, aside deformation, the structural changes due both to the mass variation
and to the other reorganization processes associated with it. This fact suggests that

configurational mechanics [10] is a natural framework to study growth.

In this chapter, we consider the minimal context of a theory of grade zero in
F, [69] (see also [70] for plasticity). This choice is dictated by simplicity, but it
allows to study the geometric aspects of growth as “byproducts” of our theory, and is
sufficient to handle growth as a problem of configurational mechanics.

5.2 Growth mechanics as a constrained field theory

In this section, we review the peculiar points of some previous works [23, 32, 87, 91].

The continuum theories of volumetric growth in monophasic media often adopt
the Bilby—Kroner—Lee (BKL) decomposition of F (see, e.g., [73, 88, 89, 95, 93,
126, 127, 80, 107, 77]), and recast the mass balance law in the form of a differential

relationship between F, and the (rescaled) source of mass R, i.e.,
(F,"|F,) = w(F,'F,) = R. (5.2)

In the BKL decomposition F = F.F,, F. denotes the tensor field of the elastic
distortions that accommodate for the growth distortions, described by F,. It follows
that J := det F > O is given by J = J.J,, with J := det F, > 0 and J, := det F,, > 0.

For details, see, e.g., [80] and the references therein.

Starting from the mass balance law ¢or = prR, and exploiting the BKL decom-

position, Equation (5.2) is obtained under the assumption that, for each X € % and
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time t € ., or(X, 1) is “absorbed” by the volumetric part of the ideal relaxation
process F (X,t) : Tx % — Ax(t). To this end, we decompose F, as F, = J;BF,,,H,
where J, accounts for the volume change of the body elements from the reference
placement to the body’s natural state, and F, , describes the isochoric (volume-
preserving) part of F,. Then, if o is the mass density in the current placement
of the body, so that or := Jo, we write or as or = J,0,, where o, = Jep0 is
such that o, (X, ) defines the mass density of the body element attached at X in
its relaxed state at time . However, due to the assumption that has been made,
the function o, (X, ) can be taken constant in time, and, thus, upon dropping the
dependence on X, it holds that gr = J'ygv. Finally, because of the chain of identities
J'y = Jytr(F)Tle) = J),(F;Tle), we obtain g = J),<F),_T|F7)QV = QR<F7_T|F7>,
which yields Equation (5.2).

Equation (5.2) places a condition both for F, and for R, and it can be viewed
either as a way for defining R, once F, is determined (see, e.g., [73, 112, 108, 77]),
or as a constraint on F, [23, 32], if R is assumed to be given from the outset, for
example, phenomenologically [89, 95, 84, 85, 102, 96].

In the present work, we concentrate on the second point of view, which we refer to
as “a priori approach” [87]. Moreover, following the phenomenological framework
developed for tumor growth in [85, 102], we hypothesize that R can be expressed
as a function of F and F, through an appropriate function of mechanical stress. In
addition, R must be related to chemical factors as well as to any other factor that

enhances or hinders growth. Hence, we set

R:=Roy,, by = (F,F,; X, 7). (5.3)

We view Equation (5.2) as a constraint. This way, one is sure of describing
growth as necessary, with the possibility of developing a dynamic model for the full
tensor field F, [23, 32]. This procedure permits to consider the remodeling that
accompanies growth for any type of material, without the necessity of “guessing” the
form of F, on the basis of material symmetries (see, e.g., [88, 128, 93]). Thus, we

write:

C=Colbe:=(F,TIF)-Roly =0,  he:=(F.F:F;X. 7). (54
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Remark 5.1 (Nonholonomic nature of the constraint). If R is zero, no variation of mass
occurs, and the constraint (5.4) becomes (F; T|Fy> = 0, which is holonomic. Indeed,
one can take h := log J,, to retrieve h = (F, T|F‘7> = 0. In such a situation, F, is
constrained to be isochoric, as is often assumed in the biomechanics of remodeling
(see e.g. [84, 129, 130]). There can also be other functional forms of R that make the
constraint (5.4) holonomic (see, e.g., [23]), but they are rather special. Hence, with
the purpose of virtually including any biologically plausible form of R, we regard
the constraint (5.4) as nonholonomic with respect to F,,. This means that no scalar
function i := h o b, exists, such that h=Co e = 0. In particular, Co b is affine in
E,

Remark 5.2 (Biological scenario and differentiability of R). In some studies on tumor
growth (see, e.g., [85]), R depends on F and F, through mechanical stress. More
specifically, one is interested in capturing the inhibitory effect that compressive
stresses exert on the cell proliferation processes, like mitosis [131], which precedes
vascularization. In this stage, the mass variation of the tumor is mainly due to the
accessibility of the tumor cells to nourishment, which is supplied in the form of
nutrient chemical substances, such as glucose and oxygen [89, 131, 84, 85, 102, 96].
The concentration of nutrients at each point X € % and time ¢t € .#, hereafter
denoted by ¢(X, 1), evolves by following a diffusion-reaction equation coupled with
the other mechanical variables of the problem (see e.g. [89, 131, 102, 91]). To
model the influence of stress on growth, R can be related to the positive part of the
mechanical pressure ¢ := —%tra', where o is the Cauchy stress tensor of the medium,
expressed as a function of F and F,, as is the case when the mechanical response of
the tumor is hypothesized to be elastic. Hence, upon setting (¢), = %(50 + |p|) for
the positive part of ¢, the effect of mechanical stress is switched off for p < 0, and
switched on for ¢ > 0 [85]. In particular, R decreases with increasing ¢. Finally, by
expressing @ constitutively as ¢ = g o l,, R is made dependent on F and F,. To
account for these facts, and imitating an expression of R prescribed in [85, 102],
Grillo&Di Stefano [87, 91] suggested the functional form

R=Roty, = §a< € Cor > [1 M]—§r<1 —i>. (5.5)

Cenv — Cer oc+(po hy>+ crly

Here, ¢, and {; are non-negative, constant material coefficients associated with mass
“accretion” and “resorption”, respectively, having units of the reciprocal of time [87];

Ccr 1S a constant threshold value of the nutrients’ concentration; Cepy > C¢r 1S a constant
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value of the nutrients’ concentration in the tumor’s environment [87]; @ > 0 is a
non-dimensional material constant; o is a constant characteristic reference value of
stress. Growth laws of the kind given in Equation (5.5) render R continuous but not
everywhere differentiable, because (). is not differentiable in ¢ = 0. Thus, when
the differentiability of R is needed, (p). is mollified, and R is taken to be at least C'.

5.2.1 Principle of Virtual Work and a nonholonomic constraint

Following the methodology outlined in [23, 32], which, in turn, is based on the
approaches developed in [70, 69], the constraint (5.4) has to be appended to the
Principle of Virtual Work (PVW), formulated for the growing body under study. To
this end, it is necessary to introduce the virtual variations of the basic kinematic
descriptors y, F, and F,. Thus, since the present context is of grade one in x, and of
grade zero in F and F, [69, 86], we write

(x.Dx,F,F,;6x,6Dy = Graddy, 6F,5F,; X, 7). (5.6)

Within the “canonical doctrine” [32], the varied form of the constraint to be appended
to the PVW is supplied by the so-called Chetaev condition [12, 14, 51, 39, 16], which

holds true for “ideal” constraints [16], and reads [32]

Ay, (6Fy) = (8 C 0 fe|6F,) = 0
= Ay (0F)) = (F,"|6F,) = (I'|F,'6F,) = (F,'6F,) =0, (5.7)

where I'" : T*% — T*4 is the transpose of the identity tensor [24].

In conjunction with Equation (5.4), and in order to postulate the PVW in a form a
la Hu—Washizu [106], we enforce the condition that F must be equal to D y at all times
and at all points, thereby introducing the auxiliary constraint €, := Dy — F = O,
where O is the null second-order tensor field. By introducing the tensorial Lagrange

multiplier 7, this condition can be associated with the weak forms

(T|Dy - F) =0, (6T |Dy — F) + (T |Graddy — 6F) = 0. (5.8)

By assuming that, in addition to the prescribed constraints, growth occurs under
the action of the generalized forces Y,, and Z [70, 69], introduced by duality with the
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generalized virtual displacement F,; ) F,, and interpreted as internal and external,
respectively, the PVW can be cast in the form [23, 32]

W+ Wi = W, (5.9)

where Wsi), W&“, and W\(,e) are the “internal”, “constrained”, and “external” virtual

work, respectively, and are defined by

W = / {(PISF) + (Y,|F;'6F,)}, (5.10a)
B

W = / {(uI"|F;'6F,) + (T|Gradoy — 6F) + 6u1.C + (5T|C,)}, (5.10b)
B

wie ::f@{(f|5x)+(Z|F;15Fy)}+/6X%(T|5/\(). (5.10¢)

Here, P is the first Piola—Kirchhoff stress tensor; u is the real-valued Lagrange
multiplier associated with the Chetaev condition (5.7); 6u and 6T are the virtual
variations of u and T'; t. is a strictly positive characteristic time introduced to make
the term 6y 7.C dimensionally homogeneous with all the other addends of Equation
(5.10b); f and T represent the external body forces and the external surface forces
dual to 6 y. Note that 7 is defined over the Neumann portion of 9%, denoted by 61)\? B.
In the sequel, 0.7 is partitioned as 0.2 = 95 7 L1 3¢ 2B, where 05 7 is referred to as
Dirichlet boundary.

The strong form of the dynamic problem associated with Equations (5.9) and
(5.102)—(5.10c) is given by the set of equations

DivT + f =0, in 4, (5.11a)
T-TN =0, on o8 &, (5.11b)
P=T, in A, (5.11c¢)
Yo+ul'-Z =0, in A, (5.11d)
C,=Dy—-F =0, in 4, (5.11e)
C=(F,T|F,)-R=0, in 8, (5.11f)

which has to be completed with Dirichlet boundary conditions on y, and with all
the necessary initial conditions. As for the Hu—Washizu method (see e.g. [106]),
Equation (5.11c) identifies T with P.
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Because of the difference of formulation with respect to the one recently presented
in [23, 32], the physical quantities featuring in Equations (5.11a)—(5.11f) can be
grouped as follows: 21 kinematic variables y, F, and F,; 10 Lagrange multipliers
u and T'; 18 constitutive functions P and Y,; 15 external forces f, T, and Z. The
kinematic variables and the Lagrange multipliers yield a set of 31 scalar unknowns to
be determined by solving the 31 scalar equations given by the balance laws (5.11a),
(5.11c¢), (5.11d), and by the constraints (5.11e), (5.11f).

The presentation of the full boundary value problem (5.11a)—(5.11f) serves as
comparison for the dynamic equations that will be determined in the sequel.

5.2.2 The hyperelastic case and the Extended Hamilton Method

Although some biological tissues show viscoelastic behavior in certain dynamic
regimes [132, 133], a case of particular interest is when the growing medium under
study can be assumed to be hyperelastic [73, 88, 89, 95, 90, 69, 102, 77, 134]. Then,

the constitutive representation of P can be obtained as

0@’ . a\i’v . -T
P:6—FO(F,F7,:X:’(J’):Jy[a_lreo(Feax,(‘T)]Fy > (512)

where ¥ := W o (F,F,;X,7) = Jy[‘i‘y o (Fe; X, T)] is the strain energy density of
the medium per unit volume of its reference placement; ¥, := ‘i’y o (Fe; X, T) is the
same physical quantity, but expressed per unit volume of the medium’s natural state.

Note that the arguments of ¥ are the same as the collection By, so that we can write
Y=Yo by

Typically, the growth of a biological medium, such as a tumor or a cellular
aggregate, occurs over time scales that allow to neglect its kinetic energy. However,
nothing forbids, in principle, to consider the “classical” kinetic energy density,
K= %Jva”X”z, and define the medium’s Lagrangian density function Ly, := KX — ¥
[73].

The function Ly can be generalized by including other interactions that the
medium can experience. These could be represented by the kinetic energy density
associated with F, [135], and potential densities that may depend both on y and
on F,. Therefore, to include such contributions, we consider, in lieu of Ly, a

more general Lagrangian density function, defined as £ := L ot. However, in the
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hyperelastic case, F is ignorable, since it holds that apﬁ o f = 0. We also notice
that £ can be assumed to be formally independent of D y, since the dependence on
the deformation gradient tensor is already accounted for through F, which is one of

the arguments of v Hence, we set dp Xﬁ oh=0.

To imitate the Hu—Washizu formulation of the PVW [106] of Section 5.2.1, it is
convenient to augment £ with (T | F — D y), so that one finds

Lo=Lyo(5:T)=Lof+(T|F-Dy), (5.13a)

o(x,F,F,;T) = /lhn { /z La(b(X,1); T(X, t))dV(X)}dt. (5.13b)
fin .
The Lagrange multiplier T has to be included among the arguments both of the
augmented Lagrangian density function £, and of the augmented action <7,, obtained
by integration over the time interval [#,, #5,]. Moreover, since F is regarded here as
an independent kinematic variable, .27, has to be defined as a functional of F as well
as of y and F,.. Note that, because of the hypothesis of hyperelastic material, L, and
£ are independent ofD;)(, that is, 6D~—Xﬁa o(yT) = 5D—Xﬁ of=0.

No matter how accurate £, can be, it is not sufficient, in general, to provide a
comprehensive description of a growing medium. There are at least two reasons
for this. First, one should expect the presence of generalized forces for which no
potential density exists. Second, in the classical formulation of Variational Calculus,
one cannot attach the nonholonomic constraint (5.4) to £ or £,, as one could instead
do if the constraint were holonomic (see e.g. [11, 13, 28, 29, 40]). Still, to obtain the
dynamic equations of the problem under study, one may have recourse to Extended
Hamilton’s Principle [11, 105]. To this end, we introduce a smallness parameter
e € ¥ (gp), where % (&p) is an open neighborhood of zero with radius gy > 0, and

we define the homotopies

(X, 0):T(X,1) — (§(X,t,8);T(X,1,¢)), (5.14a)
B(X,t,e) = §(X,1,0) + 0:0(X,2,0)e + 0(&), g — 0, (5.14b)
T(X,t,e) =T(X,1,0) + 3, T(X,1,0)e + o(¢), e — 0, (5.14¢)

with §(X,7,0) = §(X, 1), T(X,1,0) = T(X, 1).

Since the Extended Hamilton Principle relies on “classical variations” [11, 105],

we proceed as follows. By indicating with ¢ a generic variable of §, ¢(X, t) is varied
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into ¢(X, 1, ), and we denote by 1,(X,7) := 9-¢(X,1,0) the entity defining the
direction (in a generalized sense) along which the infinitesimal first-order variation of
@(X, 1) is computed, that is, 6¢ (X, 1, &) = en,(X, 1). However, with a slight abuse
of terminology, from here on we shall refer to n,(X,7) and g, as the first-order
increment and incremental field associated with ¢ (X, t) and ¢, respectively (in fact,
since in the sequel these quantities are attributed only to first-order variations, we shall
omit the specification “first-order”). Analogously, we call py(X,t) = 0. T(X,1,0)
the increment associated with T'(X, t). If ¢ is the time derivative of another variable
W of b, i.e., if ¢ = i, then the hypothesis of “classical variations” implies the
commutative relationship 1, = #,. Moreover, it holds that 57, = Gradp,, and
M5y = i1p, = Gradp,. The incremental fields 5, and 7 F, are required to vanish at
tin and tq,, while i , must be null also on the Dirichlet boundary of %. Finally, we
clarify that the incremental fields associated with X and 7 are taken to be null.

Now, we let f,, and &y, be the non-potential forces dual to 7, and F,» respec-
tively. The former represents all the non-potential contributions to the balance of
“deformational forces” [10], while the latter collects the non-potential contributions to
the quantity F, T[Z - Y,] that can be defined from Equation (5.11d). In addition,
following Lanczos’ approach [11] to nonholonomic systems, we consider also the
constraint (5.4), which contributes to the overall virtual work through the term
(UF, Ty Fy), with uF; T acquiring the meaning of the associated reactive force, up
to the sign. Therefore, by integrating the virtual work produced by f,,, &yp, and
yFy‘ T over [tin, tin |, we write Extended Hamilton’s Principle [11, 105, 136] as

7 fin
0= [T [ 1l + E T inglavfa

in

_/ﬁ"{/ (T|1)X)dA}dt, (5.15)
ti RA

m

with 7, (¢) := jt;ﬁ" { [, La(B(X,1,8);T(X,1,£))dV(X) }dt.

Computing the left-hand side of Equation (5.15), grouping together the terms

dual to the same variation, and localizing the resulting expression yield

&L +DIVT = —f,, in %, (5.16a)
TN =, on A% A, (5.16b)
ErlL+T =0, in A, (5.16¢)
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F-Dy=0, in A, (5.16d)
Ep L =Gy + uF, 7, in %, (5.16e)
(F,"|F,)-R =0, in 2, (5.16f)

where, for a given variable ¢ of f, 8902 = &pﬁ of— 8,(&;,3 o ) denotes the
associated Euler—Lagrange operator applied to £ = Lo b. In particular, we obtain
SFﬁ = ﬁpﬁ o f, since Fis ignorable for ﬁ, and, thus, 8Fﬁ of= 03

The sets of Equations (5.16a)—(5.16f) and (5.11a)—(5.11f) are equivalent to each
other, and the following identifications can be made:

f = 8/\/'& + fnpa (517a)
Z-Y,=F)[Ep L+ 6yl (5.17b)

In the sequel, when we speak of “Traditional NonHolonomic Method” (TNHM) [1],
we refer equivalently either to Equations (5.11a)—(5.11f) or to (5.16a)—(5.16f).

5.2.3 A note on the configurational generalized forces

In the paradigm of the Principle of Virtual Work [137, 138], the configurational
forces Yy, ul T and Z are the entities that represent the real-valued linear functional

defining the growth part of the virtual work [69], i.e.,
6F, — Wy(5F,) = / (§IF,'6F,) =0, §=Z-Y,—ul'=0. (5.18)
B

By its own definition, #;( - ) is dual to 6 F, (viewed as a fest tensor field), while § is
dual to the tensor field given by F, 16Fy.

Since growth requires an irreversible expenditure of energy, Y, must feature a
dissipative contribution, which we denote by Y,,4. If ¥, can be expressed constitutively
(see, e.g., [70, 69, 89, 86, 139, 23, 32]); if the chosen constitutive representation
is continuous and differentiable in all the values of Fy_ le in which it is defined,
including Fy_ le = 0; if it vanishes for Fy_ le = 0; and if one is interested in the
evolution of F, only in a small neighborhood of F,/ 1Fy = 0, then Y4 can be taken

3To reduce the notational burden, throughout this chapter we suppress the compositions in the
definition of the Euler-Lagrange operators €, with respect to their arguments, differently from what
has been done in Section 1.1.2 and in Chapters 2 and 3 (see the definitions (1.11) and (2.28a)).
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linear in F;'F,. This yields a relation of the type Yy = T[F,'F,], where T is a
positive semi-definite fourth-order tensor field enjoying the major symmetry, i.e.,
such that (T[F;IFV] |F;1F7) > (0, for all Fy_le, and T = TT. Clearly, T may depend
on F, F,, and other variables, apart from F,. In fact, T represents a generalized
tensorial viscosity independent of Fy[101, 103, 104, 23, 87, 91].

The study of dissipation permits to conclude that Y, consists also of a non-
dissipative term, given by the Eshelby stress tensor H. This is found also in many
other approaches to growth [73, 69, 126, 90, 127] and to configurational mechanics
in general. It descends from H being naturally conjugate to the kinematic variables
describing the structural transformations of a body, such as plastic distortions
[140, 141, 70, 142] and remodeling of biological media [143, 144]. In all these
situations, the pairing (H |F; le> occurs, and, in the examined case of growth, it
holds that ¥, = H + Y,q. In more general frameworks, tensors similar to H arise, e.g.,
in the evolution of interfaces [145, 10] and of the chemical composition of mixtures
[146, 139].

For hyperelastic bodies, and in the quasi-static case, H can be expressed by
differentiation of the body’s strain energy density with respect to F, (see Equation
(5.86a) below). Thus, the physical meaning of Y,g and H is embedded in the
constitutive relations by which they are determined. In particular, since Y4 is a
non-potential force, it contributes to the overall non-potential force &,p.

Quite differently, since Z is external, it may feature, in general, inertial-like
terms as well as other contributions that can be assigned phenomenologically either
through the differentiation of the Lagrangian density function with respect to F,
or as generalized forces that generally do not admit a potential. The latter ones,
in particular, should capture, at least, how the most relevant chemo-mechanical
processes occurring at lower scales influence growth at the scale of the body as a
whole [69, 23]. Following [87, 91] (see Remark 5.2), when the inertial-like terms
are negligible, and the contributions that stem from the Lagrangian density function
are disregarded, one can supply Z as (in the sequel C is the right Cauchy-Green

deformation tensor induced by F)

Grade ® C~'Gradc
Z = %JV,BRIT + Jvat||Gradc||C,11T +Jy[Qve = Oul (Gradelr (5.19)
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The first term on the right-hand side of Equation (5.19) is a purely volumetric
contribution that directly induces the mass variation within the body (8 > 0 gives the
correct physical dimensions); the second and third terms represent a configurational
force driving the evolution of F, in response to the material gradient of the nutrients’
concentration. In Equation (5.19), the parameters Q,, and Q, are strictly positive,
and presumed, since we are aware of no experiment determining them. For any
material co-vector field @, ||®|| -1 := Voc'o.

5.3 Quasi-velocities and transpositional relations

In Analytical Mechanics, the terminology quasi-velocities refers to the result of
a “change of variables” in the collection of the generalized velocities of a given
mechanical system [45, 13, 30, 16]. Itis done to describe the system’s kinematics in a
way that best “fits” the system at hand [25]. This is because many important features

of the constraints are made explicit by the most appropriate choice of quasi-velocities.

Before studying how quasi-velocities work in growth mechanics, we refer the
reader to Section 1.1.2 for further details on their employment for discrete mechanical

systems.

Within our context, the generalized velocities are the time derivatives that feature
in the list of variables b of Equation (5.1), i.e., ¥, Grady, F, and F,. However, only
F, is constrained through Equation (5.4), while all the other ones are unconstrained.
In fact, the holonomic condition Dy = F implies a posteriori that Grady = F,
but these velocities are not restricted a priori, and also D y and F, in spite of their
being constrained to be equal to each other, are varied independently of one another
at the price of introducing the tensorial Lagrange multiplier T. For these reasons,
and on the basis of the rationale outlined above, there is no physical advantage in

transforming y, Grady, and F. On the contrary, it is meaningful to transform Fy.

5.3.1 Quasi-velocities

Let us denote by Q%4 the generic component of the tensor of quasi-velocities €2,

which represents a “change of variables” performed on F,, and let us define it through
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the transformation (cf. Section 1.1.2)
Q4 =Q% o (F,F,;F); X, 7) = Q% o b, a,A=1,23, (5.20)

where the arguments of Q% 4 are the same as those of C.

Together with the quasi-velocities, we introduce the quasi-coordinates and their
virtual incremental fields (cf. Section 5.3) [13, 30]

0%, := Q% oh, (5.21a)
o]%4 = (ﬂouc)[n 1a= (B o) ng 1P5. (521b)
o) 3(F,)Ps F, F,

Equation (5.21b) is, for each pair of indices @ and A, a linear differential form in
the virtual incremental field n F, of F,, which defines explicitly the new virtual
incremental field [pg]®4. Equation (5.21a), instead, defines quasi-coordinates
implicitly, i.e., as the functions ®%4 that solve the differential equations that it
represents. Hence, for given @ and A, there exists a function ®% 4 that satisfies
Equation (5.21a), and is, thus, a primitive of Q¥4 = Qa 4 © b in the sense of the

Fundamental Theorem of Calculus, i.e.,

t

@aA(X,l) ZQQA(X,l‘in)+/ Q(ZA(X,S)dS, VXeARB, (5.22)
Iin

provided Q4 is continuous in time. However, as expanded in Section 1.1.2, this

does not imply a representation of ®% 4 of the form e ao(F,F,;X,7).

The functions ®¢ 4 and [76]% 4 can be identified with the components of the two
two-point second-order tensor fields defined by the right-hand sides of Equations
(5.21a) and (5.21b), respectively.

The non-singularity of the transformation (5.20) requires that the collection of

functions

. A0 4
Ja/AﬁB — JaAﬁB ° hc .

= ———"—ok,, @, A, B.B=1,23, 5.23
3(F,)Py e B (5.23)

gives the components of the non-singular fourth-order tensor J that represents
the Jacobian of the transformation itself. Hence, in compact notation, we write
Ne = J[qu], with] =J ol = ﬁpyﬂ o be.
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5.3.2 Transpositional relations and choice of the quasi-velocities

As anticipated in the previous section, the choice of the most appropriate system of
quasi-velocities permits to compute the associated “transpositional relations” (see,
e.g., [13, 30, 16]), which express the fact that, in general, the operations of “virtual
variation” and of “time differentiation” are not commutative when nonholonomic

constraints are featured [13].

To compute the transpositional relations characterizing our problem of growth
mechanics, we adapt a procedure reported in a work by Jarzebowska [30], and
recently reviewed in [1], that is based on the quasi-velocities and on the variations of
the quasi-coordinates introduced in Equations (5.20) and (5.21b). To recall the main
steps of such procedure, we refer the reader to Section 1.1.2, in which we explain it
for the case of a generic discrete mechanical problem. For our problem of growth

mechanics, we introduce the homotopies

F(X,t) > F(X,t,e) = F(X,t) +np(X,)e +o(e), &—0, (5.24a)
F,(X,t) — FV(X, t,e) = F,(X,t) + l]Fy(X, ne+o(e), € -0, (5.24b)
Fy(X, - V(X,t,e) = F,,(X, 1) + ']F)’(X’ He+o(e), &—0, (5.24¢)

X(X,1) - X(X,t,e) = X(X,1) = X, Ve e @ (gy), (5.24d)

T(X,1) - T(X,t,e) = T(X,1) =1, Ve e X (s, (5.24e)

where, as before, % (&) is an open neighborhood of zero having radius &9 > 0, and

1, 1s the field associated with the generic variable ¢ of He.

Within the present framework, the increment n i, (X,t) on the generalized
velocity F, (X, t) is allowed to be different from 7 F, (X, ). Hence, in general, we set
i, # 1r,- The homotopies X and T are formal, since material points and time are
not transformed. They are introduced with the sole purpose of defining rigorously
the variation of a generic function f = f o b as f := f o B, with the understanding
that EC = (F', F,,;f/; 5C,‘j), and

f(X,t,6) = f(he(X,1,8)) = F(F(X,t,8), F,(X,t,8); V(X,1,8); X,1). (5.25)



106 An approach to growth mechanics based on nonholonomic constraints

Equation (5.25) permits to formalize the homotopy € := Q o f, and to write the
increment associated with it, i.e., 7o (X, ?) := ('ing(X, t,0), as

EI9) EI9) EI9)
Ng = (ﬁ ° hc) [nr] + (ﬁ_Fy ° hc) [ﬂFy] + (ﬁFy °© hC) [UF,/]- (5.26)

We also compute the time derivative of 7, i.¢€.,

a(afz )
—|—— ok
ot \oF,

G19)
oF,

77(9:

[’TFy] + ( o hC)[ﬁFy]’ (5.27)

so that the difference 5o — 1 yields (cf. Section 1.1.2)

A

N A 0
N~ ile = (ErQ)[np] + (Er, Q) [0y, ] + ( o uc) i, g, ). (528)
Y

where the Euler-Lagrange operators Ef and CF, applied to Q are given by the
following fourth-order tensor fields

L9

EFQd = 5F ° e, (5.29a)
A 00 0 (0

8Fyg = a—Fy o hC - E(a_py o hc) (529b)

We remark that &€ Ffz reduces to apfz o f. because the variable Fis ignorable in the
present framework and has thus been excluded from the list f_.

According to [13, 28-30], Equation (5.28) can be simplified by assuming the
vanishing either of g — 7fjg or of i, 1, For our purposes, we consider here the
case g — flg = O, and, upon setting J = (9FyQ o Y, we achieve the important result
(cf. Section 1.1.2)

Mg, — Nk, = ~(I o er) [yl - (7 0 ER, Q) [0 ]
=Wr,rlnpl + We,r, [np 1, (5.30)

where the fourth-order tensor fields W F,F and W F,F, are given by

Wpyp =-J s SFQ, Wg

Y

P, =10 Q. (5.31)
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Equation (5.30) is referred to as transpositional relation, since it shows that, if the
quantities & Ffl and & Fyf! are not null, i i, is different from 7 F, [13, 30].

5.3.3 Conditions on the quasi-velocities

By plugging the last sum on the right-hand side of Equation (5.30) into Equation
(5.28), grouping together the factors of 7, and n F,» and setting 1o — flg = O, we
obtain the equality

O ={ErQ+ToWp p}ngl +{Er,Q+ToWp r } (17, - (5.32)

Following the line of thought developed in [16], we can now use Equation (5.32) as
a condition to compute Wr rand Wg F , as done in Section 1.1.2 for the discrete

case, thereby requiring
ErQ+ToWp =0, ErQ+ToWp p =0, (5.33)

where O is the null fourth-order tensor. We remark that this can be done if 5 and
N, are linearly independent. In the present framework, they are regarded to be such,

because the Lagrange multiplier technique is employed.

The conditions (5.33) are thus equivalent to those in Equation (5.31), and are
preferable since they allow to determine Wr pand Wg p, without directly inverting
J (as will be seen later). It is also worth to remark that Equations (5.33); and (5.33);

can be viewed as characterizing properties for € [16].

5.3.4 Best choice of the quasi-velocities

Let us decompose the growth tensor as F,, = J;/ 3Fw, where det F, , = 1, and let us
write the rate F,' F, in the form

F'F, = F, \F,, + {u(F,'F)I = F, \F,, + $(J,/],)I. (5.34)

Since it holds that tr(F, ' F,) = J, /J,, only the spherical part of F,'F, is restricted
by the constraint (5.4), which, indeed, becomes C = jy /Jy = R = 0. On the other

hand, the time derivative of the isochoric part of F,, i.e., Fy,u, is not involved in the
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constraint. In fact, F, , is subjected to no restrictions, except that it has to satisfy the
property tr(F, llle,u) = 0, true by construction, as can be deduced from Equation

(5.34), or, equivalently, from the expression
Fyy=0;"F, - Lw(F;'F,)J;'F,. (5.35)

Hence, Fy,u has only 8 independent tensor components. On the basis of these
considerations, we choose as quasi-velocities the constraint (5.4) itself and eight

independent components of F, . Thus, we set (cf. Section 1.1.2)

Q' =Q'obe:=Cole =t(F,'F,)) - Roty, (5.36a)
Qlp=Qlyole =1, P[(F)'p - w(F ' F)(F)'5]. B=23,  (5.36b)
OF = 0P ol = 0, P[(F)P) - Yu(F; F) (F)P ], B=23, (5360
Oy = 0Py ot =1, P[(F,)Ps - tu(F; ) (F)Ps), B.B=23. (536d)

We now employ the definitions (5.36a)—(5.36d) in the conditions (5.33), which,

thus, acquire a block-wise structure. Specifically, Equation (5.33); gives

afll] 1 A aflll
——— o (W a =- © fc
(G(Fy)/lL : )( R OF“ h
_ dR
= (W;‘,/F [Fy T])aA = m © iy, (5.37a)
aQIB ) 1 A aleB
——— o f (W a =- ° fc
(a(Fy)*L o (Wi = g,
_ 1 _
= Jyl/3{(WFyF)IBaA - g(Fy)lB(WiTFyF[Fv T])aA} =0, (5.37)
00l 1 A 00k,
————— O ¢ W a = - © Hc
(a(Fy)/lL h )( R OF4 h
_ 1 _
= 7 3{<WpyF>ﬂmA -3 <WEF[F7TDaA} =0 G379
0Py ) aoa_ 0V
2B b | (We p) e = -
(am)h A T

; ! -
- Jylﬂ{(waF)ﬁBaA—§<Fy>ﬁB<W“p}F[FyT]>aA}=0’ 6374
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with 8,B=2,3, 1, L =1,2,3,and a, A = 1,2,3. The system (5.37a)—(5.37d) can
be solved by substituting the right-hand side of Equation (5.37a) in all other equations.
This provides all the components of Wk except (WF7 F) 1,22, Hence, by using these
results in the first relation of Equation (5.33), Wpy F becomes

1
Wpyp = —Fy ® (

OR
3 ) (5.38)

aF ° %

Next, we turn to Equation (5.33); to compute WE,F,. Since tr(Fy‘ 11'77) in
Equation (5.36a) is the time derivative of log(det F, ), it belongs to the kernel of the
Euler-Lagrange operator £ Fys and, thus, we find & pyﬁll = —6Fy1§ of},. Analogously,
since all the components of Fy,u written explicitly in Equations (5.36b)—(5.36d)
are time derivatives of functions of F,, we find & Fyleg =0, ¢ Fyfzﬁ 1 = 0, and
e prﬁ g = 0. Therefore, Equation (5.33), yields

5@11 1 M all
((9(Fy)/1L © hc)(WFyFy) Lp = _S(Fy)”MQ 1
B AR
= (W;yFy [FyT])uM = —a(Fy)ﬂM © Hy, (5.39)
5@13 A M all
(a(F)’)/lL © hc)(WFyFV) Ly = _E(Fy)”MQ B
- 1 _
= J71/3{(WFVFY)IBMM - g(Fy)lB(WiTFyFy [F, T])uM} =0, (5.39b)
8f2'81 1 M HB
(6(F7)/1L © hc)(WFVFV) Ly = _S(Fy)”MQ 1
) 1 _
= J;“{(wpymﬁ]ﬂ - 3 (B (Wi, [FmiM} =0, (3%
3@'33 1 M AB
((9(Fy)/lL © hc)(WFyFy) Lp = _S(Fy)”MQ B
) 1 _
= Jyl/S{(WFyFy)ﬁBﬂM - g(Fy)BB(W;YFy[Fv T])uM} =0, (5.39d)

with 8, B =2,3and A, u, L, M = 1,2, 3. Also in this case, substitution of Equation
(5.39a) into (5.39b)—(5.39d) and using the second of Equation (5.33) lead to

1 OR
WFyFy = §F~y ® (G_F'y o h)’) (540)
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5.3.5 Quasi-coordinates and their variation for growth

Comparing Equations (5.36a)—(5.36d) with the general definitions (5.21a), we notice
that, apart from Q'; o b, all the other quasi-velocities are total time derivatives of

F, , which is a function of F,, only. Accordingly, by virtue of the relations

0'1=0'1=e=Cof.=u(F,'F,)-Rol, =0, (5.41a)
Q'p=0'50h = [6,(J,'°F)]'s = 05, B=2,3, (5.41b)
QP =0 obe = [0,(J;,'°F)1F) = &F, B =23, (5.41c)
QPp=Ppot. = [0, F))Pp = &5, B,B=23, (541d)

and with appropriate initial conditions, the quasi-coordinates are given by

t
01 (X.0) = 01 (X.ti) = [ BF(X.) Fy (X, Fy (X.5): X, 9)ds =0
tin

(5.42a)
®'s=[Fyul's. 0% =[F,0°. ©°5=[F,.l"s, (5.42b)

where, as above, 8 and B take on the values 2, 3, and 0!, (X, tin) is to be provided by
means of suitable initial conditions. The nonholonomic nature of the quasi-velocity
Q'; = @o b implies that the quasi-coordinate ®'; has to be a functional of F and F,
and a function of material points and time. Indeed, by exploiting Equation (5.41a), it
follows from (5.42a) that

0'1(X,1) - 0" (X, tin)

1 (JV(X’I)) /[I?(F(X ), Fy(X,s); X, s)ds =0 (5.43)
=log| ——| - ,8), ,8); X, s)ds =0. .
g J’y(X9 tln) tin ’

In addition, the fulfillment of € = 0 implies ®';(X,7) — ®'{(X, ;) = 0, and, thus,
that ®'; (X, t) equals its initial value ®'1(X, #;,) at all times ¢ > t;,, which returns
the formal solution to J'y —J,R =0, i.e., the constraint itself.

From Equation (5.43), we notice that, if we take O (X, t) = log J,, (X, tin), and
if we assume that the body finds itself in an initial state for which J, (X, #;,) = 1,
then we obtain ®!{(X,¢) = 0 at all times ¢ > t;,, and for all X € 2. Thus, if we
further suppose F, = J)I,/ ¥ (some authors [84] refer to this situation as “spherical
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growth”), then Equations (5.42a) and (5.42b) give

0'1(X.)=0"(X.1n) =0, O'p(X,1) =0, B=2,3, (5.44a)
@%1(X,1)=0, B=23, @Pp(X,t) =65, B.B=2,3, (544b)

which means that the matrix associated with the quasi-coordinates is singular in
the just analyzed case (whereas F, is non-singular). This result is coherent with
the fact that choosing the quasi-velocity Q' as coincident with the expression
of the constraint implies that, if the constraint is fulfilled, the quasi-velocity Q';
is zero. Consequently, the corresponding quasi-coordinate defines a state of rest,
which becomes equal to the “origin” ®' (X, f;,) = 0 of an appropriate reference
frame, if J,(X,tn) = 1. On the other hand, if one starts from a perturbed state
0 < Jy(X,tin) # 1, then O (X, ty) = log Jy (X, tin) is different from zero (it could
be negative, if J,(X,#n) < 1), and so is also ®'1(X,1t) at all times ¢ > t;,. This
property descends from the fact that O (X, tin) represents J,, (X, tiy) in logarithmic
scale.

In conclusion, the representation of quasi-velocities and quasi-coordinates
amounts to selecting a frame that co-moves with growth, in which, thus, no growth is
perceived. For this reason, the (virtual) incremental field associated with e, ie.,

[76] 1., must return Equation (5.7) divided by ¢, that is,

ElG
8(Fy)ﬁB

o0,

o9, B _
i ol e =

[nel'i = ( ° hc)[npy]% =0, (545

as can be deduced from Equation (5.21b).

5.4 Equivalence with the TNHM

In this section, we present the result that we deem most fundamental for our
formulation of growth. Specifically, we show that, although being nonholonomic, the
constraint (5.4) can be included in a suitably defined Lagrangian density function of
the growing body. In other words, one is able to handle the constraint “as if” it were
holonomic, thereby allowing for a variational study of growth, up to the irreducible

non-potential forces f,, and Syp.
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5.4.1 Dynamic equations in the system of the quasi-velocities

Written in the system of the quasi-velocities Q = Q o b, the Lagrangian density

function of the growing medium becomes
Lopho=Loh=L, (5.46)
where g is the same collection of variables as b, with the exception of F,,, which is

replaced with Q.

If ¢ is a variable of §f such that neither ¢ nor ¢ are included in f, then 8¢£
is identical to &pﬁ. However, if i is a variable of § such that ¢ itself and/or ¥

are included in b (in fact, here  can be only Fy), then the chain rule implies the

identities
oL oL oL 90 5
701 g o (g o)t en) e
oL [ 4L Q% 4
o0 o= (BQ“A hﬂ)( o0 hc), (5.47b)

and the corresponding Euler-Lagrange operator &/,ﬁ transforms accordingly. Since
Equations (5.47a) and (5.47b) apply to F and F, and F,, we obtain

. 0L . ~ o [0L

(c_:FL Ea_F o h = (C_:FL + (EFQ) la_ﬂ o hg , (5488.)
.~ oL d (oL T ~or[0L

Er,L _8Fy of (9t(c')Fy o h) =] [EpyL] + (EFyQ) lag ofbal|, (5.48b)

where we have exploited the definitions of & rQ = 0pQ o be and € Fyfz given in
Equations (5.29a) and (5.29b), and we have introduced the notation

. . oL
SFL = B_F o hg, (5493)
SN oL d (0L
— (1T _ | =
b, & i= 07| 57 | - 57 5 (5.49b)

to denote the transformed Euler—Lagrange operators &p and & F, applied to the
Lagrangian density function £, expressed in the system of the quasi-velocities. On
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the other hand, the quantity

aL
Ty =g © e (5.50)
can be expressed in terms of the generalized momentum p,, = prﬁ o f, dual to Fy
through £, by inverting the relationship

o0 ! T —I\T

py=|77 0| [ml=[m] = =, =0")[p,] (5.51)
OF,

We could refer to 7, as quasi-momentum, since it is dual to the quasi-velocity

through the duality relationship introduced by L.

Let us substitute Equation (5.51) into (5.48a) and (5.48b), and let us employ the
definitions (5.31) to see how the Euler—Lagrange operators € and & r, transform
when switching from the collection f to fg, i.e., to the one of the quasi-velocities,
for describing the medium’s kinematics. By employing the notation ¢ introduced in
5.1.1, we find (see also [13, 29])

EpL =Epl+ (I o €pQ)[p,] = EFL - W r[py], (5.52a)

A

Ep, L =T"[Ep L1+ (I o ) [p,] =T"[ER L] - W,TVYFY [p,]. (5.52b)

where Wr p and W, g, are given in Equations (5.38) and (5.40), respectively.

By virtue of the results (5.52a) and (5.52b), we rephrase the dynamic equations
(5.16¢) and (5.16e) in the system of the quasi-velocities as (see [13, 28, 29] for the

derivation of similar equations for noholonomic discrete mechanical systems)

¢
¢

L - WRF[PV] +T =0, (5.53a)
I'ER L] = 8wy + u(8p Co i) + W o [p,]. (5.53b)

Before going further, the following remark is in order.

Remark 5.3 (The origin of the “extra terms”). Equations (5.53a) and (5.53b) are
Hamel equations [13], up to the reactive forces T and ,u(apy@ o f). With respect to
the “classical” Euler-Lagrange equations, they feature the “extra” generalized forces

WlTvy rlp,] and W}y F, [p, ], which both descend from the adoption of the quasi-

velocities. In general, these terms are nonzero because the functions Q%4 = Q%4 o
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are not all the time derivatives of as many functions of F, F,,, X, and T (note that the
just mentioned list of variables coincides with §,). Indeed, if for each pair of indices
@, A = 1,2,3 there existed a C! function F%4 := f;'“"‘A o f, such that Q%4 = 6,F%4,
then the quantities &€ and & pyfl would vanish identically (note that the first
condition requires both F, and Q%4 to be independent of F). In fact, W;,y rlpyl
and W}y F, [p,] could be viewed as fictitious “polygenic forces” [11] generated by the
choice of the quasi-velocities. In other words, whereas the Euler—Lagrange dynamic
equations are form-invariant in every system of coordinates, they lose this property
when one switches to a system of generic quasi-velocities, and, as a result of this loss
of invariance, they acquire the extra forces W;y plp,] and WI‘} F, [p,]. However,
these forces disappear when one goes back to the original system of generalized
velocities.

Based on Remark 5.3, we add W;yF[Py] and W}yFy [p,] to both sides of
Equations (5.16¢) and (5.16e), respectively, thereby finding the modified dynamic

equations
erl + W;yF[py] +T = W;yF[py], (5.54a)
Ep, L+ W,T%Fy [p,] = —Gup + ﬂ(apyé ohe) + W,T%Fy [p,]. (5.54b)

Note that, in doing this, we are taking inspiration from the “most general formulation

of the principle of stationary action” discussed in [13].

Although Equations (5.54a) and (5.54b) are a mere rewriting of (5.16¢) and
(5.16¢), they unfold important properties:

P1. While the left-hand sides of Equations (5.16¢) and (5.16e) are obtained by
varying the action functional .2, according to Hamilton’s Principle, the left-
hand sides of Equations (5.54a) and (5.54b) cannot be retrieved this way
because of the extra forces W}y rlp,] and W’ITVy F, [p,]. However, they can
be obtained by means of a variational procedure known as Hamilton—Suslov
Principle (see, e.g., [16]). In brief, the Hamilton—Suslov method computes the
variation of a given action functional by hypothesizing that, if ¢ is a Lagrangian
parameter of the theory under consideration, and ¢ is its generalized velocity,
then the incremental field n; differs from the time derivative 7, of the variation
by the so-called transpositional relations (see, e.g., Equation (5.30)). It can

be proven that, if ¢ is not involved in any nonholonomic constraint, then the
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associated transpositional relations are null, and one finds n; = 7,,. However,
this is not true, in general, when ¢ has to comply with a nonholonomic
constraint. This is indeed the case for Fy in the growth problem studied here,
and the non-vanishing transpositional relations (5.30) are naturally accounted
for by the Hamilton—Suslov method. In particular, they result into the extra
forces W;y r[p,] and W;y r, [ P,/]. which are, thus, an output of the procedure.

P2. Similarly to the right-hand side of Equation (5.16e), which collects the non-
potential forces handled by means of the Extended Hamilton Principle [11]4,
also the right-hand sides of Equations (5.54a) and (5.54b) can be framed by
“extending” the Hamilton—Suslov method: the variation of .27, performed with
the Hamilton—Suslov variations is set equal to minus the integral in time of the
work done on the variations associated with 7 and i by all the non-potential
forces dual to them, including the extra ones W}y rlpy] and W;y F, [p,] that
feature on the right-hand sides. In doing this, one has to admit the existence of
these fictitious extra forces a priori. Although, on the one hand, this may sound
artificial, on the other hand, W;y rlp,] and vay r, [P, do have a physical
meaning. Namely, they represent two rates of momentum introduced in the
system by the constraint. In the specific case of growth, upon recognizing
that P, := %tr(FyT p,) is the spherical part of the fully material generalized
momentum F«yT Py = F,yT (6Fy2] o f), the results (5.38) and (5.40) are such that
the extra forces

1 IR ! IR
W;yF[py] = {§F7 ® ((9_F o h’}’)} [p'y] = P)/(a—F o hy), (5553.)

A

1 AR T OR
WIT%Fy [p,] = {ng ® (a_Fy ° hy)} lp,] = Py(a—Fy o hy) (5.55b)

can be interpreted as momentum rates due to the coupling of the mass source
R with the system’s degrees of freedom represented by F and F,. Moreover,
since the constraint (5.4) is made nonholonomic by R, the right-hand sides of

Equations (5.55a) and (5.55b) “measure” how nonholonomic the constraint is.

4With reference to Equation (5.16e), this means that the variation of the action functional computed
with Hamilton’s variations, and through the derivative reported in Equation (5.15), is set equal to
the time integral of the negative of the work done by the “polygenic forces” [11] dual to F, ON the
variations associated with F, itself.
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In the remainder of this section, we show that Equations (5.54a) and (5.54b)
can be obtained variationally by letting their left-hand sides originate from the
Hamilton—Suslov Principle, and interpreting the terms W}y rlpy] and W}y F, [p,]
on the right-hand sides as non-potential forces to be accounted for by means of an
“Extended Hamilton—Suslov Principle”. We accomplish this task by (i) taking the
weak forms of Equations (5.54a) and (5.54b) through multiplication with 5, and p F,
respectively; (i1) combining the results with the weak forms of the dynamic equations
(5.16a) and (5.16b); (iii) integrating over 4, 8§@, and [#iy, thn]; and (iv) showing
that one achieves the variation of the action according to the Hamilton—Suslov
Principle, set equal to minus the work done by the polygenic and the extra forces on

their respective dual variations.

If, on the one hand, doing so amounts to going back along the procedure
designated by Llibre et al. [16], on the other hand, our result seems to us more
general and, to the best of our understanding, capable of explaining when and why
the method proposed in [16] is equivalent to the TNHM. This seems to us a very

important issue for the following reason.

According to our results, it seems that the constraint given in Equation (5.4)
cannot be studied by means of the MVM formulated in [16], since this version of the
MVM produces Equations (5.54a) and (5.54b) only up to the extra forces W;y rlpyl
and W}y F, [p,] featuring on their right-hand sides. Hence, in our opinion, the MVM
of [16] is not equivalent to the TNHM for growth mechanics viewed as a constrained
field theory. On the other hand, VVITVy rlpy] and WITVY F, [p,] on the right-hand sides
of Equations (5.54a) and (5.54b) are necessary to grant the equivalence with the
TNHM, and such equivalence is necessary to make the MVM applicable to the
mechanics of growth. For this reason, the purpose of the forthcoming calculations is

to show how to accommodate for this issue.

5.4.2 The Lagrangian density function of a growing medium

We set aFy Go be = Fy' Tin Equation (5.53b), as follows from Equation (5.4). However,
the procedure outlined in the sequel applies to any non-singular second-order tensor
field BFV(A‘} o f.. Moreover, we write

Sr,F := W p[P,], Sr,F, = Wi g [Py]. (5.56)
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Note that & r and & r, have components [Sf, r],* and [6F r ], Itis also
convenient to introduce the fully material quantities F TGFy F and FyT pr F,, and,

accordingly, to transform Equations (5.54a) and (5.54b) as

F'[€rL] + F'@pr + F'T = F'&p F, (5.57a)
F}[Ep, L]+ F,Gpp, = —F Gy +ul' + F Gp . (5.57b)

In Equation (5.57b), the term uI' suggests to project the equation itself onto
the space of spherical tensors in order to compute u. To this end, we consider the
summand FyT ©F, F, on the right-hand side of Equation (5.57b), and we decompose it
as

F} &y, = tr(F}Gp,p) 1" +Dev(F, Gp r,). (5.58)
Then, by introducing the rescaled Lagrange multiplier
k= p+ 3tr(F) ©p p,), (5.59)
and recalling that p,, = 6Fyﬁ o f, we rewrite Equation (5.57b) as
Er L+ W g [05 L ofil = =Gy + « F, " + DEVG, p, (5.60)

with DEV8g f, := F; "Dev(F, ©p, ) =&, r,—3tr(F, ©p r )F; " being the F; -
deviatoric part of F,F,-

By using Equations (5.54a) and (5.60) in lieu of (5.16¢) and (5.16e), respectively,
in the system (5.16a)—(5.16f), we can write

€L +DivT = —f,., in 4, (5.61a)
T-TN =0, ond{ B, (5.61b)
el + W}yF[aFyﬁ oh]l +T = & F, in A, (5.61¢)
F-Dy =0, in B, (5.61d)
&r, L+ W;yFy [0j: L o] = ~Gup + kF," + DEVSg,p,, in A, (5.61e)

(F,"|F,)-R =0, in 8. (5.61f)
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Recalling that 5, (X, 1) = 0 for X € (9]))( 2 and at all times, we consider the duality
pairs between Equations (5.61a) and 7, , and between (5.61b) and n, , we integrate
the resulting expressions over %4 and c’)f\l( A, respectively, and we add them together.
Then, after some algebraic passages, integrating over the time interval [fiy, #f,], and
enforcing the conditions 17, (X, fin) = 1, (X, tfin) = 0, for all X € 2, we obtain

/fﬁn/ [<3£
tin PB 6)(

A

oL
OMR

nX> ~ (T | Grad :m]

fin Ifin
= [ty [ ceiny. (5.62)
/t z T Jara N
where we have used the abbreviated notations f ffin f - ft ffin { / P ..]dV}dr and
ft:" fa ¥ % [... f th"{ fa  »l---]JdA}dr, and the 1dent1ty i, =1, which is true since

the Velocity X 1s not 1nv01ved in the constraint.

Next, we take the duality pairs between Equation (5.61c) and nf, and between
Equation (5.61e) and F,’ and we integrate over & and [tiy, tfn]. Then, by recalling
the identity Epl = Opl o b, the conditions N, (X, tin) = N, (X, tgn) = O for all
X € A, and the transpositional relation in Equation (5.30), we find

)|

JA AL e P e

/ / (Cr,r 115) - Gup—kF,T-DEVEp 1 )], (563)

An important step forward is done if it is possible to find a C'-function of time, A,
such that A = x. We assume that this is the case, and, after rewriting Fy_ T as (’)Fy Co be,

performing some algebraic calculations, and invoking the relationship (5.30), we

)

work out the term (« F,, Tin Fy) in Equation (5.63) as

o ]ac
) = |1 e o

A

_ 0C
«F;" [ np) = <

oF, ° b

. e . aC
+/l<8FG+W£F Tyohc nF>+/l<8py€+W;rnyy a—Fyohc] ’7F7>
ElG a6 ElG
—/1<6—Fohc ”F> <(9 o e 77F> A<3Fy o fe 77Fy>’ (5.64)
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where 81:@ = 81:@ o fe.

Another important deduction stems from Equations (5.33), (5.37a) and (5.39a).
Indeed, by virtue of the identification of € with the quasi-velocity Q! and since

Equation (5.64) must hold at this stage for any A, p, and i F,» We obtain
erl+ W}yF[GFy@ ob]=0, EpC+ W}yFy [aFyé oh]=0.  (5.65)

Moreover, by integrating Equation (5.64) over & and [tiy, tfin], we find

Ifin
(kF, g )
fin ae ae
__,/tm éﬁ <0—F°hc nF7>+<(9FyOhC

Now, we introduce the varied constraint € = € o b, where f is the collection

A

+£oh
TE] T\ GF, ° 5

qu>]. (5.66)

of the homotopies defined in Equations (5.24a)—(5.24¢), and we consider also the
homotopy A(X,1) — A(X,t,&) = A(X,t) + n1(X,t)e + o(g), for £ — 0, such that
0:A(X,1,0) = n,(X, 1) is the increment of A(X, t). Then, by exploiting the fact that
the product —n, [Co be] returns the constraint up to the arbitrary factor 7,, and is,

thus, null, we can rephrase Equation (5.66) as

o ET gy = [ OALCoED
-/tin é(KFy |']Fy>— -/tin ‘/3; 7% (X,1,0). (5.67)

Granted (5.67), we introduce the constrained Lagrangian density function and

the associated constrained action functional
Le=Leo(;T,0)=Lofg+(T|F-Dy)+2[Coh], (5.682)

tfin A
AP0 = [ Eeo T, (5.68)
tin B

and we write the varied action <7, and its first derivative with respect to &, evaluated
ate =0, as

() = / " / LeB(X, 1, 8): T(X,1,8), A(X, 1, 8)), (5.69a)
tin P
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B /rﬁn/ a[Lco(h;T,ﬂ)](X,t,O). (5.69b)
v Jz de

Then, a direct calculation shows that the sum of Equations (5.62) and (5.63) is

identical to the compact expression

d:{ //<fﬂp|’lx // <T|"X>_/lﬁn/<enp|wy>

/ /{<6FF|nF>+<DEV6FF 17F,)}- (5.70)

Equation (5.68a) defines the Lagrangian density function of the growing medium
which we were looking for. Furthermore, the dynamics of the growing body is
obtained variationally by “extending” the Hamilton—Suslov Principle at the price of
considering the extra forces pr r and DEVE& F,F,, due to the nonholonomic nature
of the constraint, in addition to the same non-potential forces f,, and &y, appearing
also in the TNHM. This confirms what has been said at the point P2 of Section
5.4.1. Thus, starting with Equation (5.70), taking the first-order increment of Fy as
N, (which differs from 7 F, s specified in the transpositional relation (5.30)), and
going backward until (5.61a)—(5.61f) are recovered, the dynamic problem is entirely
equivalent to the one stated in Equations (5.16a)—(5.16f), deduced from the TNHM.
This is, in fact, our reformulation for growth mechanics of the MVM by Llibre et al.
[16].

5.4.3 Implications of our formulation of the MVM for growth

The introduction of £, and the whole procedure shown in Sections 5.4.1 and 5.4.2
produce some results that we consider noteworthy.

The ““true” dynamic equations

Since it holds that @p,r = W;y F[aFyﬁ o f], Equation (5.61c) returns the well-

established result T = —&pL = —dpL o . Moreover, since Equation (5.61d)
prescribes F = Dy, the replacement of F with D y in the arguments of £ (redefining
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Iy accordingly) permits to write Equations (5.61a) and (5.61b) as [76]

L d (0L [ L .

a ol — E(a o h) - DIV(aDX o h) = —fnp, in A, (5.71a)
L

T = (_ 3Dy N h)N, on 9 A. (5.71b)

Thus, & F,F does not contribute to the “true” dynamics of the system, although it is

necessary to formulate the variational procedure presented in Section 5.4.2.

We also notice that, if the Lagrangian density function £ is defined in such a
way that its partial derivative with respect to D y equals the negative of the partial
derivative of the strain energy density ¥ with respect to the same quantity, then,
from Equation (5.12), we obtain that T’ coincides with the first Piola—Kirchhoff stress
tensor of the material, i.e.,

oY 0L
P = 3F ° (F,F,;X,7)=T = _GD/\(

o, F=Dy. (5.72)

Equations (5.71a) and (5.71b) must be solved together with those for F, and the
new Lagrange multiplier A. These, when deduced from Equation (5.70), are directly
given by

Er, L+ Wi p [0, L ol = =Gy + A F," + DEVEr, 1, (5.73a)
(F,"|F,) - R =0, (5.73b)

and replace (5.61e) and (5.61f) with x = A. Recall that Cr,F, = W}yFy [apyZ: of].

Left-multiplying by F, and extracting the hydrostatic and the volumetric parts
of Equation (5.73a) yield [23, 32, 87, 91]

DeV[F;(EFyﬁ)] = _DeV[FJan]’ (5.74a)
A= Lu[F)(Ep, L) + F) Gyl + 1tr[F) &p 1, ], (5.74b)
(F,T|E,)-R=0. (5.74¢)

Therefore, the deviatoric term DEVS F,F, does not contribute to the “true” dynamics
of the problem, while only %tr[FyT ©F, F,] plays arole in it. However, this generalized
force does not influence directly the determination of F,,, and is indeed absorbed in 4,
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thereby quantifying the entity of the reactive force /iFy‘ T predicted by the theory under
consideration, and necessary to maintain the constraint. Also, the term %tr[F; pr Fy]
constitutes a fundamental aspect of the procedure, since it defines the Lagrange
multiplier of the MVM, which is inherently different from the one characterizing
the TNHM. Yet, Equation (5.74b) returns the identification (5.59), and makes the
MVM equivalent to the TNHM, provided the equality u = %tr[FyT (€ Fyﬁ) + FyT Cipl
holds true, as can be deduced by extracting the hydrostatic part of Equation (5.16¢)
left-multiplied by FyT . Hence, this yields A = p + %tr[FyT ©F,F,]. To our knowledge,
this result represents a novelty in the context of growth mechanics, and generalizes a
result reported in [16] for the case of discrete nonholonomic systems.

To gain further physical insight into the MVM, we deem it noteworthy to comment
on the explicit expression of the term %tr[F; ©r,F,]. Indeed, looking at the definition

of pr F, in Equation (5.56) and at the result reported in Equation (5.55b), we find
Ju[FGp ] = JPytr[F) (9p,R o )], (5.75)

so that only the hydrostatic part of FyT (8pylé o f,) contributes to A.

The nine tensor components of F, are determined by Equations (5.74a) and
(5.74c¢), equivalent to eight and to one scalar equations, respectively (see also
[23, 32, 87, 91]). In addition, A is determined by integrating Equation (5.74b) in
time. This requires an initial condition for 4, i.e., A(X, tin) = Ain(X), for all X € A,
and to assign Aj,(X) consistently with the constraint at the initial time. Obtaining
the Lagrange multiplier of the theory by solving a Cauchy problem constitutes a
difference with respect to the TNHM, in which the Lagrange multiplier u is computed
algebraically, and is a characteristic of the MVM [16].

Asnoticed in [23, 32, 87, 91], Equation (5.74a) allows to evaluate the “remodeling
part” of growth, and frees one from guessing particular forms of F,, as is often done
in tumor growth, growth in anisotropic media, or under the influence of interactions
that define preferred growth directions. All these particular cases are physically
sound for the problems that they are to model, but they also require to assume that
some symmetries are maintained throughout the dynamics of the system. However,
when this restriction cannot be guaranteed, and no a priori hypotheses are done
on the generalized forces & Fyﬁ and &,,,, Equations (5.74a) and (5.74b) permit to

compute F,.
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In conclusion, if the variational procedure defined by our formulation of the
MVM is applied to growth mechanics, the dynamic equations to be solved are (5.71a),
(5.71b), and (5.74a)—(5.74c), which have to be equipped with initial and Dirichlet

boundary conditions for y and with initial conditions for F, and A.

Quasi-static case: the MVM seems to boil down to the TNHM

In almost all the biomechanical problems involving growth, the characteristic
time scales of this phenomenon are such that a quasi-static approach is amply
justified. Hence, if L. depends on y only through the classical kinetic energy density
K= %Jygyll ¥|I2, which contributes to £ in the general setting, one can neglect the
inertial force density —0; [0y L o Bj] in Equation (5.71a). In fact, in the quasi-static
case, £ is defined without XK, and, if we assume that Equation (5.72) applies, the
dynamic equations (5.71a) and (5.71b) become

L
Z—X of+ DivP = —fnp, in A, (5.76a)
7 = PN, on 81)\1('%' (5.76b)

Then, if we indicate with f := f, + f,, the total body force, where f, is given here
by f, = 9L o b, Equation (5.76a) returns the classical force balance f + DivP = 0
of Continuum Mechanics. Note that f, includes non-potential forces due to growth
and describes sources or sinks of linear momentum related to the variation of mass
of the body under consideration (see, e.g., [73, 127]). In addition, to maintain the
quasi-static hypothesis, f,,, and 7 must be taken accordingly. More details on f,

are provided in the following remark.

Remark 5.4 (Some remarks on the non-potential force f,,). By exploiting Equation
(5.72), and making the identifications Jy0,gx = dyL o hand f, = 9, L o, where
g is the metric tensor associated with the current placement of the body, and f,
designates a force density stemming from a potential density function, the balance of

linear momentum (5.71a) can be recast in the more explicit form

So = 0:(Jyov8X) + DIVT = — f,,, in A. (5.77)
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Following, e.g., [73, 127], we prescribe fnp to be expressed as

fnp = Ql({g)R(g)gv(g) + féI(,)C), (578)
where Ql(f) is the mass density, pulled back to the body’s reference placement, of

the material inserted into the body, or subtracted from it, because of growth; R®

is the rate at which such insertion or remotion take place; v® is the velocity of the

(oc)
np

account, at the body scale, for any other contributions to growth, such as those of

incoming or outgoing material; is a non-potential force density introduced to

biophysical or biochemical nature, arising from the lower scales [73, 127] (for a more

(2)
R

and y, respectively, when the material is subtracted from the body, while they can be

general framework, see [147]). As remarked in [127], o;” and v(® are equal to or

different from the preexisting mass density and velocity when “new material” [73]

is added. It is interesting to notice, however, that the mass balance law allows to

()
R

introduced in Equation (5.2). This result can be used to work out the right-hand side
of Equation (5.78) to obtain (see, e.g., [127])

write Ql(zg)R(g) = orR, with o;;”” and pRr being strictly positive, and R being the rate

fup = 0RREV® + £ = orRg ¥ + oRRg[V® — ¥] + fi29). (5.79)

Then, by employing this explicit expression of f,,, expanding the time derivative on
the left-hand side of Equation (5.77), and recalling the relationships or = J, 0, and
J'y = Jyte(F, IF,,) = J,R (the last equality follows from the constraint (5.2)), the
linear momentum balance law becomes

fy = Jyovgi + DIVT = —J, o,tr(F, ) g [v® - x] - f,0°). (5.80)

The right-hand side of Equation (5.80) defines, up to the sign, an effective non-

potential force density.

Further simplifications are obtained for problems that allow to neglect all body

forces, so that Equation (5.76a) reduces to DivP = 0.

Similarly to the conclusions drawn for K, even though it is possible to define a
generalized kinetic energy density X, := 3(G[F,]|F,) associated with F,,, where G
is some suitable fourth-order inertial tensor field, the quantity X, does not contribute

to £ in the quasi-static regime. Accordingly, if we further hypothesize that L depends
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on Fy only through X, then the generalized momentum p,, = ﬁpyﬁ o §, which now
reads p,, = G[F, ], does not appear at all. Indeed, it disappears from €, £, which
reduces to 3FyL o 1, and so do also the extra forces GFYF and pr F,, defined in
Equation (5.56). Consequently, the dynamic equations deduced by means of our
formulation of the MVM, i.e., Equations (5.74a)—(5.74c), become identical to those
obtained with the TNHM in the quasi-static case, the only difference being that u is
replaced by A.

These results notwithstanding, there remains a methodological difference between
the two methods, which is reflected in the way in which the Lagrange multipliers
u and A are computed. Indeed, as remarked above, the multiplier u is determined
algebraically in the TNHM, while, in the MVM, one has to find A by solving an
ordinary differential equation in time also in the quasi-static case. One may say, in

this case, that u is the rate of A.

On the basis of the considerations above, in the quasi-static approximation of
growth, our formulation of the MVM seems to boil down to the TNHM. However,
this is not the case because of an important conceptual and technical difference
between the two approaches. Such difference becomes evident by comparing the
Extended Hamilton Principle, presented in Equation (5.15), with Equation (5.70),
which is the “heart” of our formulation of the MVM and, in the quasi-static regime,

becomes

dﬂ/:; tfin Tfin
i 0= [ [ v @i} [ . s

Indeed, whereas in the TNHM the nonholonomic constraint is handled by regarding

the reactive force uF, T as “polygenic” [11], thereby giving rise to (uF, T F7> in
Equation (5.15), no such term is present in Equation (5.81), since the constraint is

handled variationally although it is nonholonomic.

Explicit form of the dynamic equations in the quasi-static case
Within the quasi-static regime, let us hypothesize that £ has expression

Lol=-Wo (F,F;X,T)—¥y0 (F;X,T)+Uo (x, Fy: X, 7), (5.82)
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where —% defines the body Lagrangian density function Ly; ‘i’g is an energy density
depending solely on the growth tensor, material points, and time; while W is the

potential density that generates the body forces f;,.

The energy density ‘i’g is introduced to highlight that a given configuration of
the system, defined by the triad (y, F = Dy, F,), may vary its energetic content in
response to variations of F,, for fixed y and F (see, e.g., [77, 23], and a discussion
on “Cauchy’s gauge” [112]). We also notice that, in general, U must depend on F,.

Indeed, if U models, e.g., gravity, 1.e.,

Uo (. Fy; X,7T) = <(detFy)Qvagr|X - xo) =: U, (5.83)

where a,, is the gravity acceleration (co-)vector, and x( defines a referential position,
ie., yo(X,1) = xo, forall (X,7) € & x .#, then the dependence of U on F, accounts
for the redistribution of the mass density pr = (det F,) o, in the body’s reference

placement due to growth. Hence, we obtain

0 Uo (x,Fy; X, T) = 8,L oy = (det Fy)o,ay =: f,, (5.84a)
0r, Wo (x, Fy; X, T) = [Wo (x, Fy; X, DF,; ", (5.84b)

and Equations (5.76a) and (5.76b) take on the form

(detFy)oyag + DivP = —f, in 4, (5.85a)
T =PN, on 61)\1‘,%’, (5.85b)

with P given in Equation (5.12) or (5.72). The coupling with F, emerges both
through the constitutive representation of P and through the body forces.

Switching to the dynamic sub-problem for the growth tensor, we notice that
Equation (5.82) and the discussion reported in Section 5.2.3 lead to

H=F,(0p,¥ o (F,F;X,7)) =¥I" - F'P, (5.86a)
Z,= - F) (05, %5 o (Fy; X, 7)) + F) (0, U o (x. Fy; X, 7)), (5.86b)
F}@u,=Zy, — T[F;'Fy] = Zyy — Yo, (5.86¢)

where H is the Eshelby stress tensor, Z, and Z,, are the potential and non-potential
contributions to Z = Z, + Z,;, introduced in Equation (5.10c), while T and Y4 are
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defined in Section 5.2.3 (we recall that the inertial terms that, in general, would
feature in Z are neglected here). Thus, Equations (5.74a)—(5.74c) become

DevZ - DevH = Dev{T[F,'F,1}, (5.87a)
A= -1uH + wZ - 1w{T[F;'F,]}, (5.87b)
(F,T|E,)-R=0. (5.87¢)

The generalized force Z,, can be prescribed as in Equation (5.19). Moreover, if U is
given as in Equation (5.83), then the second term on the right-hand side of Equation
(5.86b) reduces to U1 T and does not contribute to DevZ, but to A.

Looking at Equation (5.87b), we notice that, since %trZ is conjugated to tr(F,, ! Fy),
it does not contribute to trigger the variation of mass. Yet, it does contribute to
determine the Lagrange multiplier associated with the constraint. On the other hand,
DevZ guides, together with DevH, the evolution of the volume-preserving part of
F;'F,, as indicated by Equation (5.87a).

5.5 Differences with the MVM of Llibre et al.

There are two differences between the MVM by Llibre et al. [16] and our reformulation
of this method. To analyze them, we abandon the quasi-static case, and return to the
full system of dynamic equations (5.61a)—(5.61f).

The first, and minor, difference is that, in its original conception [16], the MVM
does not consider any non-potential force. This amounts to switching off f,,, and &y,
in Equations (5.70) and (5.61a)—(5.61f). We maintain only 7 for including the case
of non-vanishing tractions imposed on the body’s boundary. Although eliminating
Jop and &y, could be unphysical for describing growth, especially for what concerns
Sup, e consider this situation to highlight how our version of the MVM differs from
the one by Llibre et al. [16]°.

The second, and major, difference is that, to the best of our understanding, Llibre
et al. [16] do not consider the extra forces & F,F and DEV& F,F, on the right-hand

side of Equation (5.70), although the variation of their action functional is performed

>In the quasi-static case, and in the absence of Sp (specifically, under the assumption that
Z,, and Yq are both identically null), Equations (5.87a)—(5.87¢) become DevZ, — DevH = O;
A= —%trH + %ter; and (F;T|Fy) -R=0.
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by employing the Hamilton—Suslov variational principle. Hence, with the procedure

outlined in [16], our dynamic equations would become

&,L +DivT =0, in 8, (5.88a)
T-TN =0, on % B, (5.88b)
erl + W}YF[aFyﬁ o] +T =0, in 4B, (5.88¢)
F-Dy=0, in 8, (5.88d)
Er, L+ W}y F, [0 L o] = AF,T, in A, (5.88¢)
(F,"|F,)-R =0, in A. (5.88f)

This formulation of dynamics produces important consequences, which require
conditions for the MVM formulated in [16] to be equivalent to the TNHM and, thus,
to our version of the MVM, as presented in Section 5.4. As we shall see in the two
following sections, these conditions place restrictions on admissible functional forms
of the mass source R. In this respect, we remark that no conditions of this type are
required in our formulation of the MVM (see Section 5.4), since it is constructed to
be always equivalent to the TNHM.

5.5.1 First restriction on the mass source due to (5.88a)—(5.88f).

By recalling the identifications &L = dpL o i and ﬁFyﬁ ol = p,,and using the
results (5.38) and (5.55a), Equation (5.88c) implies that T now reads

T =-0pL o= Wi p[p,] = P =Py (0rR o f), (5.89)

where, in the last equality, we have assumed —9pL o = dpW¥ o b, = P, thereby
returning the body’s first Piola—Kirchhoff stress tensor. Then, by plugging Equation

(5.89) into (5.88a), one can write the result as
€L +DIVT = f, - Div[Py(dpR o )] = 0,(9yL o) + DivP =0.  (5.90)

Since, in Equation (5.88c), nothing compensates for W;y F [(’)Fyﬁ o f], it goes into
Equation (5.88a), i.e., into the balance of linear momentum, where it generates the
extra force —DiV[Py(aFﬁ o f,)]. Consequently, for the considered growth problem,

the original procedure by Llibre et al. [16] is equivalent to the well-consolidated
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TNHM only if R is independent of F, i.e., if 61:1? ol, = 0, or in the quasi-static
approximation, because Py((?p]é o f,) is neglected, provided L depends on F,, only
through the generalized kinetic energy density XK,

To us, the comments reported above place the question as to whether the procedure
stemming from Theorem 1 of Llibre et al. [16] can be applied, as is, to the growth
problem, at least for arbitrary R. The “warning sign” for this applicability issue is
the discrepancy of the momentum balance law (5.90) with Equation (5.16a), which
originates from the TNHM and in which T = P.

5.5.2 Second restriction on the mass source due to (5.88a)—(5.88f).

Let us consider the case in which the generalized kinetic energy density induced by
F,is X, = $(G[F,]| Fy) = 3J,m,||A, ||, where m, > 0 is a mass-like material
parameter, and ||A,,||2 = tr(AgGAyG_l) is the squared norm of the material rate
of Fy,ie., A, := F),_ le, while G is the metric tensor associated with the body’s
reference placement. In this formulation, G is given by G = J,m, b, ! ® Gl ie.,
in components, G, 4? = J,m, [b}'],5G*E, with b, := F,G'F] being the left
Cauchy-Green tensor generated by F, .

If we further hypothesize that L depends on F,, only through X, then, after

differentiating Equation (5.88f) with respect to time, we can write

GIF,] + F, 4 = 0, L o - G[F,] + ©F,r,, (5.91a)
(F,T|F,) = rA] + R. (5.91b)

To formally analyze Equations (5.91a) and (5.91b), it is convenient to recast them
in the form of a block-wise system of second order ordinary differential equations.
To this end, we multiply Equation (5.91a) by b, from the left, and by G from the
right, thereby obtaining

Jym,F, + F,A = b, (0p,Lot)G - by (G[F,])G + b,8F F,G, (5.92a)
(F,T|F,) = rAJ + R. (5.92b)
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Then, we rewrite the resulting expressions as [27, 1]

f b+o
AR

where, by prescribing a convention for converting fourth-order tensors in 9 X 9

M N
Q O

square matrices and second-order tensors either in 9 X 1 matrices or column vectors
(or, depending on the situation, in 1 X 9 matrices or row vectors), we obtain that
M = J,m,l is proportional to the 9 X 9 identity matrix I; N is the 9 X 1 matrix
associated with F,; Q' is the 1 x 9 matrix representing F, '; f is the 9 X 1 column
vector representing F,; O is the 1 X 1 null matrix; b is the 9 X 1 column vector that
represents the first two addends on the right-hand side of Equation (5.92a); o is the
9 x 1 column vector associated with byepy FyG; finally, c is the 1 X 1 column vector
associated with trA% + R. Note that, although A is a scalar, in the system (5.93) we
represent it with the 1 X 1 column vector A, and we use the same convention for
trA%, + R by renaming it c.

We remark that, although the system (5.93) is found by following a procedure
similar to those outlined in [27, 1], its form is different in that the matrix Q! is not
the transpose of N.

By means of the Schur complement technique [27, 1], the system (5.93) becomes

f=M1[1-NS'QM o + M~ I[I - NS~'Q'M~']b + M~INS~ !¢,

, (5.94)
A=S1QM o+ S IQM1b - S ¢,

where S := Q'M~!N is the Schur matrix. For the problem at hand, Sis a 1 x 1 matrix,

and represents the scalar

1 1 1 3
S=QM IN=Q IN = 'N= —(FT|F,) = —. 5.95
Q Q T, Jymyo Jymv< U IFy) o, (5.95)

Consequently, Equation (5.94) simplifies to

f= Jyln,, [I- INQ'| o + J%m [I- INQ!| b + INc,

. (5.96)
A=1Qlo+ Q- 2,

Before proceeding, the following remark is in order.



5.5 Differences with the MVM of Llibre et al. 131

Remark 5.5 (Consistency with the direct calculation of 1).

The products Q'o and Q'b are scalars, and admit the identifications

Q'o = (F,"|b,&F,r,G) = tr(F,GF F,), (5.97a)
Q'o = (F,"|by 0k, L © H)G) — (F; by (GIF,))G)
= tr[F) (0, L o )| - tr[F} (G[F,])]. (5.97b)

Hence, A is given by

A :%tr(FyT Sr,r,) + %tr[F;r (0p,Loh)] - %tr[FyT (G[F)))]
— 1,m, [trA2 + R], (5.98)

and, by recalling Equation (5.92b), we obtain

A =1te(F[&p F,) + 3tr|[F) (0p, L o b)| - Lu[F](G[F,])]
- 1J,m,(F,T|E,). (5.99)

Finally, by considering the identity J,m,(F,"|F,) = t[F, (G[F,])], obtained
by assuming G = Jym,,b;1 @G‘l, we rewrite the sum of the last two terms of
Equation (5.99) as —%tr[FE@t(G[Fy])], and, thus, as —%tr[FE@t(aFyﬁ of)]. Then,
substituting this result into Equation (5.99), and using the definition of the Euler—
Lagrange operator lead to

A=lu(Flp ) + Ju[E] (€p, D)), (5.100)

which is identical to Equation (5.74b), up to the presence of &,.

We notice that, since o (representative of b,8p,r,G) would not appear if the
problem were formulated by means of the TNHM, Equations (5.16e) and (5.16f),

rewritten in matrix formalism, become (if &y, is neglected)

.f.TNHM = -]y;mv [l - %NQt] b+ %NC,

(5.101)
w=1qgb - 2te,

Hence, as reported in a theorem of [1] (which rephrases a result given also in [16] and
is reported in this Thesis as Theorem 2.1), the MVM formulated by Llibre et al. [16]
is equivalent to the TNHM if, and only if, it holds that f = fyygm and A= W+ %Qta.
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While the latter condition is a direct consequence of Equations (5.96) and (5.101),
and is equivalent to Equation (5.59), provided the substitution x = A is done, for the

former one to be fulfilled it is necessary and sufficient that

1 [ - %NQt] o=0. (5.102)

Jym,

This means that o must belong to the kernel of the operator | — %NQt. This operator,

in fact, is the matrix representation of the fourth-order tensor
T 1 -T
0l — §F7®Fy , (5.103)

which extracts the F,-deviatoric part (see Equation (5.104a) below) of a generic
second-order tensor ® with components ®“ 4, and has kernel spanned by all tensors
of the type ®y = ¢F,, with ¢ € R (in Equation (5.103), ¢ is the identity tensor
associated with the body’s natural state). These two properties can be verified by a

direct calculation, which yields

{601"-1F, o F,"}[®] = ® - 1ir(F;'®)F,, vV @, (5.104a)
{60I"-1F, @ F,"}[¢F,] =0, V. (5.104b)

From these results, it follows that, since the column vector o represents the
second-order tensor by ©F r,G, Equation (5.102) requires the F,-deviatoric part of
bYGFyFyG to be null, i.e.,

{6@I"-1F, ® F,"}[b,6F G| = O, (5.105)
which is equivalent to both of the following conditions

DEVGy, 5, = Gp F, — 3tr(F)&p p )F," =0, (5.106a)
Dev(F,Gp, r,) = F, ©p r, — $t((F, &p p)I' = 0. (5.106b)

Equations (5.106a) and (5.106b) constitute the most important result of this
section, and can be summarized in the following theorem, which particularizes a

theorem reported in [1] (i.e., Theorem 2.1 of this Thesis).

Theorem 5.1 (The MVM by Llibre et al. [16] and the TNHM). Within the theory of
growth under consideration, the MVM formulated in [16], which leads to Equations
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(5.88a)—(5.88f), is equivalent to the TNHM, and, thus, also to our formulation of the
MVM, if, and only if, ©F, r, has vanishing F,/ T_deviatoric part (and Cr,r=0)
Proof: To prove the necessary condition, we compare the systems (5.96) and (5.101),
and we notice that, if they are equivalent to each other, then Equation (5.102) has to
be fulfilled. Since this condition implies Equation (5.106a), or (5.106b), ©F, r, must
have null ¥,/ T_deviatoric part.

To prove the sufficient condition, we assume that Equation (5.106a), or (5.106b),
holds true. Then, the system (5.96) returns (5.101), and, thus, the MVM formulated
in [16] is equivalent to the TNHM. [

Hence, if the MVM by Llibre et al. [16] is to be used as is, then, in order for it to
be equivalent to the TNHM, only tensors &, r, proportional to F,’ T are admissible.
More specifically, on account of Equations (5.55b) and (5.106a), or (5.106b), to
ensure the equivalence with the TNHM, & F,F, must be such that

Sr,F, = 3P, r[F) (Or,R o )| F,". (5.107)

By virtue of Equations (5.107), let us write 8p p, = %tr(FyTGpry)Fy‘T in
Equation (5.88e). Then, by multiplying it by F., and projecting it onto the sub-

spaces of deviatoric and spherical tensors, we find

Dev[F} (EF,L)] = 0, (5.108a)
Lw[F)(Ep, L) + Su[FfSF F | = 4, (5.108b)

thereby providing another expression of the fact that the dynamic equations are now
equivalent to those obtained via the TNHM or via our formulation of the MVM, up
to the non-potential forces.

This result can be formalized in the following Corollary to Theorem 5.1. Before
enunciating it, we emphasize that, also in this case, the restriction that it places on

the mass source is not required in our formulation of the MVM.

Corollary 5.1 (Restriction on the constitutive form of the mass source). In order for
©F, F, 1o be proportional to F. T the functional form of the mass source, i.e., R, may
depend on F, only through J, = detF,, i.e., on the volumetric part of the distortions
induced by growth.

Proof: To satisfy the first restriction on R, discussed in Section 5.5.1, let us take
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R independent of F. Then, consistently with the hypothesis of this corollary, we
write R = R o (F,; X,7) = Ro (J;X,7T), and we calculate prpy as prescribed in
Equation (5.55b), i.e.,

A N

OR OR
GFyFy = P,y(a—pwy [®) (F ,DC,‘J')) = Jypy(a—.]y o

(Jy; X, iT))F;T. (5.109)
The tensor &, r, computed this way is, by construction, proportional to F T and
has, thus, null F)/ T_deviatoric part. This completes the proof and makes the growth
law R = Ro (F,;X,T) = Ro (J; X, 7T) admissible in the sense of Theorem 5.1,
since the tensor &, r, in Equation (5.109) makes the MVM by Llibre et al. [16]
equivalent to the TNHM. 0

A final remark concerns the fact that, if the dependence of £ on Fy is only
through the kinetic energy density X,, then, in the quasi-static case, the MVM by
Llibre et al. [16] is equivalent to the TNHM because 6Fyﬁ o iy is neglected and,
thus, the extra forces WIITV7 F [aFyﬁ o] and WIT% F, [ﬁFyﬁ o j] do not appear on the
left-hand sides of Equations (5.88c) and (5.88e). However, we deem it important to
reformulate this version of the MVM as shown in Section 5.4 because it allows to
obtain the quasi-static limit in the correct way. In this regard, we refer the reader
to the next section for the study of such quasi-static limit for a simple benchmark
problem [89, 91].

5.6 A benchmark problem in the quasi-static limit

As indicated at the beginning of Section 5.1, our main purpose is to obtain the dynamic
equations of a growing body within a quasi-variational theory of growth, although
the evolution of Fy is restricted by the nonholonomic constraint (F, T|Fy> - R=0.
In this respect, the dynamic equations for F, that we obtain with our procedure, i.e.,
Equations (5.73a) and (5.73b), are equivalent to those determined by the Principle
of Virtual Work, as they should be. Apart from the reasons already explained in
the paragraph “Why a Lagrangian theory of growth: advantages and problems”
of Section 5.1, the advantage of this formulation is provided by the possibility of
defining the Lagrangian density function L. given in Equation (5.68a), which is

comprehensive of the nonholonomic constraint and can be used as the starting point
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for computational schemes based on finite element methods. While the detailed
investigation of this issue is out of the scopes of the present work, the numerical
simulation of a simple benchmark problem could be useful to see the role played by
pr F and pr Fy» defined in Equation (5.56).

In line with previous studies of our research group, we concentrate on an academic
problem of tumor growth in a “breast duct” [89], as recently described in [91, Section
3.1]. The mathematical model adopted therein neglects the inertial effects and all
the body forces featuring in Equation (5.71a) and then specialized in Equation (5.80)

below. Hence, the dynamic equation for y (linear momentum balance law) becomes
DivP =0, in 4, (5.110)

and is, indeed, obtained from Equation (5.85a) by disregarding (det F, )0, a4, and
Jop:

Within the considered approximation, the dynamic equations for F, are given by

those of the quasi-static case, i.e., by Equations (5.87a)—(5.87¢), which we rewrite

here:
DevZ — DevH = Dev{T[F;'F, ]}, (5.111a)
A=-1uH + uwZ - Lu{T[F;'F,]}, (5.111b)
(F,"|F,) - R =0. (5.111c)

With A playing the role of u, these equations are identical to those solved in
[91]. In fact, the condition A = u follows from Equation (5.59), rewritten as
A=+ %tr(F;GFVFy), when %tr(FyTGpry) is zero or is neglected, as implied by
Equation (5.82) of the Subsection “Explicit form of the dynamic equations in the

quasi-static case” of Section 5.4.3.

To close the problem, we prescribe the same mechanical framework as in [91].
Therefore, we drop ‘i‘g and U from the Lagrangian density function L in Equation
(5.82), and, under the assumption of homogeneous and isotropic hyperelastic material,
we set

Lof=-Wo(F,F)=-J,[¥ oF.] =-J,[W, o (I, Lae, I3¢)], (5.112a)
Wy 0 (I1e, I, I3e) =o{exp(ai [I1c — 3] +a2 o — 3] —a3log I3.) — 1}, (5.112b)
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where W, is the strain energy density of the body per unit volume of the natural state,
and expressed as a function of the principal invariants /e, I, and I3, of the right
Cauchy-Green deformation tensor induced by Fe, i.e., C; = FI gF. = F; Tc Fy_ I
with C = FTgF and g being the metric associated with the three-dimensional
Euclidean space hosting the body.

Given Equations (5.112a) and (5.112b), the first Piola—Kirchhoff stress tensor P
and the Eshelby stress tensor H are determined by Equation (5.12), or (5.72), and
(5.86a), respectively.

Since the Lagrangian density function in Equation (5.112a) implies that Z, is
null, the external force Z is entirely non-potential in the present framework. Thus,
we obtain Z = Z,,, with the latter one being specified in Equation (5.19), Section
5.2.3. Moreover, the mass source R is supplied in Equation (5.5). Both Z and R are
conceived starting from biological phenomenology, as explained in Remark 5.2. The
nutrients’ concentration ¢ evolves according to a diffusion-reaction equation, as the
one reported in [91], where the diffusivity tensor is prescribed as a tensor-valued

function of F and F,, while the reaction rate is constant.

Finally, T is a fourth-order tensor field, defined in [23] in such a way that the

dissipative generalized force Yyq = T[F, le] takes on the form

T(F;'F)] = 10,a,0(F; )T + 20,b,C sym[(F; ' F,)C™']
+2J,¢,C skew[(F,'F,)C™'], (5.113)

where a,, b,, and c, are constant material parameters assumed for the computed
benchmark problem as in [91], but not taken from experiments. Also all the remaining

values of the coeflicients employed in the model are borrowed from [91].

Since the external force Z specified in Equation (5.19) is such that C™'DevZ
is symmetric, and since C~'DevH is symmetric by construction, then Equation
(5.111a) requires its right-hand side to be symmetric, too. This, according to Equation
(5.113), implies that the skew-symmetric contribution to T[Fy_ le] must vanish, i.e.,
skew[(F, 1Fy)C_l] = 0. Details about this procedure are given in [23, 87, 91].

Equations (5.110), (5.111a)—(5.111c), and the diffusion-reaction equation for
the nutrients are now solved for the case of a tumor that grows inside a breast duct
of cylindrical shape and having fixed and non-deformable lateral boundary, and

extremities free of contact forces. Moreover, it is assumed that the tumor does not
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rotate about the geometric symmetry axis of the cylinder. By using cylindrical
coordinates, the just provided description implies that Equation (5.110) is completed
by homogeneous Dirichlet conditions for the radial and angular displacement of the
tumor and by the homogeneous Neumann conditions PN = 0 on the extremities
of the duct. Furthermore, the benchmark assumes that, at the initial instant of
time t = tij, € #, F,(X,ty) is given in components as (F,)*4(X,t,) = 1, for
a=A=1,23and (F))%s(X,tin) = 0fora # A.

In principle, given the form of Equation (5.111b), an initial condition for A4
should be provided (see, e.g., [27, 1]). However, this is not necessary in the present
framework, since the model has been formulated in such a way that only A has to be

computed.

The initial- and boundary-value subproblem for the nutrients’ concentration is
the same as the one studied in [91]. The diffusion-reaction equation for ¢ is equipped
with homogeneous (zero-flux) Neumann boundary conditions on the lateral boundary
of the cylinder and Dirichlet boundary conditions at the extremities, where ¢ is set

equal to ¢eyy at all times. The initial value of ¢ is equal to cepy, t0O.

Finite elements have been used to solve Equations (5.110), (5.111a)—(5.111c)
and the equation for ¢, together with the discussed boundary and initial conditions.
The numerical simulations have been performed by using the commercial software
COMSOL Multiphysics™ v. 5.3a. The axial-symmetric geometry of the duct has
been exploited, so that the axis of the abscissae in Figures 5.1 and 5.2 represents the

axial coordinate 2 of the cylinder in the reference placement.
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Fig. 5.1 (Left) Normalized kinetic energy X, /J,m,; (Right) Norm of the normalized extra
force pr F-
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The purpose of these simulations is to show that, since tumor growth is typically
studied in the quasi-static regime, the limit of vanishing inertial contributions must
be met in the correct way, if one wants to formulate a theory of growth as discussed
in our work. Thus, one has to consider the extra forces pr F = WIT% F [ﬁpyﬁ o f]
and Gp,F, = WIT% F, [aFyﬁ o ] on both sides of the dynamic equations (5.54a) and
(5.54b), and show that they are, in fact, negligible with respect to all the other terms.
Since Equations (5.54a) and (5.54b) are obtained by adding ©f r and ©F p, on both
sides of each equation, these forces are obviously always of the same order, and so
will they be when they are sent to zero. However, this is not the case in the “Modified
Vakonomic Method” (MVM) by Llibre et al. [16], according to which & r and
©F, r, would appear only on the left-hand side of each equation. Therefore, as long as
inertial effects are genuinely negligible, their formulation will yield the same results
as ours. However, as soon as inertial terms are, for any reason, no longer negligible,
their equations would still feature G’Fy F and pr F, On the left-hand sides, but not
on the right-hand sides. Therefore, © F,F and & F,F, would not be compensated for.
This would lead to results discrepant not only with ours, but, more importantly, with
those predicted by the Traditional Non-Holonomic Method (TNHM), on which the

theories of growth usually rely.

For the reasons outlined above, we start showing that the kinetic energy density
X, is negligible in the problem at hand. In the left panel of Figure 5.1, we report the
normalized kinetic energy density X, /J, m, at three different times (day 1, day 10
and day 20), corresponding to different values of the nutrients’ concentration. We
notice that it is essentially equal to the square of the source of mass (cfr. [91, Figure
2(a)]). This follows from the fact that, by virtue of the constraint (5.2), X, in Section

5.5.2 can be written as

Ky = 30, AP = §ymy (5 'y + Syl Ayl

= §y M (R o y)” + 31,m, [|A, W, (5.114)

where A, := Fy" lllF%u is the rate of the volume-preserving distortions due to growth,
the square norm of which is negligible with respect to R. This result notwithstanding,
X, is comprehensive of a contribution due to the growth law R = Ro by, and a
contribution associated with the rates of the isochoric distortions. Whereas the
functional expression of the former one is assigned a priori by imposing R in Equation
(5.2), the latter is computed from the dynamic equation (5.111a). Since the trend



5.6 A benchmark problem in the quasi-static limit 139

of X, /J,m, can be approximated with the trend of R?, then the inertial effects on
the evolution of F, are negligible whenever the values attained by R = R o b are

relatively small, as is indeed the case.

To represent the magnitudes of & F,F and © F,F,» with the latter being decomposed

in its Fy‘ T—spheric and Fy' T_deviatoric, we consider the norms

©r,F
Sr.F = 1, 5.115
BE T, ( a)
1 T -T
SSph _ §tr(F7 GF*/FV)FV dev ._ DEVGFVFY
F,F, '™ > F.F. — | (5115b)
¥y Jym, iy Jym,

From the right panel of Figure 5.1, we can see that Sg_r is quite homogeneously
distributed with respect to the axial coordinate =, and, in particular, it decreases of
one order of magnitude from day 1 to day 20. This may be attributed to the fact that
G, F = W}y rLP,] depends on the source of mass through AFR o b, (see Equation
(5.38)).
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Fig. 5.2 (Left) Norm of the normalized extra force DEVGpf r, = GF F, — %tr(F } Gr,r,)F, T,
(Right) Norm of the normalized extra force %tr(F,yT Gr, Fy)Fy_ T

Concerning the extra force € p, = W}y F, [p, ], which depends on the source
of mass through dr R o b, (see Equation (5.40)), Figure 5.2 shows two different
qualitative behaviors for the F,, T_spheric and F; T_deviatoric parts of ©r,r,. By
looking at the left panel of Figure 5.2, the quantity Sge¥ increases with time. It

Yty
measures the influence of the chosen set of transpositional relations onto the volume-
preserving part of F,. In particular, Sge‘F’ evolves from a state of homogenous
YrY

distribution to one that is non-homogeneous. On the contrary, by looking at the right

h

panel of Figure 5.2, one can see that the quantity S;‘;F

¥ proportional to the mismatch
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between the Lagrange multipliers A and u, decreases with time, and evolves towards

h
SP
F)’FV

time because it scales with the availability of nutrients in the interior of the tumor,

a non-homogenous distribution, too. The normalized force diminishes with
which decreases as time goes by, although the nutrients’ concentration remains above
the critical value ¢... The deviatoric force ng‘F’y, instead, increases with time because
F, tends to deviate from its initial value, which is a spherical tensor, due to the spatial

variability of the nutrients.

5.7 Concluding remarks

This work is the latest of a series of studies [23, 32, 87, 91] devoted to adapt concepts
and methods of the analytical mechanics of nonholonomic systems [13, 16, 1] to the

continuum mechanics of volumetric growth in biological media.

Our main conclusions can be summarized as follows:

C1. We have developed a quasi-variational theory of growth in which the growth
law of a body is assigned a priori, for example, in compliance with experimental
evidences or design choices. This compels to interpret the body’s mass balance
law as an affine and nonholonomic constraint on the time rate of the growth
tensor, which is introduced by means of the BKL decomposition. We have
appended this constraint to the Lagrangian density function of the body, and
we have shown that the corresponding dynamic equations can be obtained
variationally up to “polygenic forces” [11], which have to be considered for a
general and physically sound model of growth. To us, this result is noteworthy,
because it subsists even though the constraint is nonholonomic. To achieve it,
we have started from the dynamic equations supplied by Hamilton’s Extended
Principle [11] (which are equivalent to those predicted by the Principle of
Virtual Work), and we have modified them by introducing the extra forces
c r,F and c F,F, that stem from the transformation rules of the Euler-Lagrange
operators when passing from the true velocities to the quasi-velocities of the
body. By virtue of these forces, the modified equations remain equivalent to the
original ones. Then, we have found that the modified dynamic equations can
be made descend from the variational procedure known as Hamilton—Suslov

Principle, “corrected” in a fashion similar to Hamilton’s Extended Principle,
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as shown in Section 5.4.2, Equation (5.70). To do all this, we have taken
the “Modified Vakonomic Method” MVM by Llibre et al. [16] as a point of
departure, and we have reformulated it by considering the extra forces &, r
and © F,F,- These forces must be accounted for to ensure that our formulation
of the MVM is consistent with the TNHM [11, 39, 21]. In this regard, we have
re-contextualized the work done by Llibre et al. [16] in light of the results
provided in [1].

C2. We have compared our reformulation of the MVM with its original version

C3.

[16] by specializing the latter to the mechanics of a growing medium. Our
conclusion is that the original MVM disagrees with the TNHM for general
growth laws employed in the nonholonomic constraint on the time rate of
the growth tensor (see Section 5.5). The discrepancy is due to the fact that,
if the procedure by Llibre et al. [16] is strictly followed, the extra forces
WlTva[aFyﬁ oh] = &p r and WITVYFY [(’)Fyﬁ o i] = &, F,, which are produced
by the Hamilton—Suslov procedure [60, 61, 16, 1] (cf. with WTp in [1], as
well as Chapters 2 and 3), appear only on the left-hand sides of the dynamic
equations (5.88c) and (5.88e). Therefore, since no other term balances them,
they lead, for an arbitrary growth law, to dynamics that cannot be predicted by
the TNHM (indeed, no extra force appears in the TNHM). In particular, € r
is fully unbalanced, and, although the F, T_spherical part of ©F,F, can be
incorporated into A[16], the Fy‘ T_deviatoric part of © F,F, remains unbalanced.
Accordingly, to restore the equivalence of the original MVM [16] with the
TNHM, & F,F and DEVG& F,F, must be null. This is the result of our Theorem
5.1. The requirement that DEV& F,F, vanishes is coherent with the statement
of a theorem [1] that supplies a necessary and sufficient condition for the
original MVM [16] to be equivalent to the TNHM for discrete nonholonomic
systems. In conclusion, when the Hamilton—Suslov procedure generates extra
forces that are both null or that comply with the conditions stated previously,
the equivalence between Llibre et al.’s MVM [16] and the TNHM is naturally
fulfilled. In fact, the second case is true for the constraints studied in [16, 1],

but, in general, not for the constraint considered in this present work.

Since the constraint (5.4) is made nonholonomic by the mass source R, the
equivalence conditions between Llibre et al.’s MVM [16] and the TNHM

depend entirely on the functional form of R. Our corollary 5.1 states that such
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conditions require R to be independent of F and to depend on F, solely through
Jy. The first restriction can be used for some simple benchmark problems, but
it is not realistic for many biological problems in which the growth law must
depend on mechanical stress and, thus, on F, as is the case for tumor growth
models involving “mechanosensing” [148, 149] and “mechanotransduction”
[85, 102]. The second restriction, instead, is often imposed when growth is
assumed to be isotropic, as in tumors (see, e.g., [84, 102, 94]), but it should
be relaxed when growth is not isotropic, as occurs in heart or skin mechanics
(see, e.g., [93] for a review), or, more generally, in fiber-reinforced tissues
(see, e.g., [88]). Therefore, these situations cannot be modeled by the original
MVM. Nevertheless, our reformulation of the MVM, as presented in Section
5.4, can be adopted, since it is equivalent by construction with the TNHM,
independently of the assigned growth law. Thus, in all the situations mentioned
above, our work is able to provide a quasi-variational theory of growth.

C4. Since our theory is of grade zero in F,, the geometric descriptors induced by
F, are all determined as outputs of the dynamic problem. For example, if one
solves Equations (5.61a)—(5.61f) in a sufficiently general setting, then, once F,,
is computed, one can determine a Riemannian manifold characterized by the
metric tensor associated with F,, and the corresponding Levi-Civita connection.
This connection and the curvature that it produces are consequences of the
forces accounted for in the model and of the mass source R given in the
constraint, and are, thus, directly related to the bio-physics and bio-chemistry
of the body [107]. Analogous considerations hold true, for instance, for the
affine connection I' z¢ = (Fy_l)Aa((')(Fy)“B/c')Xc).

It is worth noticing that, for the majority of the cases of biological interest,
R is such that the constraint on the evolution of F, cannot be reduced to a
holonomic condition. This nonholonomicity in time, in turn, induces the
nonholonomicity of F, in space, and, thus, its incompatibility, especially with
respect to its volumetric part, modeled by J,. In a previous work of some
of us, we have called this type of models “a priori approach” [91], since R
is prescribed by the phenomenology. Yet, this is not the only possible path.
Indeed, one could put no constraints on F,, and let it evolve according to a
dynamic problem in which the force Z contains the biological information
necessary to trigger and maintain growth [69, 90, 150, 103, 104]. This is what
we called “a posteriori approach” [91]. In this case, the geometric descriptors
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depend on Z and on the constitutive assumptions defining ¥,q and H. A similar
situation occurs for those models of growth that consider F, as an internal
variable (see, e.g., [73, 88]), in which F,, is introduced as the “implant” tensor
within a theory of uniformity [140, 73, 112, 118, 79, 125].

However, a different situation is provided by theories of higher grade [79,
151, 124], in which the geometric descriptors, like affine connection and
curvature, are part of the augmented kinematics and, thus, part of the solution
of the dynamic problem. In this case, these descriptors can lead to even more
complicated manifolds.

As a final remark, we would like to emphasize that our formulation of the MVM
can be seen as based on an “Extended” Hamilton—Suslov Principle, since it augments
the already existing theory by allowing for non-potential forces (cf. with Extend
Hamilton’s Principle in Section 5.2.2). In particular, the way in which the constraints
are handled differs significantly from how Extended Hamilton’s Principle operates.
Indeed, whereas the latter binds the constraints to merely “polygenic” forces, and
equates the first-order variation of the action to the time-integral of the virtual work
done by the “reactive” forces, the Extended Hamilton—Suslov Principle directly varies
a Lagrangian function that comprehends the constraint by operating variations that
are of the Hamilton—Suslov kind [60, 61, 16, 1].

Moreover, it would be interesting to exploit the Extended Hamilton—Suslov
Principle to study “broken” symmetries due to growth, and the related loss of
conservation laws, by means of an appropriate formulation of Noether’s Theorem for
nonholonomic systems [63].



Appendix B

Revisiting the charged skate: the
quasi-variational approach

In this appendix we revisit and further expand (in light of the results presented by
Grillo et al. [2], see Chapter 5) the “charged skate” benchmark problem investigated
by Pastore et al. [1] and reported in Section 3.2 of this Thesis. In particular, it is
proven that the equivalence between the TNHM and the MVM can be guaranteed by
the introduction of appropriate polygenic forces, which adapt the quasi-variational
procedure put forward by Grillo et al. [2] for growth mechanics to the problem at
hand. In fact, with respect to Sections 3.2.3-3.2.5, we might think of this appendix

as the “Case D” of the benchmark analysis done in [1].

By referring to the notation employed in Part I, let us rewrite Equations (3.41a)—

(3.41c), corresponding to the three dynamic equations for the ‘“charged skate
benchmark provided by the TNHM, in the following form:

—p1 + mg sina + 30Byg* + py sing® =0, (B.1a)
——
:;Elﬁoﬁ = (AT,
—p2 — $0Bog' + (—p1 cosq”) =0, (B.1b)
— ———
=& Lol = (ATu),
—D3 + 0 = 0. (B.1¢)
—— ~——

=&l ot = (ATp);
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As put forward in Section 3.2, these dynamic equations are coupled with the

nonholonomic constraint in Equation (3.39), reported here for convenience, as
V="Vo(q,¢) = (sing’)g" = (cosqg*)¢* = 0. (B.2)

Moreover, we further recall that

p1=0,L o =mg' ~ 50Bg’, (B.3)
p2 =0,k olfj=mg* + $0Boq’, (B.4)
p3 = aq32 of= ﬁm(fz + O'Z)q'3 + ﬁQ(ﬁz + 0'2)BO (B.5)

are the conjugated momenta (affine in the velocities due to the presence of the
magnetic interaction), and, for each k € {1,2, 3}, the quantity & kf] o #f represents
the kth Euler-Lagrange operator applied to the Lagrangian function of the “charged
skate” (see Equation (3.38)).

Following the procedure outlined in [2] and reported in Section 5.4, to show the
equivalence between the TNHM and the MVM (granted the presence of non-potential
forces) we need to: (i) select a system of quasi-velocities for the problem at hand; (ii)
construct the associated collection of transpositional relations, as well as the matrix
Wi; (iii) introduce the generalized forces (WTp);, (WTp), and (WT'p)3 characterizing
the MVM in our case. In this respect, we select the same auxiliary functions
employed in Case A of the “charged skate” benchmark (Section 3.2.3, Equations
(3.39), (3.45a) and (3.45b)) since they are the most obvious choice of quasi-velocities
for the nonholonomic skate when the interaction with the magnetic field is switched
off (see Remark 3.8). This yields the matrix W reported in Equation (3.48) and the

collection of generalized forces

(WTp)i = —p2g” = —[mg* + $0Boq'14°, (B.6a)
(W'p)2 = +p1¢” = +[m¢' - 10Byq*14°, (B.6b)
(WTp)s = —p1¢® + p2g' = +30Bolq'¢" + ¢*¢°]. (B.6¢)

Let us add on both sides of Equations (B.1a)—(B.1c) the appropriate terms featuring
in (B.6a)—(B.6c), thereby obtaining

&1L o+ (WTp); + (ATw); = (WTp)y, (B.7a)
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&L o+ (WTp)y + (ATw)2 = (WTp)s, (B.7b)
&L ot + (WTp)s = (WTp)s. (B.7¢)

Now, we rewrite the terms on the right-hand sides of Equations (B.7a)—-(B.7¢) in
light of the decomposition suggested by Theorem 2.1. Indeed, upon introducing the
mass matrix M and the constraint matrix A as

m 0 0
M=1]0 m 0 , A= |sings —cosgs O], (B.8)
0 0 Hm(+0?)

and by having explicit recourse to the effective velocities M~'p (see Section 3.2.5),

we can decompose the array WTp as

WTp = [M - ATSTTA](MTI'WTM)(M~1p) + [ATSTTAT(MTTWIM) (M~ Tp), (B.9)

=G = ATp

where S := AM~'AT is the Schur matrix and p := S~'A(M~!'WTM)(M~!p). Equation
(B.9) is the counterpart of the force decomposition provided in Equation (5.106a) in
the context of growth. In particular, by slightly simplifying the notation, we made
the following identifications:

* The quantity “8p, " of Chapter 5 has no counterpart in this benchmark, while
“®F,r,” of Chapter 5 is identified with the array WTp.

* The quantity “DEVE&F p,” of Chapter 5 is identified here with S. In particular,
the role played by the projection operator “DEV” is played here by the
matrix M — ATS™'A and, as a consequence, the relation “DEVEg p, =
Sr,F, - %tr(FyTGpry)F;T” is the counterpart of & = WTp — ATp in the
context of the problem at hand.

* Finally, the quantity “3tr(F)©p g )F,"” of Equation (5.59) in Chapter 5 is
identified here with the array ATp.

By specializing Equation (B.9) to the case under study, we obtain that S reduces to
the 1 X 1 matrix S = [1/m], the three components of & read

S = —%QBO(cosq3)(q1 cosq’ + ¢° sinq3) g, (B.10a)
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S, = —10Bo(sing®)(q' cosq’ + ¢* sing’) ¢, (B.10b)
S3 = +10B (¢'¢" + ¢*¢?), (B.10c)

and the array p reduces to the 1 X 1 array
p= {—m(q1 cosq® + ¢° sing®)g> — %BOQ(q1 sing® — ¢* cosq3)c]3}. (B.11)

Hence, employing the decomposition WTp = & + ATp in the right-hand sides of
(B.7a)-(B.7c), where (ATp); = 0 and (W'p); = G3 by construction, yields

Lo+ (WTp) + (AT, = S + (ATp), (B.12a)
&L o+ (WTp)y + (AT), = G, + (ATp)s, (B.12b)
&L ot + (WTp)s = G;. (B.12¢)

We can now make the identifications [2]

A=p-p
= A= u+m(g'cosq® + ¢*sing’)g> + %BOQ(q1 sing® — ¢*cosq)g>. (B.13)

This permits us to relate the Lagrange multiplier A of the MVM, collected in the 1 X 1
array A, with the Lagrange multiplier u of the TNHM, collected in the 1 x 1 array pn
(cf. with Equations (2.55b) and (5.59)). Moreover, according to the provision (B.13),
Equations (B.12a)—(B.12c) simplify to

Lo+ (Wip) + (ATA), = &, (B.14a)
&L o+ (WTp) + (ATA), = G, (B.14b)
&L o+ (WTp)s = G;. (B.l4c)

Following the procedure outlined in [2], we can make further progress by
computing the weak form of Equations (B.14a)—(B.14c) and (B.2) by multiplying
each equation by its dual virtual increment (here, for convenience, we denote the
virtual increments by 77}[, 773[, 772 and 77,), integrating the resulting products over the

time interval [tiy, #5,] and summing the four integrals together. Thus, by noticing
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that (AT7\)3 = 0 and that A = [aqu o Bl k=123, the weak form of the system reads

fin 3 A 3 h A av k Ifin N
/ Z{gkﬁoﬂ+ZPhW k+A .koh]}ﬂq—/ [V o tlna
fin k=1 h=1 94 fin
tfin 3 x
:/ > &k (B.15)
fn =]

By direct inspection of the left-hand side of the weak form (B.15), we can state
the following theorem:

Theorem B.1 (Weak form and the Hamilton—Suslov Principle). By introducing the

constrained Lagrangian function and the constrained action functional as [1]

Le

Beoba=Loh—A[Vot, %(q;@::/ﬁ'lzc(r)dr, (B.16)

in

it holds that the left-hand side of Equation (B.15) can be obtained by employing

the Hamilton—Suslov variations [16] to <7.(q; 1) according to the transpositional

relations n’qf — 17’; = 2ho1 wk, nf]l for k = 1,...,n. In other words, given the
homotopies
q(1) = q(t,&) = q(t) + n,(1)e + o(¢), g —0, (B.17a)
q(1) — ¥(t,&) = 4(1) + q, (e + o(e), g —0, (B.17b)
7(t) > T(t,e) =1(t) =1, Ve > 0, (B.17¢)
At) = At &) = A1) + na(He + o(g), e —0, (B.174d)

and the varied constrained action functional
- tfin N -
o) = [ L@, 5.0). 70,0 (000, (B.18)
Tin
it holds true that
dof;
de

tin 3 A 3 ‘
2/ Z{gkﬁoﬂ+2phwhk+/l
fin k=1 h=1

(0)

8'{7 Ifin A
aqkoh]}né—[ [Vobln. (B.19)

in
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Proof. The procedure that we now use to prove Equation (B.19) is equivalent to that
employed in [2] for growth (see Section 5.4.2), although we go through it in reverse
order. Explicating [d.7./de](0) yields the relation (Einstein’s notation is used in the

[ 9L
k k
n +/ [— 0h]77~
q o aqk q

fin 0'\,\7 fin RN
ouﬁ—/ 4;¢ﬂﬁ—/ (Vo tlne. (B.20)
t q t

following calculations)
daz, [ 9L

0) = —
% 0) [;Iéﬂou

8\/’
t:

. Logk

in in

Moreover, by having explicit recourse to the transpositional relations, it holds that

do, i [ 9L . ([l
0) =

i[9V i[9V
- Pl k_ / Pl
.L, L¢°h”q " b¢°h

—/f%ﬁomW. (B.21)

(7 + Wrpml

(1ig + W nirg)

By using the integral relations

[ 0L k ol d (8L k
agk °9|Ma = a\3a% B.22
[ e = [ [l =l ®220)
Tfin a\’\? k tfin d a’f? . tfin ' 8’{7 )
lg == ar\ ak - B.22

(o]
dgk
where the hypothesis 17, (#in) = 1, (76in) = 0 is enforced, Equation (B.21) reduces to

d.d, tfin R in [ 90
@=[ WMOW£ﬂ[ [ oﬁww@

de dgk
Ifin n Ifin a’f? Ifin . a’{?
- [ atecvonng - [ 2% on| vty + [ 42 ot
tin tin tin
Ifin N
- / [Vob]na. (B.23)
tin

Equation (B.23) can be further worked out by swapping the repeated indices & and k
in the integrals featuring the entries W” and by recalling that pj, = 6th) o . This
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yields

v
a Oh]}n’q‘

d% tfin N A
0) =/ {3k50ﬂ+Phth +4
& tin aqk

d
Ifin n a’f? b X
[ afervere [ oo

- / [V o b, (B.24)

Finally, by recalling that D; Vo = & Vot + [aqh\? o g]W" = 0 (this is due to how
W is constructed), Equation (B.19) is retrieved from (B.24). L]

By virtue of Theorem B.1, Equation (B.15) can thus be rewritten as

d.d7, fin O
- €(0) :/ Zekn’;. (B.25)
€ fin =]

Equation (B.25) shows that it is possible to variationally retrieve the TNHM dynamic
equations (B.1a)—(B.1c), as well as the constraint (B.2), characterizing the “charged
skate” benchmark by following the Hamilton—Suslov procedure augmented by the
presence of the additional polygenic forces S, ©; and S3 reported in Equations
(B.10a)—(B.10c). Note that this amounts to consider the general form of the dynamic
equations (2.43a) where the identifications —Q; = Sy for k = 1,2, 3 are made [2].

Remark B.1 (Equivalence with the TNHM according to Llibre et al. [16]).
According to the variational picture outlined by Llibre et al. [16], in which no
polygenic forces are accounted for, the dynamic equations provided by their version
of the MVM are

&1L o+ (WTp), + (ATA); =0, (B.26a)
&L o+ (WTp) + (ATA), = 0, (B.26b)
&L o+ (WTp)s =0. (B.26¢)

Comparing these equations with the those reported in Equations (B.12a)—(B.12c), it
is immediate to see that Llibre et al.’s methodology [16] is equivalent to the TNHM
if and only if the forces S, S, and S5 are all identically zero. This, in general,

depends on the structure of the constraint (and of the choice of the quasi-velocities),
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thereby notably limiting the applicability of a fully variational approach (i.e., one in
which no polygenic contributions are allowed).

We conclude this remark by noticing that requiring the vanishing of &;, &, and
S3 would amount to requiring the vanishing of the terms reported in Equation (3.51)
of Case A (see Section 3.2.3). However, by direct computation, the relations (3.52a)
and (3.52b) can be written solely in terms of the forces S, S, and S3, i.e.,

(cosq®) (WTp); + (sing®)(WTp), = (cosq®) &1 + (sing®) &,
= -30Bylq' cosq® + ¢ sing’1¢>,  (B.27a)

(WTp)s = &3
= 10Bolq'q" + 4*¢°), (B.27b)

which are in general non-zero.



Chapter 6

A first-gradient approach to the
remodeling and the fluid flow in
saturated porous media

The content of this chapter is taken from [5].

6.1 Introduction

The mechanical behavior of soft and hydrated biological tissues is often studied
by having recourse to the theory of mixtures [152-154, 127, 155, 139]. Within a
minimal modeling approach, a tissue of the aforementioned class may be described
as a mixture comprehending a solid phase and a fluid phase [152, 156, 155, 157].
The solid phase idealizes the complex of cells, extracellular matrix, protein links
and many other species. The fluid phase represents the tissue’s interstitial fluid,
mostly consisting of water, macromolecules, nutrients, ions, and various chemical

substances or compounds.

In this work, with the terminology “biological tissues” we intend both true tissues
(e.g., articular cartilage, muscles, blood vessels or skin) and cultures of cells. Such
cultures are often referred to as multicellular aggregates and are important to study,
through in vitro or in silico experiments, the mechanical behavior of tumor masses

[158, 159] before vascularization begins.



6.1 Introduction 153

As is common for living matter, biological tissues experience changes of their
material properties [160, 83], which can be viewed as the result of the activation
of some specific structural degrees of freedom. In general, such changes are
dynamically coupled with transformations of morphology and shape, although
being virtually independent of those. Given suitable time and length scales, the
structural changes may be primarily related to genetics [83], physio-pathological
events [161], aging [162], as well as to a variety of possibly concurring stimuli,
which include mechanical, chemical, and electromagnetic interactions of the tissue

with its surrounding environment.

The structural transformations experienced by a tissue are often conventionally
classified on the basis of the phenomena by which they are predominantly character-
ized (see, e.g., [83]): the uptake or loss of mass, and the structural rearrangements
associated with these processes, constitute growth; the (usually mass-preserving)
reorganization of the internal structure of a tissue is referred to as remodeling and
pertains, for example, to the transformations of the extracellular matrix or to the
breaking and reconstruction of the intercellular bonds [159, 163]; the production of
patterns, and the processes yielding the specific morphology and size of a tissue are
the primary expressions of morphogenesis [164]. Other essential processes for the

evolution of a tissue are cellular differentiation and migration.

Although the distinction among growth, remodeling and morphogenesis is not
sharp [83], it is possible to determine time scales and experimental settings in which
each of these phenomena is preponderant with respect to the others. In the remainder
of this work, we concentrate exclusively on remodeling, and we consider the specific
case in which it occurs in multicellular aggregates undergoing compression tests
[158, 159].

The aforementioned tissutal transformations are often described by a second-order
tensor field, termed remodeling tensor from here on, that is conceived with the
property of being incompatible, i.e., not expressible as the Jacobian tensor field of
a deformation (see, e.g., the seminal papers by Rodriguez et al. [81], Epstein and
Maugin [73], and the works by Vandiver and Goriely [165], Yavari [78], Yavari and
Goriely [118], and Goriely [166]). In fact, according to a somewhat standard praxis,
the remodeling tensor is taken as one of the factors that decompose multiplicatively
the deformation gradient tensor of a medium undergoing remodeling, which, instead,

is by definition the Jacobian tensor field of the deformation. If such decomposition
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features two factors only, the first factor is usually identified with an accommodating
tensor field, which is incompatible, too, and compensates for the incompatibility
of the remodeling tensor. Often, the accommodating tensor is assumed to describe
elastic distortions, whereas the remodeling tensor is attributed intrinsically inelastic

nature and is thus said to describe anelastic distortions.

The studies on remodeling available in the literature which we are aware of
are mainly developed upon theories of “grade zero” [69] in the remodeling tensor.
Accordingly, the dependence of the remodeling tensor on the points of a medium is
not resolved explicitly by accounting for its gradient, or higher-order derivatives, in
the list of the basic variables with which the mathematical models are constructed
and, in particular, the constitutive framework is established (see, e.g., [81, 83, 69,
126, 155, 129, 92, 139, 167, 168, 93]). However, theories of remodeling and growth
of grade one or higher can also be found, and were proposed, e.g., by Epstein and
Maugin [73], Epstein [169, 170], Epstein and Elzanowski [112], Goriely [166], and,
later, by Grillo et al. [108] and by Grillo and Di Stefano [23, 32, 91]. Still, to the
best of our knowledge, they have not been given the attention that grade-0 theories

have received.

Conversely, in plasticity, higher-order effects are well established and studied,
since the inclusion of such effects is necessary for capturing size-related phenomena
(see, e.g., the review of strain-gradient plasticity by Voyiadjis and collaborators
[171]). Theories of plasticity that do not account for the gradients of their inelastic
descriptors are unable to recover the stress-strain curves obtained, for example, in
indentation, torsion and bending tests for metals at low scales. In biomechanics,
however, low-scale mechanical tests on biological tissues are rather common, and
assessing the effectiveness of the grade-0 theories of remodeling may become an
interesting topic, especially to evaluate when it is convenient to switch to theories of
higher grade. Aside from that, the theories of higher order are interesting, at least, for
other two reasons: they may unravel boundary effects due to the contact interactions
between the tested tissues and the experimental apparatus, and they make it possible
to blend the mere phenomenological aspects of remodeling with those pertaining
to phase transitions and to the generation of patterns typical of morphogenesis [73].
These are, in fact, our main motivations for undertaking a strain-gradient formulation
of remodeling, which we obtain by re-proposing the work by Gurtin and Anand [142]
on plasticity in the biomechanical context of the compression tests of multicellular

aggregates.
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In conjunction with remodeling, another major role on the evolution of the
aforementioned systems is played by the interactions between the interstitial fluid
and the solid phase. The models of fluid mostly encountered in the literature assume
Darcy’s law, which is often provided in the form of a linear relation between the
velocity of the fluid relative to the solid and the pressure gradient of the fluid. The
pressure gradient is multiplied from the left by the permeability tensor, which contains
important pieces of information about the pore space and material symmetries of the
porous medium under study, and is usually coupled with the deformation [152]. In
our work, however, we abandon Darcy’s law in favor of an enriched description of the
fluid known as Darcy—Brinkman model. Our motivation is twofold. First, in addition
to the interactions resolved within the Darcian approach, the Darcy—Brinkman model
accounts also for self-interactions of the fluid, resulting in a dissipative contribution
to the overall stress tensor, usually taken linear in the fluid velocity gradient. Indeed,
due to the presence of macromolecules, nutrients and other substances dissolved in
the fluid, the assumption of negligible viscosity may not hold, and the fluid flow may
be non-Darcian. Second, at variance with Darcy’s law, the Darcy—Brinkman model
allows for describing “boundary effects” [172, 173]. We mention that, before us,
other, pioneering, works employed an extension of Darcy’s law, named Brinkman

equation [174], to study the interstitial flow in biological media [175, 176].

Outline of the content of Chapter 6. This chapter is organized as follows: Section
6.2 presents the relevant modeling hypotheses for hydrated soft tissues, the kinematic
framework (with all the considered constraints), and the mass balance laws; Section 3
summarizes all the force balances and the constraints, after formulating the Principle
of Virtual Power [137, 138] (PVP) for constrained systems, and for a grade-1 theory
both in the remodeling tensor [142] and in the velocity field of the fluid phase (at
variance with previous works of our group —see, e.g., [23, 32, 4]— we provide some
notions about the functional spaces involved in the formulation); Section 4 presents
the constitutive framework; Section 5 shows the initial- and boundary-value problem
to be solved and contains a discussion on some numerical results; Section 6 provides

some concluding remarks.
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6.2 Hydrated soft tissues as biphasic mixtures under-

going remodeling

We present the main hypotheses with which we describe the mechanics of fluid-
saturated soft tissues undergoing remodeling of their internal structure. As “repre-
sentative” for this kind of biological systems we refer to the so-called “multicellular
aggregates” [159]. These are conglomerates of various types of cultured cells that
are typically used in laboratory experiments on the mechanics of tumor spheroids
[133]. The latter ones, in turn, inspire mechanical models of the evolution of in sifu

tumors in the stages of their growth that precede vascularization [177, 102].

In the mechanics of multicellular aggregates, it is often assumed that remodeling
is a volume-preserving process, thereby requiring the isochoricity of the remodeling
tensor. In fact, this requirement defines a constraint [178]. In the remainder of
this section, we shall discuss the kinematics of the mechanical system describing
our representation of a multicellular aggregate. Attention will be given to the
isochoricity constraint imposed on the remodeling tensor and to the implications
of such constraint in the mass balance law of each constituent of the aggregate. In
particular, the aggregate will be described as a biphasic mixture comprising a porous
“solid” constituent —or phase—, represented by cells and extracellular matrix, and
an interstitial fluid, which saturates the pores of the solid constituent. Since the
theory presented hereafter models a fluid-solid biphasic system as a biphasic mixture
resulting from a suitable volume-averaging technique [179, 180], it is referred to as
“Hybrid Mixture Theory” [153].

We remark that some parts of the model are unavoidably similar to previous
works of our group on similar topics [23, 32, 4], some parts of which were reported
in Chapter 5. In particular, the multiplicative decomposition of the deformation
gradient tensor, the kinematics of biphasic mixtures and of the essential mass balance
laws, as well as the handling of the constraints in Section 6.2.3 and of Chetaev’s
conditions in Section 6.2.4 expand the treatment of the same subjects outlined by
Giammarini et al. [4]. However, in the present work we concentrate on quite a
different type of remodeling (of grade 1) and consider a rather different dynamic

regime for the fluid phase.
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6.2.1 Basic kinematics and notation

Like in previous works of our group [181, 4], the description of the kinematics
of the biphasic system under study is taken, with slight modifications, from the
works by Quiligotti [146] and Quiligotti et al. [182]. Consistently with these
approaches, we admit the existence of a reference placement for the system as a whole
[159, 183, 184, 129, 102, 185]. The reference placement is indicated with Z and is
assumed to be a (smooth) differentiable manifold hosted in the three-dimensional
Euclidean space .. Hence, it holds that £ c .. Moreover, we enforce the
saturation condition, according to which the pore space of the solid phase is entirely
filled with the interstitial fluid. This condition has to be respected at all points of
2 and at all times of the time window .# =0, t.[ , with ¢, being the final time of
observation of the system. The region of .%’ occupied by the system at an instant of
time ¢ € .# is denoted by A(t) C . and is referred to as current placement. In our

description, the fluid and the solid coexist in each spatial point x € Z(t).

We denote by y : B x ./ — ¥ the motion of the solid phase, so that
x = xy(X,t) € .7 is the spatial point in which the point X € % is mapped at time
te . Forte Z, themap y; = x(-,1) : B — & defines a smooth embedding
parameterized by time, and the current placement of the mixture is obtained as
the image of A through y;, i.e., B(t) = x:(AB) = x(A,t). We remark that, even
though & is originally associated with the solid constituent [146, 182], the fluid
particle occupying a point x € #(t) is mapped, at each time ¢ € .#, into the point
X = ¢! (x) € % through the inverse map ¥, ' : y,(%) — %, where ¥, is defined as
Xt : B = xi(B).

For a given x € ., T,. and (T,.)* are the tangent space and the co-tangent
space of . at x. Similarly, for a given point X € HA, Tx# and (Tx%)* are the
tangent space and the co-tangent space of # at X. For completeness, we recall
that T8 = UxexpTx P and (TA)" = Uxen(TxA)* are the tangent bundle and the
co-tangent bundle associated with %, respectively. For any given vector space #x
attached to X € A, “Lxc%¥x” indicates the “disjoint union” of all ¥, for X varying
in % [24]. The same notation is used for vector spaces 7 attached to x € ., and we
write 7. = Uy o T and (T.)* = Uye.# (T .¥)* for the tangent and co-tangent

bundles associated with ..
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As for the tangent and co-tangent spaces and bundles, here and in the following
we adopt the *-notation to indicate the dual space #* of a generic space 7/, be ita
vector, tensor or functional space. It is, indeed, to emphasize duality that, in this
work, we denote the co-tangent spaces by (7,.%’)* and (Tx%)* instead of using the
more standard notation 7.% and T;% (see, e.g., Marsden and Hughes [24]).

We endow . and &4 with the metric tensor fields g and G. For each x € .¥
and X € 4, g(x) and G(X) can be viewed as the linear maps g(x) =g, : 7. —
(T:.”) and G(X)=Gx : Tx#B — (TxA)*, i.e., as the spatial and material musical
isomorphisms that map univocally each vector u € T,.% and each vector U € Tx#
into the co-vectors g .u € (I,.)* and GxU € (Tx%)*, respectively [24]. For
instance, given the spatial musical isomorphism b, : 7. +— (T,.%)*, it holds that
g.u =b(u) e (I,.7)", for each u € T,.. By definition, g(x) and G(X) are
invertible, and their inverse maps are given by g7'(x) = g;! : (T..)" — T..
and G7'(X) = G;(l : (TxB)* — Tx A, thereby corresponding to the spatial and
material musical isomorphisms that map univocally each co-vector w € (7;.¥’)* and
each co-vector Q € (Tx%)"* into g;lw € T,. and G}IQ € Tx A, respectively [24].
Also in this case, given the spatial musical isomorphism # : (7,.)* > T,.¥, the
identity g7'w = #,(w) € T,. applies, for each w € (T.#)*. It is commonly praxis
to say that b, “lowers” indices and #, “raises” indices.

Before going further, we recall that the metric tensors are often introduced as the
tensor maps g(x) = g, 1 I, XTI, > Rand G(X) = Gx : TxB xTx#B — R,
such that, for any pair of spatial vectors (u,v) € 7. X T and for any pair of
material vectors (U,V) € Tx % x Tx %, the real numbers g, (u,v) and Gx (U, V)
are the scalar products between u and v and between U and V generated by the
corresponding metrics. With this definition of the metric tensors, it makes no sense
to speak of their inverse. When there is no room for confusion, in the remainder of
this work we will use interchangeably both the latter definition and the one viewing
metric tensors as linear maps between a tangent space and its associated co-tangent

space.

Granted all the necessary regularity requirements for y, we introduce the de-
formation gradient tensor F(X,t) = Tx;(X) = D x;(X), which is defined as the
tangent map of y; at X [24], or as the Jacobian tensor of y; at X. By construction,
F(X,t) is the two-point tensor map F(X,t) : Tx%# — Ty(x,-. Accordingly,
F(-,t) : B > T Q (TA)* is, for t varying in ., the two-point tensor field
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that associates the deformation gradient tensor F(X,7) with each X € #A. At
each pair (X,1) € & x .#, the tensor F(X,t) is non-singular, and its determinant
J(X,t) :=det F(X,1t) is strictly positive.

The remodeling tensor, hereafter denoted by F, (X, 1), is introduced by having
recourse to the Bilby—Kroner—Lee (BKL) decomposition of the deformation gradient
tensor F (X, t) into an elastic (or accommodating) part and an anelastic (remodeling)
part [109], i.e.,

F(X.1) = F.(X,1)F, (X, 1), (X,1) e Bx I 6.1)

The tensor fields F. and F, have the property of being non-integrable, that is,
none of them reduces, in general, to the Jacobian tensor field of a deformation map.
Rather, F, represents the distortions induced by the process of remodeling, while
F. is the accommodating tensor field that describes the elastic distortions necessary
to restore the integrability of . Both F, and F, are non-singular for all pairs
(X,t) € # x # and their determinants J. := det F, and J, := det F, are strictly

positive. Moreover, the Cauchy—-Binet formula yields J = J.J,.

The remodeling tensor field F, can be viewed as the tissue-scale descriptor of the
structural reorganizations that occur at different scales of a tissue, including those
characterizing intercellular interactions. Moreover, F, relates the configurational
changes of the microstructure of a medium that undergoes remodeling to the alterations
in the medium’s mechanical and hydraulic properties. In the terminology of DiCarlo
and Quiligotti [69], F, (X, t) operates incompatible transformations on the “body
element” Tx 2 in order to (virtually) mold it, at each instant of time ¢ € ., into a
relaxed and stress-free state. The result of these transformations is referred to as
the natural state of Tx# att € .#, and can be identified with the image of Tx %
through F, (X, 1) [166], i.e., #x(t) := F, (X, 1)[Tx%] (square brackets are used to
emphasize that F, (X, t) operates linearly on the vectors of Tx%). Hence, we may
write F, (X, t) : Tx# — Ax(t) and, consequently, Fe (X, 1) : Ax(t) — Tyx,nA(1).
Finally, the natural state at time ¢ € .# of the body as a whole is obtained as the vector

bundle collecting the natural states of all body elements, i.e., A4 (1) := UxcpAx(1).

To simplify the mathematical formulation, we make the hypothesis that .4 ()
is “the relaxed version of Tx %" [4]. It is, thus, possible to identify F, with a mixed,

but (formally) not two-point, tensor field. This way, the forthcoming calculations
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gain the notational advantage of avoiding the introduction of an additional family of
indices pertaining solely to the natural state, and uppercase Latin indices, proper of
the reference placement, can be used to denote the components of F,, as we now

proceed to describe.

Z F(X, t) B C.F
(X, )W

F, (X, HW

Fig. 6.1 Graphical representation of the Bilby—Kroner-Lee (BKL) decomposition of the
deformation gradient tensor F (X, ¢). This image was first showed during the conference “XI
International Conference on Computational Bioengineering (ICCB 2025)” held in Rome,
Italy, on September 8-10, 2025, within the presentation of the abstract “Coupling inelastic
distortions and Darcy—Brinkman fluid flow in the modeling of multicellular aggregates under
compression”, authored by A. Pastore, A. Giammarini, A. Ramirez-Torres, A. Grillo.

Given a point X € 4, and by denoting by {EA(X)}?/’{:1 a basis of Tx#
and by {E®(X)}},_, the dual basis of (Tx#)* (thus, E*(X)[Ea(X)] = 654,
with 684 being the Kronecker delta), F, (X, 1) can be represented as F, (X,t) =
[Fy(X,1)]*5 EA(X)®E®(X) and its time derivative F, (X, 7) is given by F, (X, 1) =
[Fy(X ,0)]45 E4(X) ® EB(X). Furthermore, the components of the material gra-
dient GradF, are identified with the components of the covariant derivative of F,,

i.e.,

B[FV]AB

[GradFy] ABC = GT

+ [Fy]"sTc = [F,]* 1T 5. (6.2)
Here, I'R¢r are the Christoffel symbols associated with the material connection
induced by G [186]. Throughout this work, Christoffel symbols are symmetric in
the second and third (lower) indices, so that ['Rg; = TRy, forall R, S, T € {1, 2, 3}.
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For the forthcoming discussions, also the material curl of F,, will be relevant, i.e.,

]DA _ 1

ePCB [GradF, | " sc. (6.3)
det[G]

[CurlF,

where € is the Levi—Civita symbol and det[G] is the determinant of the matrix
associated with the material metric tensor G (see, e.g., the work by Birsan and Neff
[187]). Moreover, it is possible to introduce a kinematic quantity, constructed upon
F, and CurlF,,, which is invariant under smooth changes of the reference placement.
This quantity is referred to as Burgers tensor field [188, 142] and reads
B = J,'F,CurlF,, [B]47 = I [Fy] c[CurlF, )P, (6.4)
In accordance with the formulation of elasto-plasticity in finite deformations
of Gurtin and Anand [142], we introduce the rate of the remodeling tensor field
L, = FyFy‘ ! and we extract its symmetric and skew-symmetric parts with respect
to the metric tensor field G, i.e., D, = Sym(GL,) and W, = Skew(GL,). We
refer to D, and W,, as the remodeling stretch rate and the remodeling spin tensor
fields. Finally, we introduce the anelastic Cauchy—Green deformation tensor field

C, = FyT GF,, its inverse B, = C; I and the elastic Cauchy—Green deformation
tensor field C,, := FJlgF..

In the remainder of this work, we will introduce spaces of tensor fields that, when
expressed in components, may have contravariant, covariant or mixed indices. By
assuming that the spaces under consideration refer all to the tangent bundle 7% and/or
to the co-tangent bundle (7 %)™ associated with the system’s reference placement, we
denote by [T A]" the space of tensor fields that, decomposed in a given tensor basis,
have n € N contravariant components, with n > 1. Analogously, we write [T %], to
indicate the space of tensor fields with n covariant components. For instance, the
metric tensor field G can be understood as the map G : X € B +— G(X) € [TxA]»
that associates each point X of % with the second-order tensor G (X) having
covariant components and representing the metric at X. Analogously, it holds that
G~ (X) € [TxZ)?. In addition, the space of tensor fields having the first n > 1
indices of contravariant type and the second m > 1 indices of covariant type is
given by [T A]",,, whereas [T %], represents the opposite situation in which the
first n > 1 indices are covariant and the second m > 1 indices are contravariant.

Examples are [T %], = TA (TH)* @ (TH)" and [TH]\> = (TH)* TB ST A.
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A similar notation can be used for the spaces of tensor fields involving the tangent
bundle 7. and/or the co-tangent bundle (7.%)*. The spatial metric tensor field,
in fact, is represented by the map g : x € . — g(x) € [T.*]2, so that, for each
x € .7, g(x) is the second-order tensor with covariant components denoting the
metric at x. Moreover, as for the inverse of the material metric tensor, it holds that
g~ (x) € [T.”]?. For two-point tensor fields, like the deformation gradient F or
the first Piola—Kirchhoff stress tensor fields of the solid and of the fluid phase, i.e.,
P and Ps, we write F e T. ® (T#)* and P, Py € (T.S)" @ TA.

We emphasize that in our model the remodeling tensor F, is regarded as a
configurational [10] kinematic descriptor taking into account the evolution of the
medium’s microstructure. Specifically, we re-formulate the “first-neighbor’” approach
by Gurtin and Anand [142], used in finite plasticity, within the context of the

remodeling of biological mixtures.

A comment on CurlF,

Equation (6.3) provides the covariant definition of CurlF,, since it employs the
covariant material gradient of F,, and is thus valid in any coordinate system. In
Cartesian coordinates, the Christoffel symbols are null, det[ G| = 1, and, consequently,
the definition of CurlF, becomes identical to the one given by Gurtin and Anand
[18]. In this case, if F, happens to be the Jacobian tensor of some sufficiently
regular deformation-like map ¢, so that [Fy]A B =004 /0X5, then CurlF, vanishes
by virtue of Schwartz’s Theorem, i.e., [CurlF,]P4 = €P892p4 1§ XBoXC = 0, for
all D, A =1,2,3.

This conclusion, however, is less immediate when the covariant gradient of F,
is used. Indeed, even by setting [F,]5 = d9*/9X? and enforcing the symmetry
property of the Christoffel symbols, say I'” g, in the lower indices B and C, Equation
(6.3) returns

1 1 o L
ePCPIF, 1 T ¢ = PCBIE A, (6.5)

Vdet[G] det[G] ox®

which, to be zero, requires the symmetry of (9 /0X®)I™ | ¢ in the indices B and C.

[CurlF, | =

Yet, this is in general not the case unless it holds that d¢’/0X® = ¢ 6L, for some
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¢ €]0, +oo[ , which yields (for ¢ = 1)

1 1
eDCBSL A, . =

CurlF, "% = L
[CurlF ] det[G] det[G]

ePCBTA L =0, (6.6)

since FABC = FACB.

The non-vanishing of [Curle]D 4 in Equation (6.5) follows from regarding the
generic basis vector field E;, of the decomposition F, = [Fy]L wE; ® EM as a
function of X, so that its partial derivatives are given by

0E L A .
67 =TI LCEA, with L,C = 1,2,3. (67)

On the other hand, if F, is to be identified with the Jacobian tensor field Dy of a
C? map ¥, which defines a transformation of . into a new placement % := y (%),
as is the case for configurational changes (see, e.g., the work by Grillo et al. [77] and
Federico et al. [110]), then F, is naturally represented by a two-point tensor field
and its decomposition reads

oy B ~
F, =Dy = a?[ea oyl ® E”, Dy (X) : Tx % — Tyx)%, (6.8)
where {e, (¢ (X)) }221 C Ty X)@ is a basis of the tangent space Ty, X)@. Accordingly,
the components of the covariant material gradient of F, become
a2wa aw/l

oyt o
[GradF, ) = [Grad Dy]"pc = e+ = 2V e = 5o

BC»

(6.9)

with y%,, being the Christoffel symbols, composed with ¢, generated by the
differentiation of the generic basis vector field e, with respect to the coordinates
(locally) covering . Hence, unlike Equation (6.5), the components of CurlF, are
given by

1
——€PCB[Grad Dy ]%5¢

det[G]

__ 1 GDCBal/’/lya r
det[G] axB’ "axC

[Curle]D“ =

0 (6.10)
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(see also the work by Bonet et al. [189], in which the definition of the curl of a
second-order tensor field is the transpose of the one adopted by Gurtin and Anand
[142]). Indeed, while the first term and the third term on the right-hand side of
Equation (6.9) do not contribute to [Curle]D @ because of Schwartz’s Theorem and
because of the symmetry of the Christoffel symbols I'? g¢ in the indices B and C,
the second term yields the vanishing of [CurlF,]P? since the symmetry of y%,, in

the indices 4 and u makes it symmetric in B and C, too, for each @ = 1, 2, 3.

Finally, we consider the case in which F, is given by F, = M, Dy, where
Y and Dy are defined as before and My()?, t) 1 Ty # — N3(t) is intrinsically
incompatible, unless it trivially reduces to the identity tensor I from TX@ into itself
(see, e.g., the work by Ciancio et al. [190]). According to this decomposition of
F,, F, is a two-point tensor with components [F,]|%p = [M,]%g (0yP]0XB) and
CurlF, vanishes when M, = I.

Note that, however, when we say that F, is a “mixed, but (formally) not two-
point, tensor field”, we are considering the opposite situation, in which F, is
intrinsically incompatible and, thus, coinciding with M, up to an unessential shift
from Tx % to TX@. This condition, in fact, is met by considering the trivial maps
YP(X) = 6PpXB + cg , where 68 are the components of the shifter operator [24]
and cg are real constants (which may be taken to be null). Hence, by disregarding
the unessential shifter and using uppercase indices only, our approach amounts to
taking F, as the fully incompatible element of the class of tensors of the type M, Dy.
Hence, granted the identification F,, = M, CurlF,, is non-null and the case in which

it reduces to the Jacobian tensor field of a deformation-like map is excluded.

6.2.2 Mass balances and the mixture incompressibility constraint

We model the multicellular aggregate under study as a biphasic mixture, comprising
a soft solid phase and an interstitial fluid. To account for the mass balance of each
phase, we introduce the intrinsic mass densities o5 and of, the volumetric fractions
¢s and ¢¢, the apparent mass densities ps = ¢s0s and pr = ¢ror, as well as the
apparent density of the mixture p = ps+ p¢. The volumetric fractions are regarded as
real-valued, non-negative functions of the current placement fulfilling the saturation
condition ¢g(x, 1) + ¢¢(x,t) = 1 for all pairs (x, 1) € A(t) X .. Hence, we can write
ds(-,1) : B(t) — [0,1] and ¢¢( -, 1) : B(t) — [0, 1]. We require o5 and o5 to be
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constant, so that the evolution of the apparent mass densities ps and ps is entirely

due to the variations of the volumetric fractions ¢s and ¢¢ = 1 — .

In our model we neglect growth, be it volumetric or appositional, and, in
general, any phenomena representing mass exchanges between the phases. Under
this assumption, and dropping the constant intrinsic mass densities, the mass balance
equations for the biphasic mixture read

O s + div(pgvs) = 0, in A(t), (6.11a)
0 + div(psve) = 0, in #(t), (6.11b)

where v and v¢ denote the velocity fields of the solid and fluid phases, respectively.
Summing Equations (6.11a) and (6.11b) yields the so-called “mixture incompress-
ibility condition” [180], which is given by

div(gsvs + dpve) = 0, in B(1). (6.12)

By introducing the substantial derivative operator with respect to the velocity
of the solid phase, i.e., Dy f := 0, f + (gradf)vs, with f being a differentiable scalar
function, Equation (6.11a) can be recast in the form D¢ + ¢psdivvg = 0. Moreover,
upon denoting by T : # X . — . the time-projection map [24, 191], defined such
that (X, 1) — T(X,t) = t, and recalling the identity J = J[divvs o (y, T)], we can
compute the solid phase volumetric fractions associated with the natural state and with
the reference placement as @y, := J[¢s0 (x, T)] and D = J[¢s0 (x, )] = J, Dy,
respectively. The composition of functions, expressed by the symbol “o”, gives
f(X,1) =[fohl(X,1) = f(h(X,1)), for any triple of functions f, f, and h. Note
that & can also be a collection of functions defined in # X .#, as is the case for (y, 7).

Then, we obtain

dr =T, By =0 = S by, + P u(F,'F)} =0,  (6.13)

where @y, and ®gr are the backward Piola transformations of ¢ to the natural
state and to the reference placement of the medium, respectively. In particular,
Equation (6.13) prescribes that ®@gg is constant in time, and that @, can be obtained
as Qg = J,, '®d . In fact, this expression of @y, is the solution to Equation (6.13).

Moreover, if ®@gR is regarded as given, e.g., in terms of the (initial) distribution of
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the solid phase in the medium’s reference placement, then @, describes how the
volumetric fraction of the solid phase evolves in response to the volumetric anelastic

distortions, modeled by J,.

The condition of incompressibility (6.12) can be pulled back to Z and recast in

the two equivalent forms

J + Div[®r (Vi - VO)F 1] =0, in B, (6.14a)
Div[(®PRVs + PV F 1] =0, in B, (6.14b)

where ®Ogr ;= J — DR is the volumetric fraction of the fluid phase per unit volume of
A, while Vi :=vs0 (y,7T) and V¢ == v¢ o (y, T) are the velocity fields of the solid
and of the fluid phase defined over # X .#. In spite of their being one equivalent to
the other, Equations (6.14a) and (6.14b) will be handled in a different way. Indeed,
Equation (6.14a) represents the condition of incompressibility as typically handled
in the mechanics of porous media, whereas Equation (6.14b) expresses how such
condition constrains the velocities of the solid and of the fluid phase and, in the
forthcoming sections, it will be used to perform the variations on these velocities.
In this respect, Equation (6.14b) is, in the biphasic setting, the counterpart of the
condition that the velocity of an incompressible monophasic medium be divergence
free. Indeed, in a monophasic continuum in which mass is locally conserved (e.g.,
in the absence of growth or similar phenomena), the condition of incompressibility
is reflected by the kinematic constraint that the velocity of the medium have zero
divergence. On the other hand, in a saturated biphasic medium, it is the so-called
“composite velocity” [192], i.e., ¢ + ¢rvy, that has to be divergence free when both
phases are intrinsically incompressible. The composite velocity, pulled back to the
medium’s reference placement, returns the argument of the divergence in Equation
(6.14b). This point of view has been exploited in [4].

6.2.3 Constraints on the rate of remodeling distortions

Following Gurtin and Anand [142], we hypothesize that the remodeling distortions
represented by F, are isochoric and yield vanishing spin. In our notation, these two
conditions, holding at all points of 2 and at all instants of .#, read

Jy,=detFy =1, W, = }[GF,F,' - (F,F;")'G] =0, (6.15)
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where O is the null tensor field of the second order. Gurtin and Anand [142]
handled these assumptions in strong form, thereby developing their theory on the
kinematic descriptor D, naturally compliant with the condition (6.15),, and which
they took deviatoric as a direct consequence of (6.15);. However, by adhering to the
framework of the Analytical Mechanics of constrained systems [11, 12, 14, 13], we
view the conditions (6.15) as two independent constraints on F, and F,. This is a
methodological alternative to that used by Gurtin and Anand [142], and is based on

some recent works of our group [23, 32, 1, 2, 6] and on the references therein.

While the constraint of isochoric remodeling distortions is holonomic [11],
meaning that, as stated in (6.15), it is expressed as a function of F,, the constraint of
vanishing spin is in general nonholonomic [11], since it conveys a restriction on the
admissible values of Fy. However, for the forthcoming formulation it is convenient to
express also Equation (6.15); in differential form, so that, in terms of L, := FVF -1

we obtain:

Caev = Caev 0 Ly, = (J,IT|L,) = (J,G"'|GL,) = 0, (6.16a)
Cym = Cymo L, = L[GL, - (GL,)"] = 0, (6.16b)

where I : T — T2 is the material identity tensor field. Here, the subscripts “dev”
and “sym” indicate that L, and G L, have to be “deviatoric” (isochoric remodeling)
and “symmetric”, respectively. Moreover, for a generic kinematic quantity f —be
it a vector or a tensor field— and its dual B, the angular brackets (8| f) denote the
duality products between 8 and f.

Equations (6.13), (6.15); and (6.16a) imply that @, is constant in time and that
its numerical value coincides with that of the volumetric fraction of the solid phase
in the reference placement, i.e., with ®gg.

To handle GradL, with the restrictions placed on L., one could also take the
gradient of Equations (6.16a) and (6.16b), and regard the resulting expressions as
additional constraints. This approach is followed, e.g., by Anderson et al. [193],
Chen and Fried [194], and Pastore et al. [6] for uniaxial nematic elastomers, and by
Bertram and Gliige [195] for incompressible second-gradient monophasic media. In

the present work, however, we do not follow this path.



168 A first-gradient approach to remodeling and fluid flow in porous media

6.2.4 Chetaev’s conditions

The constraints (6.16a) and (6.16b) restrict the set of the admissible virtual velocities
associated with Fy or L,. Indeed, upon denoting by L the virtual velocity associated
with L,, and introducing the hypothesis of “ideal constraints” [11, 16, 23, 32, 1, 2],

L., must comply with so-called Chetaev’s conditions [16, 1]:

Adev = Adev © (Lya Lyv)

0Caer ]
= ( al(j °© L?’) [LVV] = <J)/IT|L7V> = <]yG 1|GL7,V> =0, (6.17a)
Y
‘Asym = Asym o(Ly,L,y)
9Cgym
B ( 3L, ° LY)“‘W] =3[GLy - (GLy)'| = 0, (6.17b)
Y

where (GLV édev oL,)[L,y] and (OLV ésym oL,)[L,y] are the Giteaux derivatives
of édev and ésym evaluated in L, and along L,. Accordingly, the virtual velocities
L., must be deviatoric and symmetric with respect to the metric tensor field G. Also,
L,y can be expressed as Lyy = Vv F, I, with "V, being the virtual velocity field
associated with the time derivative of the remodeling tensor.

Note that, since the constraint functions @dev and ésym are both linear in L., the
corresponding functions Adey and flsym are independent of L, and depend linearly
on L,y. For this reason, to simplify the notation, we shall write fldev oL,y and

Asym o L, from here on.

Quite differently from Equations (6.17a) and (6.17b), in which the Gateaux
derivatives are performed by direct differentiation of the constraints (6.16a) and
(6.16b) with respect to L,,, Chetaev’s condition associated with the constraint (6.14b)

is obtained as follows. First, we redefine Equation (6.14b) through the functional
Cine = Cine © (V5. Vi) = Div[(PRV + PrVp)F '] =0, (6.18)

which is linear in the velocities V¢ and V¢ (we adopt this notation for convenience,
but éinc could also be defined as a function of V, V¢, GradV and GradVy). Then,
we introduce the homotopies Vg — Vi + eV, and Vi — V¢ + eV, where € is a
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non-dimensional smallness parameter, and we define the function

éinc(‘g) = ééinc o (Vs + 3VSVa Vf + SVfV)
= Div[(q)sR(Vs + 8st) + q)fR(Vf + 8va))F_T]
= Div[(®RVs + PrV)F '] + eDiv[(®gr Ve + PrVi)F 1], (6.19)

Thus, Chetaev’s condition is given by (see the work by Giammarini et al. [4] for an

analogous expression)

d

Ainc = (Déinc o (Vs’ Vf)) [VSVa va]

éinc
i (0)

Div[(®Pr Vs + PrVi)F 1] =0, (6.20)

where (D Cine © (Vs, Vi) [V, Viy] is the Giteaux derivative of Gine, evaluated at
(Vs, Vi) and along the virtual velocities Vg, and Vy,. For future use, we write
Aine = flinc o (Vgv, Viy). Also for flinc the same notational considerations hold that
have been reported in the parentheses after Equation (6.18), but in terms of the virtual
fields.

6.3 Force balances in biphasic mixtures undergoing

remodeling

We complete the kinematic picture of the system under study by defining, for each of
the considered degrees of freedom, the generalized virtual velocity field chosen as
descriptor. From here on, unless there is room for confusion, we use “virtual velocity

field” and “virtual velocity” interchangeably.

Next, we introduce the generalized force fields acting on the system. We do this
by identifying each of such fields with the entity that represents the virtual power
expended on the corresponding virtual velocity. Each virtual power constructed
this way is, by definition, a linear functional in the associated virtual velocity. This
functional has the property of being bounded in this virtual velocity, and continuous.
Also for the force fields, we shall simply speak of “forces” when there is no lack of

clarity.
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To define the generalized forces, we distinguish them between internal and
external. Furthermore, we classify the external forces as bulk forces and surface

forces, depending on how they act on the system.

For the framework of the Principle of Virtual Power, we refer to the foundational

works by Germain [137] and Epstein and Segev [138].

6.3.1 Principle of Virtual Power (PVP) with constraints
Granted the kinematical setting outlined in Section 2, we consider the collections

M ={Vs = x,Vy,GradVs, GradVy, L, GradL, }, (6.21a)
My = A{Vs, Vi, GradVy,, GradVy, Ly, GradL,}, (6.21b)

comprising the generalized velocity fields of the system under study and the cor-
responding virtual fields, respectively, and in which V and Vi, as well as V, and
Vv, comply with the constraint (6.14b), while L, and L, comply with (6.16a) and
(6.16b) (in fact, the virtual fields comply with Chetaev’s conditions (6.20), (6.17a)
and (6.17b)). The subscript “v” stands for “virtual” in all the symbols in which it
appears. The fields V¢, V¢ and L., and their virtual counterparts Vy, Vi, and L,y
are defined on the topological closure of 4, i.e., on & = B U 0.A.

To define the virtual power, we introduce the functional spaces which Vg, V¢,
and L, belong to, and we denote them by 75, 7 and ¥, respectively. For
a = s,f, Y,y is a subset of the Sobolev space H 1 (A, T.7) of functions valued in 7.7,
characterized by the Dirichlet boundary conditions assigned to the motion of the solid
and of the fluid phase. Analogously, %, is, in general, a subspace of H!(%; [T %]'})
of tensor functions valued in [T%’]H. We recall that, for a given scalar, vector,
or tensor space S, H ! (A, S) is the Sobolev space of fields defined over @, valued
in S, square-integrable in %, and with distributional gradient square-integrable in
2. Integrability is understood in the sense of Lebesgue, and the space of S-valued

fields that are square-integrable in Z according to Lebesgue’s measure is denoted by
L?*(%;S) [196].

To handle the values attained by V, and V,, on the boundary of %, we have
recourse to the trace operators [196], which, in the present setting, map a given
field of H'(%;T.7) into a field of L*>(0%;T.¥). However, since it is known from
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Functional Analysis that the trace operators defined in this way are not surjective [196],
they are re-defined as ¢ : H'(%;T.) — H'?(0%,T.7), where H'?(0%;T.7)
is given by H'2(08;,T.) = {p(W) : W e H(#,T.7)} c L*(0%;T.¥), and
(W) is said to be the trace of W on 0. 4. To simplify the notation, we shall omit the
symbol ¢(W) to indicate that W is evaluated on 0.4, or on a portion of it. However,
such evaluation will be understood in the sense of the trace of W. The same shall

apply to the evaluation of a component of W in a given vector basis.

Since in this work we deal with second-order tensors for which their algebraic
trace “tr” has to be evaluated, the operator “tr”” should not be confused with the trace
operator of Functional Analysis. However, it will be clear from the context which

operator is meant.

Ford =1,2,3, let FgD and FlﬁlD be the portions of 9% on which, in a given local
coordinate system and in the associated vector basis, the dth component of the solid
phase motion y and of the fluid velocity V; are prescribed by means of Dirichlet
boundary conditions. On FSD and FﬁD, the dth component of Vg, and Vyy, i.e., VS%
and Vf‘f/ , are identically null by construction. On the other hand, since we prescribe
no Dirichlet conditions on F, or on L,, no restriction of this type is required for L.

Hence, we set!

Voo ={Voy e H(%;T7): V& =00onT%, de{123}}, (6.22a)
Vo ={Viy e H(B,TS): V& =0onT%, de{l123}}, (6.22b)
Yoy = H' (B; [TH]'). (6.22¢)

Internal virtual power. Given 75, 7/ and 7,,, we define the internal virtual

power as

PV Aoy X Yoy X Yy — R, (6.232)

Tg)(st, Viv, L)’v) = / Z {<Jmalvm’>+<P0‘|GradVa/V>}
‘@ a

+/ {(Yu|L7v>+<Yu | GradLyv)}, (6.23b)
B

'In order to emphasize the Functional Analysis aspects of the topic addressed in this chapter, the
dependence of the virtual powers on the virtual (test) velocity fields has been given explicitly. Virtual
powers, indeed, are linear functionals over the virtual velocity fields, as already indicated in Equation
(5.18) of Section 5.2.3.
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where Jm,, is the active part of the force, expressed per unit volume of the reference
placement, that the ath phase, @ € {s, f}, exchanges with the other one [182] (it is
here referred to as “active” because it is not directly related to the constraints and,
in the following, it will be expressed constitutively); P, is the active part of the
first Piola—Kirchhoff stress tensor associated with the ath phase; Y, is the active
stress-like generalized force dual to L,; finally, Y is the tensor field of the third

order that expresses the active generalized stress dual to GradL .

The generalized forces Jm,, P,, Y, and Y, must belong to functional spaces that
guarantee the existence and finiteness of the integrals of Equation (6.23b). Moreover,
CPQ) should be linear and bounded in each of its arguments.

Null reactive virtual power. Since the constraints (6.16a) and (6.16b) are “ideal”
[11, 16], the reaction forces generated by them expend zero virtual power against any
admissible virtual velocity field. We enforce this property weakly by employing the
Lagrange multiplier technique. Hence, we introduce a scalar Lagrange multiplier
n and a tensorial Lagrange multiplier Y, their associated virtual fields n, and Y,
and we conjugate 7, and X, with (6.16a) and (6.16b), respectively, and n and (" with
Chetaev’s conditions (6.17a) and (6.17b). Note that n, ny, Y and X'y have physical
units of mechanical stress.

Analogous considerations are made for the incompressibility constraint, expressed
in the form (6.14b) and in Chetaev’s condition (6.20). The condition (6.20) is
conjugated with a Lagrange multiplier p, acquiring the meaning of a pressure, while

the constraint (6.14b) is conjugated with the virtual pressure p,.

We denote by 7;y, v, and ¥, the functional spaces in which the virtual
multipliers ny, Yy, and py live, and we define them as

Vv = LABR), Vv = LA(B(TA)),  Vow=H (BR).  (624)

Then, we write the null virtual powers expended by the reaction forces on the
constraints as

PNy XV — R, (6.252)
?E,dev)(Lyv;nv) = /g{?n[ﬁdev ° Lyv] +/

. v[Caev 0 L] =0, (6.25b)
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Py X Vo, — R, (6.25¢)
P (LX) = /@ (| Agym © Lyy) + /@ (6|Cymo L) =0,  (6.25d)
P A X Vo X Yy — R, (6.25¢)

fP\(,inC)(st, va;pV) e /%p[ﬁinc o) (VSV’ VfV)]

- / PvlCinc © (Vs, V)] = 0. (6.25f)
@

As for T\(,i), the functional spaces of the “true” Lagrange multipliers n, X" and p,
of the “true” velocity fields V and V¢, and of the motion y must be such that the
integrals in Equations (6.25b), (6.25d) and (6.25f) exist and be finite. Moreover, the
total (null) virtual power done by the reaction forces on the constraints is linear and

bounded in its arguments and is given by

':P\(/C) (Vevs Viv, Lyv; Pvs v, 1v)
= P (L) + PY™ (Lyy: %) + P (Vgy, Viys py) = 0. (6.26)

Although Equations (6.25b) and (6.25d) state that the virtual power done by
the reaction forces is zero, n and X" are not the reaction forces, in general. They
are, however, related to these forces, as will become clear in Equations (6.27a) and
(6.27b) below. Note also that, since 7, and X, can be taken arbitrarily (see the
forthcoming calculations), the last summands of Equations (6.25b) and (6.25d) return
the constraints (6.16a) and (6.16b) in strong form. Moreover, if the last integrals
of Equations (6.25b) and (6.25d) are evaluated for the “true” values of L,, i.e., for
the velocities solving the dynamic problem under study, which have to fulfill the
constraints, then édev oL, and @Sym o L,, vanish identically. The same holds true for
the velocities Vi and V¢ in the last integral of Equation (6.25f).

To identify explicitly the reaction forces associated with the constraints on L,
let us rewrite the integrands n [fldev oL,y] and <T|ﬁsym o L,y) in Equations (6.25b)
and (6.25d) as

U[Adev © Lyv] = <Jy771T|LyV> =0, (6.27a)
(T|ﬁ,sym o Lyv> = (G(SkeWT)|L7V> =0. (6.27b)
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These expressions make it clear that the reaction forces are dual to L,y and are
represented by the tensor fields JanT and G (SkewY). These quantities, in turn,
viewed as real-valued linear maps acting on ¥,,y, read (J,nl T|.) and (G (Skew)| - ).
Consistently with this picture, the generalized virtual velocities L, must belong to
the intersection of the kernels of (JanTl -y and (G (SkewY)| - ). Hence, we write

L,y € Ker(J,nI"|-) N Ker(G(Skew)|- ), (6.28)

which implies that a generic L, is admissible if it is deviatoric and symmetric with
respect to the metric tensor field G. These conditions are prescribed on L, by the
constraints (6.16a) and (6.16b), and allow us to rewrite the first two summands on
the right-hand side of Equation (6.26) as

P (Lyysny) + P (Lys 1)
= / (JynI" + G(Skew)|L,y)
B

+ /ﬂ Mv[Caev © L] + /j (0y|Csym o L,y = 0. (6.29)

On the same footing, we can determine the reaction forces associated with the
Lagrange multiplier p by working out the first integrand on the right-hand side of
Equation (6.25f). Indeed, by expanding the divergence in flinc o (Vgy, Vi), and using

the Piola identity, we obtain

T\(/inC)(st, va;pv) = L {(‘JP F_TGrad¢aR|Vav> + <_q)aRpF_T|GradVav>}
#

- ‘/%pv[éinc o (Vs,Vi)l, (6.30)
where ¢,r = ¢q © (x,T) = Dor/J. Hence, for @ = s,f, we identify the reactive
contributions

—Jp F'Gradgor = —Jp [gradg, o (x,T)], — OrpF " (6.31)

The force in Equation (6.31); is the reaction part of the internal force due to the
momentum exchange between the solid and the fluid phase of the considered medium.

For a = s,f, —Jp F 'Grad¢,r adds to Jm,, to determine the overall internal force
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dual to V,y. Moreover, it satisfies the requirement that the sum over a = s,f of the
internal forces should be null. This follows from the saturation condition };, ¢.r = 1,
which yields - ¥, Jp F"'Gradgor = ~JpF "Grad( 3, ¢or) = 0. Similarly, the
stress contribution —~®,g pF~T in Equation (6.31); identifies the reaction part of the
first Piola—Kirchhoff stress tensor of the ath phase dual to the gradient GradV ,, of
the corresponding virtual velocity.

External virtual power. Next, we define the external virtual power as

P Aoy X Wiy X Yy — R, (6.32a)
3
(e) — d
PO (Ve Vi L) = /E ;mwm + Z ; /a TV
+ / (Z|L,y), (6.32b)
B

where f,, = ®,r0,f is the amount of the external force per unit mass f felt by
the ath phase [182]; 7,4 is the dth component, in the given basis of co-vector
fields {ec}gz | € (T)", of the contact force 7,, relative to the ath phase, that is
assumed to act on the portion of 9% complementary to F(‘jD (see Hughes [197]); Z
is the external force density associated with the remodeling process acting on the
remodeling rate L,. The forces f,, 7, and Z must guarantee the existence and
finiteness of the integrals in Equation (6.32b), and ?5‘“’> must be linear and bounded in
each of its arguments. Moreover, we assume negligible inertial forces and no external
forces dual to the functional trace of the virtual remodeling rate on 9. %4. It is worth
emphasizing that, as evidenced by Gurtin and Anand [18], one could also account
for an additional supply of external work manifested in the form of “remodeling”
contact forces operating on the boundary d.%. However, we do not introduce these
external agencies here and, consequently, we restrict our investigation to what Gurtin

and Anand [18] call “microscopically free” boundaries?.

Principle of Virtual Power. The definition (6.26) of P as a useful tool for
studying constrained systems by means of the Principle of Virtual Power (PVP) is

’The generalized forces Y, and Z introduced in this chapter, although sharing the same notation with
the generalized forces employed in Chapter 5, are the push-forwards of their counterparts in Chapter 5
since they are dual to the virtual variations associated with the narural rate of remodeling L, = F, F, !

rather than to the virtual variations related to the material rate of remodeling A, = F,, 'F,.
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taken from the book by Bonet and Wood [106], in which the PVP is formulated for
computational problems. Following this methodology, we employ a constrained
form of the PVP, which requires the fulfillment of the condition

iP\(/i)(st, va, Lyv) + ?S/C) (st, VfVa L7v§ Pvs v, Tv) = :])\(/e) (sz va’ LVV) (6'33)

for all the triples (Viy, Viy, Lyy) € Py X Vv X ¥y and (py, 11y, Wy) € Pou X Py X Py
A similar treatment of the constraints of the mixture incompressibility and of the

isochoricity of the remodeling tensor is given in the work of Giammarini et al. [4].

From here on, we introduce the notation
M, = O, pF ' + P, a =s,f, (6.34)

and, by invoking Gauss’ Theorem and Leibniz rule of differentiation, and recalling
that the dth component of the virtual velocity V,, vanishes identically on FzD, we
recast Equation (6.33) in the form

/ Z(Jma/_JpF_TGrad¢wR_DiVHa_q)ozRchf|Va'v>
B

+ / (Yy+nJ,I"+G (Skew () -DivY,~Z|L,y)
B

+ZZ::/O {[HaN]d—Tad}V(fﬁ/M<YHN|LW>

aD

_/ pv[éinc o (Vs, Vi)l +/ nv[édev © Ly] + / <leésym o L7> =0, (6.35)
B B B

with [IT,N]; = [II4]4®Ng, and N being the field of co-normals associated with
0%. Finally, as shown in Equation (6.27b), only the skew-symmetric part of Y is
accounted for in Equation (6.35) because the symmetric part, Sym'Y, is filtered out

by the duality product with flsym o Ly, which is a skew-symmetric tensor field.

To deduce Equation (6.35), we first apply Leibniz rule to (P,|GradV,y) and
(Y,|GradL,y) in Equation (6.23b) and to (~®,r pF ~T|GradV ) in Equation (6.30),

1.e.,

(Py|GradV ) = Div(PIV4,) — (DivPy|Vay), (6.36a)
(Y,|GradL,y) = Div(Y, : Lyy) — (DivY,|Lyy), (6.36b)
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(=®4r pFT|GradV o) =Div(=®ar pF 'V 4y) = (Div(=®or pF 1) [Vay). (6.36¢)

The transposed tensor YE in (6.36b) has components [YE]L " (instead, Y, has
indices placed as in [Y]V%) and YI : L, represents a pseudo-vector field with
components [YI : L,,V]A = [YI]ABC[LW]BC.

The products [II,N];V% (no summation over d = 1,2,3) and (Y N |L,y) in
the surface integrals over (')93\1“513 and 0% of Equation (6.35) descend from the
application of Gauss’ Theorem to Div(ITLV,,) and Div( YE : L,y), which arise
by working out Equation (6.33) and adding Equations (6.36a) and (6.36c) term by
term. On 8%’\F§D, the components V¢ of the generalized virtual velocities need
not vanish identically. Hence, we find:

[ Yovaive - [ S VLM =YY [ MmN 637
B 0% 7 P g d

B\Cop

/ Div(Y} : L,y) = / (Y!:L,J|N)= / (Y,N|L,y), (6.37b)
B 14 X4

where the identities (IT.V4y|N) = (II,N|V4y) and (YLTI : Lyy|N) = (YNI|L,y)
are used.

To obtain Equations (6.35), (6.37a), and (6.37b), we have adapted a result of
Functional Analysis (see Corollary 7.1, page 413 of the book by Salsa [196]), which
requires I, € H' (%; (T/)* ® T%) and Y, € H'(%;[T%],?). This implies
-Divll, € L*(%;(T)*) and -DivY, € L*(%; [T%A],").

6.3.2 Strong form of the problem

Starting from Equation (6.35), classical localization procedures yield the force
balances and the constraints of the system under consideration in local form, i.e.,

Jmg—JpF"Gradgg —Div(-® pF~ ' + P))—f, =0, in %, (6.382)
Jmi—JpF~'GradgR —Div(—®r pF ' + Py)—f; =0, in B, (6.38b)
[(~®gr pF T+ PON]y=1q, d=1,2,3, on dB\T'%,,  (6.38¢)
[(-®Pr pF T+ P)N]y =150, d=1,2,3, on dAB\I'Y,, (6.38d)

Y, +nJy,I" + G(Skew) - DivY, - Z = 0, in A, (6.38¢)
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YN =0, on 9.8, (6.38f)
Cinc © (Vs, Vi) = Div[ (@R Vs + PrV) F 1] = 0, in 8, (6.38g)
Cgev © Ly = (J,IT|Ly) = J,trL, = 0, in 4, (6.38h)
CymoL, =1[GL, - (GL,)"] = 0, in 4. (6.381)

Aside from the natural boundary conditions (6.38c), (6.38d) and (6.38f), the
system (6.38a)—(6.381) yields 20 independent scalar equations and features 80
unknown scalars fields: 20 of these are given by the basic kinematic variables y,
V¢, and F,, (15 scalar unknowns) and by the Lagrange multipliers p, , and Skew\’
(5 scalar unknowns), while the remaining 60 unknowns are the components of the
fields mg, my, Py, Pg, Yy, and Y. We recall that ®gy is regarded as known, while
D = J — O, dsr = Psr/J, and pr = Pr/J are expressed as functions of J, as
per Equation (6.13);. Similar considerations have recently been done in the work by

Giammarini et al. [4]. Moreover, Equation (6.38¢) splits as

n=-1uw[/' (¥, -DivY, - Z)], (6.39a)
SkewY = —Skew[G ! (¥, - DivY, - Z)], (6.39b)
DevgSym[G~! (Y, - DivY, - Z)] = O, (6.39¢)

with DevgA = A — H(G|A)G™', for any A = AMVEy;, @ Ey, A = A" (see
[23, 87, 4]). Hence, 7 and SkewX' can be computed separately, and the balance law
(6.39¢), which is equivalent to 5 scalar equations, replaces (6.38¢) in the system
(6.38a)—(6.381). This reduces the number of coupled scalar equations to 16 and the
number of effective unknowns to 76. However, granted the restrictions mg + m¢ = 0
and g7'P,FT = (g7'P,F")T, for @ = s,f, which originate from the invariance
of the internal virtual power under the superposition of arbitrary translational and
rotational rigid motions [137, 182], the fields m¢, P, P¢, Yy, and Y, will be assigned
constitutively, thereby providing 60 scalar constitutive functions.

6.4 Constitutive assignments

For brevity, we concentrate on the consistency of the constitutive relations with
objectivity and with the dissipation inequality of the system under study, while

we give for granted all the other axioms of the general theory of constitutive laws
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[198]. Following Cermelli and Gurtin [188] and Gurtin and Anand [142], some
constitutive functions depend solely on the remodeling descriptors F,, and CurlF,,
and are defined so as to be invariant under smooth transformations of the reference

placement of the system.

6.4.1 Dissipation inequality

By adapting the approaches of Cermelli and Gurtin [188], Cermelli et al. [70] and
Gurtin and Anand [142] to biphasic mixtures, we consider a fixed region # C %A
and the Helmholtz free energy density i, of the ath phase, with a@ = s,f, per unit

mass of the same phase. Then, we write the dissipation inequality:

/ D 3:_‘/ Zq)aRQawa_‘/ <q)fRQf‘/’f[Vf_Vs]F_T|N>
% %% 0%

o [ Sunvae [ S ompF T PNV
+/@(Z|Ly>+/a%(YuN|L},)ZO. (6.40)

Given a region Z(t) C Z(t) contained in the current placement of the system, and
the spatial (or Eulerian) representation of an S-valued field ¢f : Z(f) X &4 — S,
where S is R or any vector or tensor space, we define f:=°f o (y,T): Zx.¥ — S, with
Z=x(.0]"" (%) c Band [¢(-,1)]"! = £;'. Hence, the time derivative of
the integral of f over # reads

[5= [ fowith = (D)0 061 = [0 + (erad Pl o (1.7, 641)

The quantity f = (Ds°f) o (v, T) is the time derivative of ¢f with respect to the solid

phase motion.

The second term on the right-hand side of Equation (6.40) compensates for the
fact that, in the first term, the derivative of ®,r 0, is taken with respect to the
velocity of the solid phase even for @ = f. Then, by working out the time derivatives,
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and invoking Gauss’ Theorem, the mass balances>, the incompressibility constraint
(6.14b), the force balances (6.38a) and (6.38b), and the condition mg + m; = 0, we
obtain

/%D = —[%; [(I)aRQal/}a_ <Pa|GradV€l>]

+ / (Jm;¢ — (I)fRQfF_TGradlﬁﬂVf -V
74

+ / {(Yy + nJ, I" + G(Skew)|L,) + (Y|GradL,)} > 0.  (6.42)
X

Moreover, by neglecting the variability of ¢ in space and time, localizing Equation
(6.42), and recalling that the constraints (6.16a) and (6.16b) imply the identity

(nJle + G (SkewY)|L,) = nJ, trL, +(SkewY|Skew(GL,)) =0, (6.43)
—— —————
=0 =0
we obtain the following local form of the dissipation inequality [180, 153, 139]:
D=~ cDsRQs‘ﬁs + (Jm¢|Vi = Vi) + (Pg|GradVy) + (P¢|GradVy)
+ (Yu|L,) + (Y |GradL,) > 0. (6.44)

6.4.2 Constitutive descriptors and residual dissipation

From here on, we make three fundamental hypotheses:

Hp. 1 The stress response of the solid phase is hyperelastic.

Hp. 2 Aside from the exchange interactions with the fluid, the solid phase dissipates

energy because of the remodeling of its internal structure.

Hp. 3 The fluid phase features two sources of dissipation: one is due to the exchange
interactions with the solid phase, while the other one is due to the viscosity of

the fluid, and results into a dissipative stress tensor, here identified with Ps.

3We refer to the identities (®sg05) = 0 and (Pr o) = Jor = —Div(Pro¢[Vi — V] F~T) coming
from the considerations reported in Section 6.2.2. Recall that the intrinsic mass densities o5 and or
are assumed to be constant throughout this work.
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To deal with these hypotheses, we choose the following collection of independent

constitutive variables:
U = (F, F,,%,L,,GradL,,GradVy, Vi), with Vi = Vi = V. (6.45)

The tensor fields F and F,, account for the fact that the solid phase is hyperelastic
(Hp. 1) and undergoes remodeling (Hp. 2). In fact, the elastic distortions and those
due to the remodeling are described by F. and F,, respectively, with Fe = FF,/ I
Thus, F. could be selected in lieu of F in the collection (6.45). However, since F is
directly related to the motion of the solid phase, we find it more intuitive to use F.

The Burgers tensor B resolves the spatial variability of F, in a way that is
unaffected by changes of the system’s reference placement [199], while L, and
GradL, account for the dissipation induced by the remodeling within a first-grade
theory in L,. Both B and GradL, have their own length scale [142].

The relative velocity Vi is power-conjugate to the dissipative exchange interactions
between the solid and the fluid phase, whereas GradVs is introduced because, at
variance with the Darcian regime, the overall stress tensor of the fluid phase,
¢, features the dissipative contribution P¢ in addition to the non-dissipative and
hydrostatic term —®pF~" (Hp. 3). This generalization captures also more complex
behaviors of the fluid flow, such as boundary effects, and yields the Darcy—Brinkman
model of the flow [174].

The fields ¥, m¢, P, Py, Y, and Y, in the inequality (6.44) are the dependent
constitutive variables of the present framework, and are assumed to be representable

as functions of the collection U, i.e.,

Ye=dsol, Pi=PiolU, Y,=Y¥,0U Y,=Y,0U (646a)
Pr=ProlU, ms=msoll (6.46b)

Since the dissipation of the system depends on U through the quantities (6.46a)
and (6.46b), and since /s can be formally written as s = (s o U|UY, D admits
the representation D = D o (U, ).

Computing s permits to combine the partial derivatives dpis, OF, s, and Omifrs
with P, ¥, and Y, respectively, as can be proven by recalling the identities
F = GradV, and Fy = L, F,, and noticing that B can be written as (cf. Equation
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(6.8) of Gurtin and Anand [18])
$=L,B+BL,—J,'(F,xFy)": (GradL,)", (6.47)

in which the condition trL, = 0 has been enforced explicitly, and the cross product
between two second-order tensors A and B of [T%]!; is defined as (cf. with Gurtin
and Anand [18])

[A X B)"C = PP (4] [BI .
det[G]
and [(A x B)'|"MN .= (A x B)NEM, (6.48)

The relation (6.47) can be recast in the form 0,8 = —J.1(F, x F,)" : (GradL,)",
where O, is the Oldroyd derivative of 8 with respect to F,, defined as 0,8 =
%-L,%-BL).

On the other hand, the summands of /s given by

<5Ly‘f’s °© u|L7>’ <5GradLylﬁs o U|GradL,), (6.49a)
(OGraav s © UGradVy), (Bv s o UV (6.49b)

cannot be combined with any other term of the inequality (6.44), and, since D is

affine in the rates Ly, GradL,, GradVy, and V_fs, which can be varied arbitrarily,
the duality products in (6.49a) and (6.49b) could take on any real value and violate
the non-negativity of D. Thus, to prevent this occurrence, we require the partial
derivatives (9L7¢ﬁs, BGradLytf/s, aGradelﬁs, and 6sttffs to vanish identically. This can be
achieved by redefining the constitutive expression of ¢ as a function of F, F,, and
B, only. To this end, we find it convenient to introduce the solid phase Helmholtz
free energy density per unit volume of 4, i.e., Wr := @ 05, for which it holds
that Wr = ®gro0sifs, since o is assumed to be constant, while ®gg is constant by

virtue of Equation (6.13). Then, following Gurtin and Anand [18], we write
WSR:WSRO(F,F)/’%) :Wseo(F,Fy)"'WSDO,B, (6.50)

where Wy is a hyperelastic free energy density of the solid phase, while Wyp is
referred to as a “defect” free energy [18] and resolves explicitly the spatial variability

of F, within a first-order theory in the remodeling tensor (accounted for through
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8B). In our work, this is done to account also for the influence of boundary effects
on remodeling. Yet, the formalism from which we are departing adopts GradF,
to describe geometric incompatibilities that, for example, arise in metals at the
scale of the lattice due to concentrated defects such as dislocations and disclinations
[76, 199, 188, 79, 151, 200, 3].

To ensure objectivity, Wy, depends on F and F, through the elastic Cauchy—Green
deformation tensor C. = FJ gF.. Hence, we set Wee 0 (F.F,) = W o C., and we

reformulate Wi as
W = WSR o (F, Fy, B) = WSE oC. + WSD o B, (6.51)

where W g and Wp are to be assigned. Hence, upon introducing the short-hand

notation
aCe‘/VsE = aCeWSE o (e, osWsp = G%WSD 0B, (6.52)

the term ® g 0545 = Wir in the inequality (6.44) admits the following representation
[142]:

q)sRQszs = <gFe(2aCeWsE)Fy_T|F>
+{ = Ce(28c,Wsg) + [(98Wsp) BT + (dsWsp) "B]|L, )
+( =7, (08Wp)" (Fy X F,)'|GradL, ). (6.53)

By plugging the derivative (6.53) into (6.44), the dissipation inequality becomes

Do (U, F) =(Ps o U~ gF.(20c,Wsg) F; " |F) + (P¢ o U|GradVy) + (Jiieg o U| Vi)
+ <yu olU + Ce(zaCeWsE) - [(a%WSD)%T + (aiBWsD)T%]|L7>
+(Yy o U+ J, " (88Wip) " (Fy X F,)'|GradL,) > 0, (6.54)
where, with a slight abuse of notation, we have reformulated D as a function of U
and F, only. However, D is affine in F. Hence, following the same reasoning that

has conducted to Equation (6.50), the entity dual to F in the inequality (6.54) must

vanish, and the active stress tensor Py is represented by

P, =P,o (F,F,) = gFF,' 20¢W)F; " (6.55)
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Now, we particularize the hypotheses Hp. 2 and Hp. 3 by requiring each summand
on the right-hand side of the inequality (6.54) to be non-negative independently of
the other ones (the first summand satisfies trivially this requirement, since it is zero
by virtue of Equation (6.55)). Moreover, as for the fluid, for which P¢ and m are a
dissipative stress and a dissipative force density, we define the dissipative stress-like

quantities

Yua = f,ud olU = ?u oU+ Ce(zaCeWsE) - [(8$WSD)%T + (a%WsD)T%], (6.56a)
Yo = Vg oU =Y, 0U+J," (38Wep) " (Fy X F,)", (6.56b)

and, by recalling the result (6.55), we write the residual dissipation inequality as

D o U = (Pf o U|GradVy) + (Jrs o U|Vi)
+ (Yua o U|L,) + (Yuq 0 U|GradL,) > 0. (6.57)

In the inequality (6.57), we split U into the two sub-collections of variables
€= (F,F,,%B) and R := (L,,GradL,, GradVy, Vi), with the latter comprising all
the rates considered in the model, and we require DolU = Do (&; R) to be non-negative
for all € and R, null for R = 0 independently of € (i.e., Do (€;0) = 0 uniformly with
respect to &), continuous and differentiable in &, and at least continuous in R. The
continuity of D in R is needed to ensure that D o (&; R) tends to zero for indefinitely
small rates R. We refer to the work by Cermelli et al. [70] for the reasoning reported
so far.

In the following, we further assume D to be quadratic in the rates R, as specified
by the law

Do (&:R) =OR(V : GradV¢|GradVs) + O (rVi|Vis)
+ ORSy||L, 1> + @RSy ¢?||GradL, ||* > 0, (6.58)

where @ = J — g > 0 depends on F through J; V = WVo&andr=#o¢&are
a fourth-order and a second-order tensor field, both positive semi-definite; Sy > 0
and ¢ > 0 are constants representing a characteristic mechanical stress of the solid

phase, multiplied by a characteristic time scale,* and the characteristic length of L,,

4The text “multiplied by a characteristic time scale” is going to appear in Prof. Alfio Grillo’s IRIS
institutional profile and is intended to be submitted to the journal Mathematics and Mechanics of
Solids as part of a Corrigendum.
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respectively [142]; the squared norms ||Ly||2 and ||GradL7||2 are defined by

ILy|I* = (L}|Ly) = Gag[Ly)°cG P [Ly]*p = t[L}'L,],  (6.59)
|GradL, ||* = ((GradL,)*|GradL,)
= G an[GradL, ) ynGMBGNC[GradL, ] g, (6.59b)

where L7, = GL«YG_1 and (GradL, )" are the tensor fields dual to L,, and GradL,,.
The components of (GradL,)* are given by the product of the first four factors on
the right-hand side of Equation (6.59b).

Since in this work we need the stronger condition that D o (&;R) be zero if,
and only if, all the rates are null, i.e., R = 0, we consider only positive definite
tensor-valued functions W o & and 7 o €. Analogously, although ®¢R is non-negative
in general, we assume @ > 0, meaning no compaction. Moreover, since the duality
products in Equation (6.58) symmetrize WV and r, we shall assume from here on that
WV possesses major symmetry and that r is symmetric. Hence, in components, we
have V4,8 = V,B,4 and rp = rpa.

Starting from the inequality (6.58), we retrieve the Darcy—Brinkman model of
the flow and a strain-gradient theory of remodeling @ la Gurtin and Anand [142] by
invoking the Principle of Maximum Dissipation (see, e.g., Hackl and Fischer [201]).

6.4.3 Elastic energy and “‘defect” energy

To supply constitutive expressions for Py, Yy, and Y, we prescribe a Neo-Hookean
strain energy density for the hyperelastic behavior of the solid phase and, following
Gurtin and Anand [142], a “defect” energy density quadratic in the Burgers tensor,

i.e.,

WSE o = %(DSR,US [tr(G_ICe) —3] - D s logJe+ %q)sR/ls [k)g‘]e]z, (6.60a)
Wip o B = LdguL*||B]1>,  with [|B]|* = (B*|B) = w(B'8),  (6.60b)

where 8" := GBG is the dual of the Burgers tensor, us and A are the first and the
second Lamé parameters, and L is a phenomenological length scale that, as remarked
by Gurtin and Anand [142], should be determined experimentally. Then, with J,, = 1,
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the relations (6.55), (6.56a), and (6.56b) take on the form

Py = Ps © (F’ Fy) = q)sR,us [gFB)/ - F_T] + (q)sR/ls log J)F_Ta (6613)
Yo=Y, 0U=YyoU-F, [F'PJF} + OguL*[B*B" + B 78|, (6.61b)
Y, =Y,0U=YyoU-dgruL*BT(F, x F,)", (6.61¢)

with FTPg being the Mandel stress tensor of the solid phase, associated with the

reference placement.

6.4.4 Strain-gradient remodeling equation a la Gurtin and Anand

Applying the Principle of Maximum Dissipation [201] to the summands of the
dissipation inequality (6.58) associated with the remodeling yields

A 1({0D .
Ya=Yuo L), = E(aLy o (8, fR)) = (DsRSy Ly, (6623.)
A X 1 6@ 2 *
Yud = Yud o GradLy = 5 %le,,y o (8, R) = (I)sRSy[ (GradLy) . (662b)

The relations (6.62a) and (6.62b) are a rewriting, in covariant formalism, and up
to the rescaling of Sy through ®r and the choice of some model parameters,
of the constitutive laws proposed in Equation (6.17) of the work by Gurtin and
Anand [142]. Indeed, in Cartesian coordinates, they read Yyq = ®wSy L, and
Yoy = <I)5RSy€2 GradL,, which are identical to the laws reported in the work by
Gurtin and Anand [142] upon taking an identically null “hardening (softening)
function” and unitary “rate-sensitivity parameter” [142], and by incorporating the
model’s “reference flow-rate” [142], taken unitary, into Sy (although Sy has physical
dimensions of viscosity, with a slight abuse of terminology we call it “rescaled yield
stress” or “rescaled strength” in the following).5 Moreover, if the constraint (6.16b)
is enforced explicitly, as done by Gurtin and Anand [142], then L,, and GradL,, can
be substituted with D, and GradD, in the relations (6.62a) and (6.62b).

>The text “and by incorporating ... in the following)” is going to appear in Prof. Alfio Grillo’s
IRIS institutional profile and is intended to be submitted to the journal Mathematics and Mechanics of
Solids as part of a Corrigendum.
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Within their theory of strain-gradient plasticity, Gurtin and Anand [142] call
Sy > 0 “coarse grain yield strength” of the material, and introduce the length scale

¢ > 0 to characterize the dissipation associated with the spatial inhomogeneity of L, .

In our framework, we neglect any hardening or softening effects as well as any
nonlinear relations similar to the “nearly rate-independent behavior” accounted for
by Gurtin and Anand [142]. Indeed, the functional forms (6.62a) and (6.62b) are
linear in L, and GradL,, respectively, and have been obtained by requiring D to be
quadratic in each of these variables. Hence, they may fail to capture some particular
physical aspects of remodeling. However, a more general picture can be obtained by
hypothesizing Y4 and Y4 to be nonlinear in L, and GradL,, [142], and showing

that the resulting dissipation is non-negative.

Substituting the relations (6.62a) and (6.62b) into the expressions (6.61b) and
(6.61c) for Y, and Y, and defining the apparent material parameters S‘y = O Sy,
s := Drus and A = DrA, lead to

o (&Ly) =8yL} — F,"[F'P{|F) + i, L*|B"8" + BTB], (6.63a)

Y, =Y,
Y, = Y, 0 (& GradL,) = Sy(*(GradL,)* — 3 L*B*"(F, x F,)", (6.63b)

where we have set J, = 1 and, with a slight abuse of notation, we have retained
the sole dependence on L, and GradL,. Finally, by using the results (6.63a) and
(6.63b), Equation (6.38e) becomes

SyL} — F, T [FTP|F) + ji,L*[B*8" + B8] + nI" + G(Skew)
— Div{S,¢*(GradL,)* - 3L’ (F, x F,)'} - Z = 0. (6.64)

The partial differential equation (6.64) and the constraints (6.38h) and (6.381)
rephrase, for remodeling, one of the main results of the theory of strain-gradient
plasticity of Gurtin and Anand [142], formulated for D,. In our derivation, we
develop the model for L,, and enforce the constraints on it via the Lagrange multiplier
technique (see Section 2.3), which generates the reaction force nI" + G (SkewX) in
Equation (6.64). This can be eliminated by projecting Equation (6.64) onto the space
of deviatoric and symmetric second-order tensor fields, as shown in Equation (6.39¢),
thereby retrieving Gurtin and Anand’s strain-gradient “micro-force balance” [142].
Moreover, in our work, this result is framed within the context of solid-fluid mixtures.

However, the coupling with the fluid is indirect and occurs through the influence that
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the fields associated with the fluid (i.e., pressure p and velocity field V¢) exert on F
(and, thus, on Pg). Another generalization is the presence of Z, unaccounted for in
the work by Gurtin and Anand [142], but relevant in the certain biological contexts,

as is the case for growth [69, 87].

6.4.5 Darcy-Brinkman model for the flow of the interstitial fluid

The Darcy—Brinkman model [174] of the flow accounts for two independent types
of dissipation, both related to the fluid (see Hp. 3). One is intrinsic to the fluid
and hypothesizes a macroscopically viscous behavior, described by the dissipative
stress tensor P¢. The other one, instead, stems from the dissipative character of
the interactions between the solid and the fluid, described by m;. By applying the
formulation of the Principle of Maximum Dissipation presented by Hackl and Fischer
[201] to the terms in the dissipation inequality (6.58) associated with the fluid flow,
we find

. D .
P =Pso (E;R) = 1(6— ) (8;92)) = OR[V o ] : GradVy, (6.65a)

2\ 0GradV;
. 1{ 8D A
Jmg = J[mso (E;R)] = 3\ 3y 0 (E;R)| = Pr[F o €]V, (6.65b)
fs

where V = W o € is a fourth-order tensor field of generalized Brinkman viscosities
and r = 7 o € is the (spatial) resistivity tensor field of the porous medium (as specified
above, V enjoys major symmetry and r is symmetric). Since r is positive definite, it

is invertible, and we identify its inverse with the expression
1 _ -1
r =o¢gk, (6.66)

where k is the tensor field of the hydraulic conductivity of the medium (i.e., the
permeability tensor field divided by the fluid dynamic viscosity). The tensor field k
is symmetric and positive definite, too. We prescribe it to be a function of F only,
and, since we are modeling biological tissues, we express it as suggested by Holmes
and Mow [152], i.e.,

J — Ogr
1 — O

k=koF = ko[ exp (smo[J* - 1])g~", (6.67)
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where ko, k, and m are positive material parameters (see Table 6.1).

To assign V = V o &, we start from the constitutive expression of the Cauchy
stress tensor of the fluid phase, i.e., o¢ = J -lp:F T which, under the hypothesis of

Newtonian-like behavior, can be written as
o = $¢ea (divwe) 1" + 2¢¢b sym(g gradve)g ™', (6.68)

where a/3 and b are the Brinkman viscosity coefficients, fulfilling the inequalities
a+2b>0andb > 0,and: : T.¥ — T.7 is the spatial identity tensor field (note that,
for simplicity, in these calculations we are omitting the composition of the involved
fields with the maps y and 7). Then, by computing Py = Jo;F~', we obtain the

expression (6.65a) with

V=VoF:=1aF"@F T+b(geC'+FoF"), (6.69)
Vos8 = La[F T AF 1,8 +0(gan [CT1A8 + [FTLE(F']%),  (6.69b)

where W has been redefined as a function of F alone, and the notation introduced
by Curnier et al. [202] has been adopted for the tensor products ® and ®. Note
that, by virtue of Equation (6.69a), and recalling that ®r = J — @R, the constitutive
representation of Py can be reformulated as

Ps = Py o (F,GradVy) = (J — ®R)(V o F) : GradVy. (6.70)

The quantity %a corresponds to the so-called “second viscosity”, also known
as “bulk viscosity” or “volume viscosity”, that, within the monophasic framework,
features in the compressible Navier—Stokes equation. However, in spite of this formal
correspondence, %a 1s physically distinct from the second viscosity of a compressible
fluid (see Remark 6.1 below). From here on, we refer to %a and b as Brinkman second
viscosity and Brinkman dynamic viscosity, respectively. Often, b is also referred to as
effective viscosity and is assumed to be different from the “true” viscosity of the fluid.
Bear and Bachmat [203] express b as proportional to the fluid true shear viscosity,
with the proportionality factor being the ratio between the (scalar) tortuosity and the

porosity of the porous medium in which the flow takes place.

Differently from the Darcian model, in which the Cauchy stress tensor of the fluid
phase is the hydrostatic term —¢¢p i1, the Darcy—Brinkman model distinguishes the
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pressure contribution due to the Lagrange multiplier p from the viscous one. In other

words, the fluid pressure is given by
1 T _ a+2b 3:
pr = —3tr(=gep - +0¢) = ¢rp — 5= divwy. (6.71)

Although the fluid phase is assumed to be incompressible, the divergence of v¢ is not
zero. Rather, the hypothesis of incompressibility, enforced also for the solid phase,
is expressed by Equation (6.12), and the model of flow features the Brinkman bulk
viscosity (a + 2b)/3. However, if the velocity field of the solid phase is null and the
volumetric fraction of the fluid phase is constant in space, Equation (6.12) reduces to
divv¢ = 0 and, thus, o features only the contribution due to the Brinkman dynamic
viscosity b. This approximation is often used in hydro-geological problems based on

the Darcy—Brinkman flow model.

By substituting the relations (6.65a) and (6.65b) into (6.38b), and using (6.66),

we obtain
Div(®RV : GradVy) — @R [(F "Gradp — ot f) + ¢k~ (Ve = V)| = 0. (6.72)

Equation (6.72) is a partial differential equation for the fluid velocity field V¢, coupled
with the pressure field p and with the velocity field V and deformation of the solid
phase. Since V is positive definite and ®¢r > 0, Equation (6.72) is elliptic in V.

Remark 6.1 (Comparison with the stress tensor of a compressible fluid in the
monophasic framework).

Within the monophasic framework, the dissipative part of the stress tensor of a
compressible fluid features the volumetric contribution ¢ (divv) T, in which v is
the velocity field of the fluid and ¢ is a positive quantity termed volume viscosity
coefficient (in the Newtonian case,  is independent of the velocity gradient). Yet,
is not necessarily equal to (a + 2b)/3. There are two main reasons for this. First,
{ pertains to the description of a compressible fluid in the monophasic framework,
whereas the bulk Brinkman viscosity (a +2b)/3 is defined also for an incompressible
fluid phase in a fluid-solid biphasic mixture. Second, the Brinkman viscosities need
not be equal to the viscosities that the same fluid would have if it were considered
alone, i.e., decontextualized from the framework of mixture theory [174], although
the two types of viscosities take values that become increasingly closer to each other

for relatively small volumetric fractions of the solid phase.
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6.5 Boundary-value problem, weak form, and numer-

ical results

By substituting the constitutive relations (6.55), (6.63a), (6.63b), (6.65a), and (6.65b)
into the system (6.38a)—(6.381), and applying Dirichlet boundary conditions and
initial conditions, we state an initial- and boundary-value problem (IBVP) for y, F,,
V¢ and p. However, the boundary condition (6.38f), i.e.,

YN = $,¢*(GradLy)*N - g L*8(F, x F,)))N =0, ond%, (6.73)

does not have the expression of a classical Neumann boundary condition in F,, since

it involves also Fy, GradFy, and CurlF,, as can be recognized by writing it explicitly.

To overcome this difficulty, we reformulate the IBVP by regarding L, as a primary
unknown, rather than as a derived quantity, and we regard the relation Fy =L,F,
as the additional equation for determining F,. By doing so, Equation (6.64) can
be recast in the form of a (linear) modified Helmholtz equation [204] in L,,, with
a right-hand side that is highly nonlinear in F and F,, and Equation (6.73) can be
interpreted as a linear, nonhomogeneous, Neumann boundary condition for L., in
which the non-homogeneity term depends on F, through F, X F, and the Burgers
tensor B. Moreover, the constraints (6.38h) and (6.381) become algebraic equations
for L,. This fact permits us to resolve them explicitly and, thus, to replace the nine
unknown components of L, with the five unknown components of the symmetric
and deviatoric tensor l~)y, which satisfies identically the conditions l~)7 = Di and
(G™! |D7) = 0. Moreover, the reaction force 71" + G (Skew) can be eliminated
from Equation (6.64) by projecting it onto the space of symmetric and deviatoric

second-order tensors, as done in Equation (6.39c¢).

From here on, we neglect the external force densities ®ggr 05 f and P s f, and,
to visualize the reformulated IBVP, we rewrite Equations (6.38a), (6.38b), (6.38¢)
and (6.38g)—(6.381i) as

~Div(Pso (F,F,)) + J¢n k™' [Vs - Vi] + ©rF~'Gradp = 0, (6.74a)
— Div(®RV : GradVy) + Jopm k' [V — V] + ®rF "Gradp =0,  (6.74b)
~ Div{3,(*(GradD,)" - &} + §,D; = 4% + 7", (6.74¢)
—Div[®RVF ' + ®RrViF 1] =0, (6.74d)
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X = VS$
F,=G'D,F,,

where we have introduced the auxiliary terms

Fo 6T+ (67'®) )]~ 16 s, €= &y,

it = DeVGSym(G_lA), Zﬁ = DeVGSym(G'IZ),

(6.74¢)
(6.741)

(6.75a)
(6.75b)

(6.75¢)
(6.75d)

(6.75¢)

and V is viewed as an additional unknown, related to the solid phase motion y

through Equation (6.74e).

The components of (Gradi)y)*, i.e., of the third-order tensor field dual to
GradD,, are given by [(GradD,)*]48¢ = GAM [GradD, ] ynpGVEGPC. Moreover,
for an arbitrary third-order tensor field ¥ of [T.%]3, the transpose T(t*) means, in

components, [T (4)]ABC = TBAC,

The system (6.74a)—(6.74f) consists of 24 scalar equations in the 24 scalar

unknowns supplied by the components of y, F,, Vs, Vi, l~)y and by p, and is endowed

with the boundary conditions

[(Pso (F,Fy) —®xpF ")N]y =14,  ondB\I'%, de {123},

[(PRV : GradVi — ®rpF )N]y = 154, on 0B\I'Y, d € {1,2,3},
x4 = x, onT'%, d € {123},
vl =V, on T, d e {123},
(5,6%(GradD,)" - &}N = 0, on 8.2,

(6.76a)
(6.76b)
(6.76¢)
(6.76d)

(6.76¢)

where )(g and Vf‘é are known boundary data on the solid phase motion and fluid

velocity.
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6.5.1 Initial- and boundary-value problem (IBVP)

The typical experimental apparatus for the compression test of multicellular aggregates
consists of a chamber filled with water, kept at the temperature of 20°C, and two rigid
and impermeable plates, usually made of resin or steel, placed within the chamber,

parallel to each other, and oriented horizontally.

We consider a cylindrical specimen of a multicellular aggregate inserted between
the plates and we study the case in which its bottom and upper surfaces are glued to
the plates.

For the experiment under study, we assume the specimen’s reference placement,
i.e., A, to coincide with its just described initial placement, and we partition the
boundary of # as 0% = I'g UIL U Iy, with I'g, I'L, and 'y denoting the bottom,
lateral, and upper surface of the specimen, respectively.

The test is carried out in displacement control: a displacement ramp is applied
uniformly to all the points of the upper plate (which, thus, remains parallel to its
initial position) and, because of the hypothesis of rigidity, it is perfectly transmitted

to I'y. The lower plate is kept fixed.

2
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Fig. 6.2 Left panel: Graphical representation of the compression test simulated in this
section. Right panel: Time trend of the magnitude of the (non-smoothed) compression
ramp. This images were first showed during the conference “XI International Conference on
Computational Bioengineering (ICCB 2025)” held in Rome, Italy, on September 8-10, 2025,
within the presentation of the abstract “Coupling inelastic distortions and Darcy—Brinkman
fluid flow in the modeling of multicellular aggregates under compression”, authored by A.
Pastore, A. Giammarini, A. Ramirez-Torres, A. Grillo.
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Since the aggregate and the plates are glued together in the contact areas, and
since the entity of the imposed displacement is relatively low (although large enough

to generate finite deformations), the contact areas do not change in time.

The motion of the solid phase on the points of ['y and ' is fully determined by the
prescribed displacements: only the imposed vertical motion is allowed on I'y, while
no motions are permitted on I'g. For the fluid phase, we prescribe no-slip conditions
on ['y and I', so that the fluid velocity on the points of I'y equals the (vertical)
velocity of the upper plate and is null on I's. We assume I to be traction-free. For
the remodeling, we assume that 0% = 'y U I'g U I is “microscopically free”, to
use the words of Gurtin and Anand [142].

By gathering the items of information collected so far, we obtain

BCs on I'y: BCs on I'g: BCsonlIy:

X(X,1) = x(X,0) = =f(t)es, x(X,1) = x(X,0) =0, (Ps—®grpF )N =0, (6.77a)
Vi(X,t) = —f(t)es, Vi(X,1) =0, (P; — ®rpF T)N =0, (6.77b)
Y. (X,)N = 0, Y. (X,7)N = 0, Y. (X, )N = 0, (6.77¢)

with f(1) = [H()H(t: = 0)1/t;] fmax + [H(te = )H(1 = 1r)] fmax, fmax specified
in Table 6.1, and H(s) being the Heaviside function, i.e., H(s) = 1 for s > 0,
H(s) = 0fors <0, and H(s) = 1/2 for s = 0. Here, t, is the instant of time
at which the loading ramp ceases, while ¢, is the final time of the simulation.
Note that the solid phase velocity field on 'y is undefined for ¢ = #;, and we obtain
Vo(X,1) = Vg (X, 1) = —(fmax/tr) esfort €]0,¢.[,and V (X, 1) = Vo (X, 1) = 0e3
fort €]t t.[ . The same applies to the velocity of the fluid phase on I'y.

The prescribed initial conditions for the IBVP are
X(X,0) = xin(X), Vi(X,0) =0, F,(X,0) =1, (6.78)

with yin(X) = (X', X2, X3) forall X € 4, and I : Tx# — Tx % the “material”

identity tensor.

Although our IBVP is inspired by an experiment, our simulations do not aim
to recover experimental curves, at this stage. To do so, indeed, one necessitates a
careful calibration of the model parameters.
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Parameter Symbol Numerical value  Unit of measure Reference
Initial radius R 5.0 mm -
Initial height H 10.0 mm -
Referential solidity D 0.6 - -
Ref. hydraulic conductivity ko 2.557-1072 mm?*/(N - s) -
Material parameter mo 0.0848 - [205]
Material parameter K 4.6380 - [205]
First Lamé’s constant A 1.3-10% Pa -
Second Lamé’s constant s 2.0-10* Pa -
Rescaled™ coarse grain yield strength Sy 1.0-103 Pa-s -
Dissipative length [142] £ 1.0 mm -
Energetic length [142] L 1.0 mm -
Volumetric fluid viscosity coef. a 0.0* Pa-s -
Shear fluid viscosity coef. b 1.0-1073 Pa-s -
Prescribed displacement Jmax 2.0 mm -
Loading time t 10.0 S -
End time te 20.0 S -

Table 6.1 Values of the material parameters used for the numerical simulations. (*) Note that,
in some simulations, the value a = 100.0 Pa - s is assigned to obtain the Brinkman viscosity
a/3. (**) The word “Rescaled” is going to appear in Prof. Alfio Grillo’s IRIS institutional
profile and is intended to be submitted to the journal Mathematics and Mechanics of Solids
as part of a Corrigendum.

6.5.2 The weak form of the IBVP used in this work

The boundary conditions (6.77a)—(6.77c) suggest a weak formulation of the problem,
based on Equations (6.74a)—(6.74f), that is customary when Darcy’s regime is
assumed, and consists of three main steps: (i) adding together the force balances
(6.74a) and (6.74b); (ii) rewriting (6.74b) in a form in which the overall fluid stress
tensor, i.e., Iy = —ORrpF T + ®rV : GradV;, features under the divergence
operator; (iii) recasting the condition (6.74d) as Div[®® (Vi — VO)F 1] +J = 0.
Accordingly, we obtain:

/ (Pgo (F,F,) + P; o (F,GradVy)|GradV,) + / (~JpF~T|GradVy,) =0, (6.79a)
2 B

/ (Po(F,GradVy)—®mpF "|GradVi )+ | (Jor k™ [Vi=V]—p Div(®RF")|Vi) =0, (6.79b)
B B

/ (DR [Vi = V]F 7T |Gradp,) — [ (®Pr[Vi- V] F IN|p,)- / Jpy =0, (6.79¢)
B B

I.

/% {(3,6*(GradD,)*|GradD ,,,) +(S,D’, 1D} } = /gg (A" +Z%1D ) + (& |GradD )} (6.79d)

The absence of surface integrals in Equations (6.79a) and (6.79b) is due to the
fact that 'y, is a traction-free boundary both for the overall stress tensor and for the
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fluid stress tensor, while I'y and I'g are Dirichlet boundaries for each of the three

components of Vi and V¢. In what follows, we assume Z = O.

A more detailed presentation of the weak form of the considered problem, written

for more general boundary conditions, is provided in Appendix C.

6.5.3 Discussion of the numerical results

In this section we depart from the IBVP described in Section 5.1 and we simulate

two benchmarks.

For the first benchmark we disregard remodeling and we compare the generalized

Darcy—Brinkman model with the “classical” poroelastic model based on Darcy’s law.

In the second benchmark, we consider also remodeling and we study two scenarios:

* the “Grade-0” case, or model, characterized by Darcy’s law for the fluid
and by F, for remodeling (we refer to this type of remodeling as “grade-0
remodeling”), with no spatial derivatives of F, explicitly featuring in the
constitutive framework (at a glance, the Brinkman viscosities are set equal to
zero, i.e., a = 0Pa-sand b = OPa - s, and the remodeling lengths £ and L are
null,ie.,£ =0mand L = Om);

¢ the “Grade-1" case, or model, characterized by the Darcy—Brinkman model
for the fluid flow and by F, and GradF, for remodeling, as presented above
(we refer to this type of remodeling as “grade-1 remodeling”).

For the second benchmark, we compare the results predicted by the Grade-1 and the
Grade-0 cases. The latter model can be retrieved by reverting to Darcy’s regime,
neglecting the terms associated with the Burgers tensor 8 and GradL,, or Gradf)y
(by virtue of the constraints put on L, ), and disregarding the boundary conditions

prescribed on L, ..

We use COMSOL Multiphysics® v5.3 to solve numerically the two benchmarks.
In particular, for both problems, we generate a mesh consisting of 7656 volume
elements, 1576 surface elements and 168 line elements. For the simulations of the
Grade-1 model, we use quadratic Lagrange elements for the deformation y, linear
Lagrange elements for the fluid velocity V¢, linear Lagrange elements for the pressure

field p, and, when remodeling is considered, linear discontinuous Lagrange elements
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for the remodeling tensor F, and linear Lagrange elements for the remodeling rate
D,,. For the simulations of the Grade-0 model, we employ linear Lagrange elements
for y, linear Lagrange elements for p and, when remodeling is considered, linear
discontinuous Lagrange elements for F,. We did not carry out convergence tests

with mesh refinement.

To reach convergence in the simulations of Equations (6.79a)—(6.79d), we adopt
one strategy, provided directly by COMSOL Multiphysics® v5.3. Namely, we
regularize the imposed displacement on the upper surface of the specimen by slightly
modifying the slope of the displacement ramp f(¢). In particular, we smooth the
edges of the ramp at 7 = Os and ¢ = ¢, = 105, and we make it steeper over the time
window [0.5s, #; — 1s]. Hence, in some simulations, the end of the increasing part
of the non-regularized compressive ramp, i.e., t; = 10's, does not coincide with the
instant of time at which the registered value of quantities such as fluid pressure and
mechanical stress acquire their highest values. Rather, these quantities reach their

maxima before #, = 10s.
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Fig. 6.3 Left panel: Fluid effective pressure pr (see Equation (6.71)) evaluated at the middle
point Xy of the upper surface I'y of the specimen (dashed lines), and at the center of the
specimen Xc (solid lines). Right panel: Overall stress magnitudes Ry (see Equation (6.80a)),
evaluated at the middle point Xy of the upper surface I'y of the specimen (dashed lines),
and Rps (see Equation (6.80b)), evaluated at the center of the specimen Xc (solid lines).
We consider three cases for the fluid flow: Darcian regime (“D”); Darcy—Brinkman model
(“DB”) with a = 0Pa - s; and Darcy-Brinkman model (“DB”) with a = 100.0Pa - s.
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First benchmark: Poroelastic Darcy-Brinkman model (no remodeling).

The purpose of this benchmark is to evaluate how switching from Darcy’s model to the
Darcy-Brinkman model presented in our work influences the fluid pressure and the
overall stress in the considered specimen. To this end, we select some representative
points of the specimen. In particular, we discuss the role of the Brinkman second
viscosity a, since, in our model, the stress associated with it is nonzero in spite of the
incompressibility of the fluid phase. This is a major difference with respect to the
Darcy—Brinkman models of porous media that do not account for the deformation of
the solid matrix and for the spatial variability of the porosity. Indeed, in these models,
the fluid phase velocity field turns out to be divergence-free and the fluid Cauchy
stress tensor becomes oy = 2¢¢b sym(g gradvs)g~!, where gradvy is deviatoric. In
our framework, instead, o¢ is given by Equation (6.68), since divyy is nonzero as a
consequence of the deformation of the solid phase and variability of the medium’s

porosity.

Figure 6.3. In Figure 6.3a, we plot the fluid effective pressure field p¢ (in Darcy’s
case, pf = ¢¢p) versus time, evaluated both at the middle point Xy of the upper
interface ['y between the specimen and the upper plate (dashed lines) and at the
center of the specimen, Xc (solid lines).

In Figure 6.3b, we plot the time trend of the following overall stress magnitudes:

Ry =|{~JpF "+ Pyo (F,F,) + (J - ®R)(V o F) : GradV{}N|, onTy, (6.80a)
Rps = |{~JpF ™"+ Pyo (F,F,) + (J - ®R)(V o F) : GradV{}E?||, onTc, (6.80b)

where N is the field of co-normals associated with I'y and E? is the unit co-vector
field of the basis {E A}Z:]’ taken as the field of co-normals associated with the
surface I'c passing through X and orthogonal to the specimen’s symmetry axis. We

evaluate Ry at Xy and Ry at Xc.

For the simulations that involve the Darcy—Brinkman model, we observe the
response of the system for a = OPa - s and for a = 100.0Pa - s. The reason for
choosing these values, which, to our knowledge, are not supported by experimental
data, is to estimate the impact of the parameter a on p¢, Ry, and Rgs. For this
purpose, we consider both a = OPa - s and a = 100.0Pa - s, which is five orders

of magnitude greater than b and much bigger than the volume viscosity coefficient
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of fluids that are often regarded as incompressible in biological media (about four
orders of magnitude greater than water volume viscosity at 25°C).

We denote by p]fD, RR, and R% the curves obtained by using Darcy’s model, and

D

by ps B RRB and R;B those obtained by switching to the Darcy—Brinkman model.

Figures 6.3a and 6.3b compare the time trends of p?, R% and R23 (squares) with
those of pP®, RY? and Rg? for a = 0 Pa - s (triangles) and a = 100.0 Pa - s (circles).
In Figure 6.3a, the transition from the Darcian model to the Darcy—Brinkman model
produces, for both values of a, appreciable changes in the values of pr only at Xy
(dashed lines) and for ¢ € |z, t.[ , while it yields very modest differences at Xc and
over the same time window (solid lines). In Figure 6.3b, instead, no remarkably
appreciable differences are observed in the time trends of Ry and Rps, regardless
of the values attributed to a. These results could be related to the simple geometry
of the contact zones between the specimen and the plates, which do not give rise to
particularly noticeable boundary effects (at least, as long as remodeling is deactivated).
Hence, for the next simulations we take a = OPa - s.
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Fig. 6.4 Left panel: Fluid effective pressure p¢ (see Equation (6.71)) evaluated at the middle
point Xy of the upper surface ['y of the specimen. Right panel: Overall stress magnitude
Ry (see Equation (6.80a)) evaluated at the middle point Xy of the upper surface I'y of the
specimen. The solid vertical line at r = 7, = 10s indicates the instant of time in which the
compressive ramp exerts the maximum displacement. Because of the regularization of the
compressive ramp, the maxima of all the plotted curves are attained at time #pypx = —1 = 9.
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Second benchmark: Darcy-Brinkman model with strain-gradient remodeling.

We discuss the evolution of the system with remodeling. We compare three cases:
(i) the flow is in Darcian regime and the remodeling distortions evolve according
to a grade-0 theory in F,, i.e., with GradD,, and B absent from Equation (6.74c¢),
which thus reduces to $,D; = A, with A = F;T[FTP,FY; (ii) the fluid obeys the
Darcy—Brinkman model, but the non-dissipative effects of remodeling associated
with Wyp are neglected, which amounts to prescribe L = O m; (iii) the full IBVP of

Section 5 is solved.

Figure 6.4. In Figure 6.4a we report the evaluation of the fluid effective pressure
pr in the middle point Xy of the specimen’s upper surface 'y, and over the time
interval [0s, 7. = 20s]. In Figure 6.4b we show the evaluation of Ry at the same
point and over the same time interval. In both figures, we observe changes in the time
trend when we pass from Darcy’s model and grade-0 remodeling, i.e., the “Grade-0”
case, to the Darcy—Brinkman model and grade-1 remodeling, i.e., the “Grade-1" case

(identified by the values given to the length scales £ and L). For conciseness, we

G
f

and R]C\’f those referring to the Grade-1 case (triangles and circles). Note that, for all

denote by p° and Rﬁo the curves referring to the Grade-0 case (squares) and by p?l
these simulations, the Brinkman viscosity a is set equal to zero, while b is given the

value reported in Table 6.1.

A noticeable result is that, when remodeling is activated, the values of both p¢
and Ry are appreciably smaller than those appearing in the case in which remodeling
is switched off. This behavior is expected as a consequence of the mitigating effect
that remodeling has on the distribution of the stresses in a medium. Moreover, the
presence of remodeling accelerates the relaxation of all the curves plotted in Figures

6.4a and 6.4b towards a state of lower pressure and stress.

Aside from the considerations made above, to us one result is noteworthy: the

G

curves of Ps I'and Rg' , obtained for L = Om and L = 103 m, share a time trend

qualitatively similar to those of p?o and RI(:’,O, although there is an appreciable
difference after a certain instant of time greater than the instant #,,x at which all
the curves attain their maxima. In fact, for L = Om, the values of prl and of
R$! (triangles) are higher than the corresponding ones obtained for L = 107> m

(circles). This means that, although the Grade-1 curves are all above the Grade-0
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ones, the activation of the length scale L, related to the non-dissipative parts of ¥,
and Y, plays a mitigating role both on the pressure and on the overall stress, thereby

accelerating their relaxation.

Figure 6.5. In Figures 6.5a—6.5d we plot the time trends of the radial, circumferen-
tial, and axial components of F, as well as of the radial-axial (13-)component of F, .
All these evaluations are taken at the point Xi, € 'L of coordinates (5.0, 0.0, 5.0) mm,
lying at half of the height of the specimen’s lateral boundary, I'L.. We indicate with
FyGO the remodeling tensor related to the Grade-0 case (squares), and with FyGl the
same quantity obtained within the Grade-1 case (circles for non-vanishing “defect”
free energy density Wp, i.e., L = 103 m, and triangles for vanishing Wyp, i.e.,
L =0m).

A relevant feature of Figure 6.5 is that, after a certain instant of time in the
interval [0s,55s], [FyGl] ! becomes larger than [FyGO] !, both for L = 0m and for
L = 1073 m (see Figure 6.5a), while [FyGl]zz remains smaller than [F»)/GO]22 for
almost the entire duration of the simulation (see Figure 6.5b), although, at ¢t = ¢,
[F,°1]?, for L = 0 m (triangles) comes closer to the value attained by [F,7°]%; at t,
(squares). Moreover, both for L = Om and for L = 103 m (triangles and circles),
the curves of [FyGl]3 3 intersect the curve of [F7G0]33 (squares) at an instant of time
t, in the interval |5s,; — 1[, and, in particular, they attain smaller values after 7,
(see Figure 6.5¢). Finally, both for the Grade-0 case and for the Grade-1 case, the
values of [F,] I3 are negligibly small with respect to the diagonal components of
the remodeling tensor (see Figure 6.5d). Although we expect this result, due to the
symmetries of the problem under investigation, we notice that, while [FyGO] 13 is zero
(in fact, its simulated values are of the order of 1071¢), [F,3!]!5 is of the order of
1077,

We remark that, in Figures 6.5a, 6.5¢, and 6.5d, switching from L = Om to
L = 1073 m yields appreciable differences in the examined components of the
remodeling tensor, while these differences are less marked in Figure 6.5b. In
particular, in the Grade-1 model, and during the relaxation phase, the presence
of the energetic contributions to ¥, and Y, due to L = 1073 m (circles) tend to
decrease [FyGl]ll and [FyGl]Zz and to increase [F7G1]33 with respect to the case
L = O0m. Hence, we conclude that these energetic contributions tend to hinder these

components of the remodeling tensor near the lateral boundary.
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Figure 6.6. In Figure 6.6a, we report the 33-component of F,,Gl and FyGO at
t =t =10s and at t = t. = 20 s (final time of observation). The curves of [F7G0]33
(squares) take on unitary values at the extrema of the spatial interval [0 mm, 10 mm],
corresponding to the middle points of the bottom and upper surfaces, denoted by
Xg = (0,0,0) mm and Xy = (0,0, 10) mm, respectively. The evolution of the
remodeling is testified by the fact that, at the end of the simulation, i.e., for ¢ = ¢, the
curve of [FYGO]33 (solid line marked by squares) is below the one obtained for ¢ = ¢,
(dashed line marked by squares). We notice that the derivative of [FyGO]3 3 along the
axial direction, and evaluated at the points Xg and Xy, is nonzero.

A quite different behavior can be observed for [F,,Gl]33. In this case, indeed,
although the curves plotted for t = t, = 10s (dashed lines marked with triangles
and circles) and for r = f. = 20 s (solid lines marked with triangles and circles) are
symmetric with respect to the straight line of equation X = 5 mm (corresponding
to transverse plane passing through Xc), the derivatives of [F7G1]33 along the axial
direction, and evaluated at the points Xg and Xy, are (almost) zero, in accordance
with the boundary conditions Y N = O (see Equation (6.73)). This is, in fact, an
effect of the boundary that is not visible for the Grade-0 model.

In Figure 6.6b we show the radial component [FyGl]ll and [FyGO] '\, As one

expects, for each curve, the maximum is attained at the symmetry axis.

It is worth mentioning that, as shown in Figures 6.6a and 6.6b, in the inner region
of the specimen the components [FyG1]33 and [FyGl]ll for t = t, = 10s (dashed
lines marked with triangles and circles) assume values closer to unity than their
Grade-0 counterparts do. However, for ¢ = ¢, = 20, the values of [F7G1]33 and
[FyGl] 1} (solid lines marked with triangles and circles) become very similar to the
ones predicted by the Grade-0 theory. This suggests that [F\°1]; and [F,°']1
distance themselves from unity on the interval [#;,?.] a little bit more than their

Grade-0 counterparts.

6.6 Concluding remarks

We have studied the mechanics of a multicellular aggregate within a strain-gradient
theory of remodeling (re-proposed from the work by Gurtin and Anand [142]) and a
Darcy-Brinkman model for the interstitial fluid. This framework has been obtained
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Fig. 6.5 Evolution of the radial (a), circumferential (b), axial (c), and radial-axial shear
component of F,, (d) at the point Xi, of coordinates (5.0, 0.0,5.0) mm of the specimen’s
lateral surface I'..

by selecting the motion of the solid phase, the velocity field of the fluid phase and

the remodeling tensor as basic kinematic fields for the system under consideration.

Our results show that, in the absence of remodeling, the Darcy—Brinkman model
for simulating the compression test of a homogeneous and isotropic cylindrical
specimen leads to rather modest variations of the fluid effective pressure and to
almost no appreciable changes in the stress distribution as compared with the same
quantities predicted by standard Darcy’s law. As discussed in the presentation of the
figures, this could be partially imputable to the simple geometry of the specimen’s
boundary and to the loading conditions, which do not alter such geometry, thereby not
giving room to strong boundary effects. In this respect, the benchmark test that we
have simulated may seem to be inappropriate for justifying the Brinkman correction.

However, the fact that there appear differences in the fluid effective pressure already
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Fig. 6.6 Left panel: Comparison of the components [Fy]33 computed within the Grade-0
model, i.e., [FYGO]33, with the same quantities computed within the Grade-1 model, i.e.,
[F7G1]33; the evaluation is done along the symmetry axis of the specimen. Right panel:
Comparison of the components [F, | 11 computed within the Grade-0 model, i.e., [F,,GO] L,
with the same quantities computed within the Grade-1 model, i.e., [FyGl] 11; the evaluation
is done along the radial segment comprised between the points (0.0,0.0,5.0) mm and
(5.0,0.0,5.0) mm. In both panels, the cases L = Om and L = 1073 m characterize the
Grade-1 model.

in the simple situation analyzed in our work suggests that the Darcy—Brinkman model
could become important in situations generating strong gradients of the fluid velocity
field. These could involve, for instance, twist tests or indentation tests, in which the
original geometry of the specimen is remarkably modified, or transport problems in
which the fluid is injected into the tested medium.

A different consideration concerns the role of the bulk viscosity parameter a. For
the values considered in our work, a does not alter significantly the evolution of the
system, but we have not assessed yet whether, from the point of view of computing,

a could stabilize the numerical solution.

These considerations notwithstanding, appreciable differences in the fluid effective
pressure, stress distribution within the specimen, and in the components of the
remodeling tensor emerge when the Grade-0 model is compared with the Grade-1
model. In this respect, we remark that, while strain-gradient theories in the anelastic
descriptor have been historically introduced to account for size effects in crystalline
solids, and their importance cannot be understated (see e.g. the review by Voyiadjis
and collaborators [171]), the determination of the phenomenological length scales ¢
and L in biological media is still an open problem. To the authors’ knowledge, there

is a lack of experimental protocols for the identification of size effects in biological
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tissues, with a notable exception being the study of the mechanics of trabecular
bone [206, 207]. In fact, following the opening of a crack, the neighboring region
of the bone undergoes a remodeling process by developing plastic-like distortions
and forming the so called “plastic zone” [206], which can be regarded as a size
effect encompassing various elementary cells of a bone [206, 207] and determines a
dissipative phenomenological length scale that can be estimated [206].

We conclude this discussion on the Darcy—Brinkman model with a remark.
Auriault [208] obtains the Darcy—Brinkman model starting from Stokes’ equation
as a result of an up-scaling procedure that involves the asymptotic expansion of the
fields of fluid pressure and velocity in a non-deforming porous medium made of
“swarms of fixed particles or fixed beds of fibers at very low concentration, only, and
under precise conditions”[208]. In this case, Auriault[208] finds that the so-called
Brinkman viscosity equals the true viscosity of the fluid. However, he also warns that
“for isotropic and macroscopically homogeneous porous media [. .. | Brinkman’s
equation has no physical background”[208]. While bearing this criticism in mind,
we are aware of studies suggesting the usefulness of the Darcy—Brinkman model in
addressing biomechanical problems[173]. Since biological porous media, especially
when subjected to remodeling, have an internal structure that evolves and may deviate
somewhat from the one of “macroscopically homogeneous porous media” [208],
examining the influence of Brinkman’s correction on the flow and its interaction
with remodeling could deserve investigations. This has indeed motivated the present
work and some results have been discussed in the previous section. Another case
worthy of attention is provided by fiber-reinforced composites, which, besides the
remodeling of the matrix, undergo also the reorientation of the fibers. Although the
Darcy-Brinkman model in fiber-reinforced media is present in the literature (see, e.g.,
[209]), it could be useful to investigate how the non-spherical and dissipative stress
tensor predicted by the Brinkman model couples with the fibers’ distribution in the
medium and whether it plays a role in the reorientation of the fibers themselves [4].
Clearly, all these considerations are at the moment conjectures and await experimental

verification.



Appendix C

Weak form for general boundary
conditions

The content of this appendix is taken from the appendix of [5].

In this appendix, we put Equations (6.74a)—(6.74d) and the boundary conditions
(6.76a)—(6.76e) in weak form. Although this procedure has some similarities with
the Principle of Virtual Power (PVP), it yields four important differences: first, the
constitutive information is now fully exploited; second, the force balances (6.38a)
and (6.38b), replaced by (6.74a) and (6.74b), are reformulated in a way in which,
when put in weak form, the gradients of the volumetric fractions no longer appear;
third, L,, is replaced by the symmetric and deviatoric tensor field l~)y; finally, Dy and
F, are regarded as kinematic variables that, although being formally independent of
each other, are reciprocally related by Equation (6.74f). Note that, because of the
identities ¢sr = Or/J and ¢r = 1 — Dgr/J, the elimination of the gradients of the
volumetric fractions entails the elimination of the gradient of J and, thus, of F, so
that, when Equations (6.74a) and (6.74b) are put in weak form, the highest order of
spatial differentiation of y is the first.

To put Equation (6.74c) in weak form, we introduce as test field the generalized
virtual rate INJW, which is symmetric and deviatoric by construction.

~ We compute the duality products of Equations (6.74a)—(6.74d) with Vs, Vi,
Dy, and py, respectively, we integrate over %4, and we apply Leibnitz rule and
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Gauss’ Theorem. Hence, we obtain
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The unknowns p, V¢ and Vfd feature also on the boundary portions complementary

to the ones on which Dirichlet conditions are imposed on y¢ and Vfd.

We do not put Equations (6.74e) and (6.74f) in weak form because they are solved
pointwise. In view of the finite element implementation, they must be fulfilled by the
nodal values of the discretized representations of V¢ and INJ),, including the values
at the nodes of &%’\FgD and 0%, respectively, which are unknown. In fact, if Ny
and N, are the numbers of nodes of the discretizations of V' and ﬁy, respectively,
then Equations (6.74¢) and (6.74f), which amount to three and nine scalar equations,

generate a number of conditions equal to 3N + 9N,,.

Let us now introduce the velocity field IV/Sb, associated with the solid phase,
and defined as follows: let d € {1,2,3} be the index identifying, in a given basis
{ea}zzl , the component of the trace of the solid phase velocity field prescribed on
FfD, so that V¢ = )gg on FfD in the sense of the trace operators. Then, we introduce
Ve = Z:l \V/S‘éea as a vector field defined on Z = Z U 0% and having components
that, on the given Fsd , satisfy ‘v/s“b = )'(g fora = d, and ‘v/s“b = (0 fora # d. In fact, f/sb
prolongs the Dirichlet boundary data prescribed on FfD for the solid phase velocity
to the inner points of % and onto 8%’\1“5‘11). Introducing Vg, permits us to rewrite Vi
as Vi = U + V,, where the rescaled velocity field Us =V — Vb is such that, on
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d
I_‘sD ’

belongs to the same functional space as Vyy, i.e., Ug € Y4y.

its components satisfy U = 0 for a = d, and U¢ = V{ for a # d. Hence, U,

We apply now an identical reasoning to the fluid phase velocity field, thereby
rewriting Vyas Vi = Ui+Vi, withUy := Vi—Vg, € ¥y, and where Vg, = 23:1 \V/f%ea
is a vector field defined on 2 such that, on Fg) (for some d € {1,2,3}), its components
satisfy Vf“l) = Vf”tl) for a = d, and Vf‘fi =0fora #d.

The structure of the weak forms (C.1a)—(C.1d) and the rescaled velocity fields
U, and Uy yield

Mes (x» Fy;Us|st) + M (3 Ut Vy) + Msp(/\/;plvsv) = Ti(x; Vsv), (C.2a)
MEOUVR)  +Me(x:Url Vi) + M (c: pIViy) = Tt (x; Viv), (C.2b)
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Myy(by|byv) = Ty(XsFyJN)yv)» (C.2d)

where we have used the dagger “{” to indicate the adjoint of an operator, we have
switched Equations (C.1c) and (C.1d), now corresponding to (C.2d) and (C.2c), and
we have introduced the functionals
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To determine the dependence of T, on y and F,, we have assumed that Zﬁ can
be represented as a function of F and F,.. This hypothesis allows for a feedback of F
and F, on the external generalized force density described by Z.

With the exception of M,,,, the functionals appearing in Equations (C.2a)—(C.2d)
are all nonlinear in y, while Mg and T, are nonlinear also in F,. Clearly, more
general situations can be envisaged, for example when the constitutive representations
of k and WV are also functions of F,,. Moreover, each functional of (C.3a)—(C.3j) is
linear in the corresponding virtual field. Similarly, Mg, Msr, Ms,, Mg, Mg, and
M,, are linear also in the field featuring in the slot on the left-hand side of “|”, i.e.,
in U, Uy, p, and D,

Performing the numerical analysis of the system (C.2a)—(C.2d) requires the
identification of the functional spaces hosting the entities dual to the virtual fields and
to their gradients as well as the linearization of the functionals (C.3a)—(C.3j). While
these aspects of the problem are out of the scopes of the present work (indeed, we use
a commercial software to determine a numerical solution to our problem), we notice
that Equations (C.2a)—(C.2d) constitute a symmetric system. Its well posedness relies
on the functional properties of the solid phase Helmholtz free energy density function
—and, thus, of the constitutive expressions of P, Aﬂ and éﬁ—, on the positive-
definiteness of the permeability tensor k o F and of the Brinkman viscosity tensor
W o F, and on the positivity of the rescaled' yield stress Sy. In particular, we notice
that M, defines a scalar product in the functional space H 1(%; DevgSym|[T %),)
(see, e.g., the book by Salsa [196] for details). Equation (C.1b) generalizes to the
present framework some results obtained in the work by Vacca [210] in the case
of the Darcy—Brinkman model studied for a non-deforming porous medium, and
velocity of the fluid phase assumed to be divergence-free and satisfying homogeneous

Dirichlet conditions on the entire boundary of the computational domain.

!'The word “rescaled” is going to appear in Prof. Alfio Grillo’s IRIS institutional profile and is
intended to be submitted to the journal Mathematics and Mechanics of Solids as part of a Corrigendum.
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Fig. C.1 Graphical representation of the machinery employed in Chapter 6. It is important to
remark that, in general, for a given mechanical problem, multiple weak forms are possible
to construct, and do not necessarily share the same structure as that of the original form
of the postulated PVP. In fact, manipulating, merging, or explicitly enforcing some of the
model’s equations can directly affect the resulting weak form of the model. This is indeed
the leitmotiv of the last sections of Chapter 6 and, especially, of this appendix. This image
was first showed during the conference “XI International Conference on Computational
Bioengineering (ICCB 2025)” held in Rome, Italy, on September 8-10, 2025, within the
presentation of the abstract “Coupling inelastic distortions and Darcy—Brinkman fluid flow
in the modeling of multicellular aggregates under compression”, authored by A. Pastore, A.
Giammarini, A. Ramirez-Torres, A. Grillo.

Comparison with the “classical” Darcy model. Apart from the equations de-
scribing remodeling, i.e., (6.74c) in the strong formulation and (C.2d) in the weak,
operatorial, setting, the way in which our problem is posed is rather different
from the classical formulation of the finite-deformation poro-mechanics in Darcian
regime[ 156, 155, 157, 129, 184, 183, 134]. The first, and most important, differ-
ence is that the force balance (6.74b) cannot be eliminated to obtain Darcy’s law
OrF~'[Vi - V] = —KGrad p, with K := JF~'kF~" being the material perme-
ability tensor field. This is obviously due to the presence of the dissipative stress
®dRVWV : GradVy, which is the core of Brinkman’s model. The second difference
is a direct consequence of the non applicability of Darcy’s law. Indeed, in the
Darcian case, it is computationally advantageous to substitute Darcy’s law into
the force balance (6.74a) and into the incompressibility condition (6.74d), thereby
transforming (6.74d) into a Poisson equation for the pressure field and making (6.74a)
equivalent to the sum of (6.74a) and (6.74b). In fact, even though similar steps can
be done also for the Darcy—Brinkman model, they are not always so computationally

advantageous as in the case of the Darcian regime. The third difference pertains to
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the boundary conditions. Indeed, adding the stresses implies that also the boundary
conditions (6.76a) and (6.76b) must be added together and, thus, that they have
to hold on the same boundary portions. In particular, Equation (6.76b) imposes
a relation, modulated by the deformation, between p and V¢. In addition, while
Equation (6.76c) remains unchanged when passing from the Darcy—Brinkman model
to Darcy’s one, the Dirichlet condition (6.76d) on the fluid velocity is replaced by a
condition on the relative velocity V; — V, which, again, requires Equations (6.76¢)
and (6.76d) to be defined on the same boundary portion. In this case, however, given
the relation ®rF~'[V; — V] = —KGrad p, the boundary condition on Vi — V;
becomes a Neumann boundary condition on the pressure.
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Chapter 7

Dissipative dynamics of Volterra
disclinations

The content of this chapter is taken from [3].

In what follows we abandon the covariant formalism of the previous chapters.
Specifically, from here on: (i) we do not distinguish between “points” and “vectors”
attached to such points; (ii) we identify “vectors” and “co-vectors” via the trivial
metric induced by Cartesian coordinates over the three-dimensional Euclidean space;
(iii) and in place of the duality brackets { - | -), representing the action of a co-vector
against a vector, we use the inner (scalar) products between two vectors, with the
usual dot notation “-”. We opted for this change in notation to adhere to the formalism
employed in the original paper [3] and to focus on the mathematical analysis aspects

of the problem hereafter investigated.

7.1 Introduction to disclinations and dislocations

Wedge disclinations, defined by the corresponding Frank angles, are asymmetries
observed at the lattice level in various materials and systems relevant to technological
applications, such as elastic crystals [211, 212], shape memory alloys [20, 213, 214],
metal alloys [215, 216], graphene [217,218], and more. Alongside dislocations (trans-
lational defects), disclinations represent the classical lattice rotational irregularities
envisioned by Volterra [219]. See also later developments [220, 221].
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The investigation and modeling of disclinations, particularly regarding their
formation, motion, and interaction with other defects, are crucial for understanding
the structure-property relationships in the corresponding materials. For instance,
in graphene, wedge disclinations with opposite angles tend to attract and interact,
forming disclination dipoles [222], Stone—Wales defects [223], and even more
complex configurations commonly referred to as “flowers” [224], which dramatically
influence electrical/magnetic/mechanical properties and chemical reactivity. In metal
alloys and elastic crystals, moving disclination dipoles create shear similar to that of
deformation twins in the context of accommodating plastic deformations [225, 226],
thereby affecting mechanical behavior, such as stress concentration in the system.

While dislocation dynamics has been extensively studied by experimentalists
(see [227-229] and the references therein), modellers [230-232] and theoreticians
[233,234, 199, 235-240, 118], the investigation of disclination dynamics has received
less attention. An example can be found in [241], where partial dislocations in the
context of high-temperature plasticity of graphene are observed. It is shown that these
dislocations result from the arrangement of positive and negative wedge disclinations.
The motion of these configurations is governed by the coordinated motion of the
corresponding disclinations, which constitutes an important migration mechanism
in annealing processes. For further insight into the challenges of experimentally
observing disclinations and their modeling based on quantum chemistry, especially

in relation to inverse design and optimization of graphene structures, see [242].

A general mathematical theory of moving disclinations in linear elasticity has
been presented in [243, 244], where the equations of motion are expressed in terms
of the total (i.e., elastic + plastic) deformation (see also the references to earlier works
contained therein, as well as [245], and [246, 247]). The dynamics of disclinations,
along with other types of defects and misfits, including dislocations, grain boundaries,
and more, have been studied in the context of generalized disclination theory [248],
which is a theory designed to treat Volterra defects within a continuously distributed
defects framework (see [249]). For an approach to modeling thermodynamic
driving forces on line and planar defects via iso-geometric analysis, see [250]; for
a geometrically nonlinear approach, see, e.g., [251]. We refer to [252, 253] for
a probabilistic model of the evolution of self-similar martensitic microstructures,
which are systems known to be associated with lattice mismatches, particularly
disclinations. In [254], forces acting on defects interacting with external fields of

mechanical stresses are calculated. It is found that wedge disclinations are influenced
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by the presence of the boundary of the elastic body and tend to get ejected from it.
To the best of our knowledge a systematic analysis of these equations is not available

as of yet.

The goal of this chapter is to get insight from a simple conceptual model of the
evolution of a system of disclinations, and to study some of the consequences of
their dynamics, e.g., dynamic equilibrium and stability, through the solution of a few

selected benchmarks.

We follow the mathematical modeling presented in [200], which is based on
the mechanical modeling work of [255, 256, 219], where wedge disclinations
are described by concentrated singularities that are point sources of kinematic
incompatibility. Precisely, each wedge disclination is represented by a Dirac delta
distribution located at point y;, with a multiplicative factor s; € R \ {0} denoting
the Frank angle, which corresponds to the angular mismatch. With some abuse
of notation, we will refer to the Frank angles as (signed) charges, in analogy with
electrostatics.

Our modeling work is conceptual in nature, as we consider an ideal system
with planar strain kinematics applied to a linear elastic isotropic and homogeneous
medium. In this configuration, disclinations are subject to driving forces arising
from their mutual interactions with the surrounding disclinations, as well as to
additional forces pushing them towards the domain boundary. This approach allows
us to address fundamental questions regarding the dynamics of finite systems of
disclinations, particularly their spontaneous reorganization starting from prescribed
initial configurations in the absence of external forcing. This is a basic modeling
question that, to the best of our knowledge, has not been addressed in the literature.

We emphasize that the dynamics of the disclinations has been investigated also
in relation to topological charges, phase transitions, and spontaneous symmetry
breaking. In this respect, and within an approach based on statistical mechanics,
mention must be made of the celebrated KTHNY theory [257, 258]. In what follows,
however, rather than following methods based on statistical mechanics, we study the

dynamics of a system of N disclinations viewed as charged point particles.

At mechanical equilibrium, we describe the mechanical stress using the Airy
potential function of the system [200, 259, 219]. Under these circumstances, and
in analogy with the second-order case of the electrostatic potential, we find that the
dynamics of a system with finite number of wedge disclinations is modeled by the
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evolution of a finite collection of charges under the effect of the fourth-order Airy

potential field generated by the disclinations themselves.

Outline of the content of Chapter 7. Our main results are as follows. In analogy
with the case of dislocations [199], we characterize the dynamics of a system of
disclinations by applying the principle of dissipation to the mechanical energy of the
system (7.2). This dynamics is driven by the negative gradient of the elastic energy
of the disclination system [234, 260], leading to a set of coupled, highly nonlinear
ordinary differential equations (ODEs) that describe the positions of the disclinations,
which can be derived exactly in Section 7.3.1. However, in contrast to [199], where
the study of dislocation dynamics required renormalization of the mechanical energy,
we show that the disclination dynamics can be derived directly from the mechanical
energy of the disclination system, which is not singular and does not require any
renormalization. From the theoretical point of view, we provide analytical tools in
the form of exact solutions for a single disclination in a disk (Section 7.3.2) and
we characterize the asymptotic behavior of a system of two disclinations in various
configurations in such a disk, hereafter also referred to as circular domain (Section
7.3.3). Our model indicates that disclinations collide in infinite time (Remark 7.1),
and reach the boundary of the disk also in infinite time (Remark 7.6). This is a
striking difference with dislocations, where a similar modeling approach based on
dissipation for an analogous continuum model in planar, linear kinematics indicates
that these types of collision occur at finite characteristic times [236]. Finally, since
exact solutions are not available even in simple cases, we present numerical examples
of these solutions, with a particular focus on the dynamics of disclination systems
with non-zero total Frank angle (Section 7.4). Specifically, four benchmark problems
are examined and are reported in the following sections: Benchmark #1 in Section
7.4.1, Benchmark #2 in Section 7.4.2, Benchmark #3 in Section 7.4.3 and Benchmark
#4 in Section 7.4.4.

We conclude Chapter 7 with our initial attempt to incorporate anisotropy into
the system by considering dynamics over a finite set of glide directions. Since the
analysis proposed closely follows the dislocation analysis from [234], we have placed
this discussion in Appendix D, which can be consulted separately from the main body
of the paper. More systematic efforts to model realistic defect dynamics will require

incorporating disclination-dislocation interactions, as well as accounting for general
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asymmetries such as elastic/plastic microstructures, grain boundaries, interfaces, and

more. These topics are left for future investigation.

7.2 Mechanical model formulation

In this section, we briefly recall the main ingredients of the mechanical setting
developed by Cesana, De Luca, and Morandotti [200] to study the dynamics of
disclinations in plane strain through a variational theory of concentrated defects in

elastic media undergoing infinitesimal deformations.

Let us consider an open, bounded, and simply connected set Q ¢ R?, and let
¢ € Hg () denote the Airy potential function describing the plane strain linear elastic
problem under study, formulated under the assumption of traction-free boundary
and no volume forces. Accordingly, the relations 8le1 ¢ = o2, 6flx2¢ = —012, and

o5, x2¢ o011 hold true, where o is the symmetric mechanical stress tensor. We recall
that ¢ € H%(Q) is, for simply connected domains, equivalent to requiring the normal
component of the mechanical stress o to be zero on €2, as proved in [200, Section
1.3]. This condition is compatible with the hypothesis that the body is traction-free
on its boundary and in mechanical equilibrium. Then the elastic energy functional of

the medium in terms of the Airy potential function reads as

11
2 E

1+v

W) = 5 / (V261 — v(Ad)?) =

(7.1)

where E and v are the material’s Young modulus and Poisson ratio, respectively, V2¢
is the Hessian of ¢, and A¢ is the Laplacian of ¢. Note that, granted the hypothesis
of homogeneous material (i.e., with v constant), the second equality holds true for
functions ¢ in HS(Q), because, owing to the properties of such functions, it can be
shown that fQ |V2¢)? is equal to /Q(A¢)2. In this work, we choose —1 < v < 1/2 s0
that the functional in Equation (7.1) is strictly positive definite. We recall that the
Airy potential permits to express the components of Cauchy stress in a way that the

indefinite equations of mechanical equilibrium are identically satisfied.

Following [200], to account for concentrated wedge disclinations in €2, we intro-
duce the incompatibility measure 8, which describes the kinematic incompatibility

associated with the rotational symmetry breaking of the material at the point in
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which a wedge disclination appears. To define such disclinations properly, we use the
concept of Frank angle [261], i.e., the angle that defines the aperture of a wedge-type
defect of the material lattice from its ideal, regular, arrangement. In this regard, we
consider the set 8§ ¢ R \ {0} of admissible, or possible, values taken by the Frank
angle associated with each wedge disclination, and we give the following definition.

Definition 7.1 (Disclination). A disclination in Q is a pair d = (s,y) € 8 X Q, where
s € & is the Frank angle associated with the disclination, and y € Q is the point in
which the disclination is placed.

If we assume the presence of N € N disclinations in €2, denoted by dy, . . ., dy, so
that dy = (s, yx), with k = 1, ..., N, the incompatibility measure is [200, 261, 256]

N N
Z O = Z k8 yp Ok = 56y, (7.2)
k=1 k=1

0

where, foreach k = 1,..., N, 6, represents the Dirac delta distribution located in
vk €  and has physical dimensions of the reciprocal of a length squared. Notice

that in measuring the Frank angles we adopt the notation of [200].

Upon taking the duality product (6, ¢), which, by virtue of Equation (7.2), returns
0, ¢) = f(vz 1 Sk®(yk), we can define the total energy functional [200, Equation
(0.2)]

N
9(4;Q) = W($:Q) +(0,0) = W(¢: Q) + D scd(ve). (7.3)
k=1

This represents the total energy of the system and is composed by the elastic energy
functional W(¢; Q) and the energy associated with the incompatibilities (6, ¢).

At static equilibrium, the partial differential equation governing the system is the
Euler-Lagrange equation obtained by imposing the vanishing of the first variation of
79(-, Q) with respect to the Airy potential. Its solution ¢ is sought for in HS(Q) by
solving the biharmonic boundary value problem

1= 2
Y A2p=-6 inQ,  ¢=0 ondQ, =0 ondQ, (74
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and, due to the strict convexity of J9( - ; Q) with respect to ¢ € HS(Q), ¢ is such that

¢ = argmin{J’(¢; Q) | ¢ € H3(Q)}. (7.5)

Upon setting W := W(¢; Q) to indicate the elastic energy of the system determined
by substituting the Airy potential ¢ = ¢, which solves Equation (7.4), into the elastic

energy functional W( - ; Q), we have recourse to the following theorem.

Theorem 7.1 (Clapeyron’s theorem in H3(S2)). Given ¢ € H3 (L), the solution to the
biharmonic problem (7.4), it follows that the elastic energy W := W(¢; Q) reads as

1
W= =2(0.9). (7.6)

Proof. Since Q C R2, by the Sobolev embedding theorem, ¢ is continuous. Then,

upon testing (7.4) against the solution ¢, we obtain

2

N R ~2
0.0 =7 [@os=1T= [@ar-aw.

where the second equality follows from the boundary conditions in Equation (7.4). [

We recall that the result conveyed by Clapeyron’s theorem, largely used in the
field of strength of materials, states that, in a mechanical system governed by a linear
relationship between stress and strain, the elastic energy of the system is one-half of
the virtual work done by the external forces acting on the system itself. The elastic
energy is the one that the system acquires in the elastic loading process that brings it
from its unstressed and undeformed state to the loaded state. Clearly, this result has
to be re-contextualized to our framework, in which the role of the “displacements” is
played by the Airy functions. Note that the work has to be virfual because, otherwise,

the “true” work would require an integration with respect to ¢.

Under the assumption that the Frank angles of all the considered disclinations are
constant, Clapeyron’s theorem in the form of Equation (7.6) permits to express the

elastic energy W in terms of the positions of the N disclinations as

=z

1

W=Woi,...,yn) = —5 Sk (Vi)- (7.8)
=1
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Note that, in principle, the Frank angle of each disclination may have dynamics
of its own, thereby requiring W to be a function of dy, . .., dy altogether. However,

in the rest of this work we assume that the Frank angles do not vary.

In what follows we compute W according to Equation (7.8) for an open ball of
radius R > 0 centered in the origin, i.e., Q = Bg(0), and for a general arrangement
of disclinations. In fact, we consider N disclinations dy, . . ., dy assumed to occupy
known positions inside €2, as if we were looking at a photograph of the system, with
Equation (7.8) representing the elastic energy in the sfatic scenario. However, we
use the energy W = W(¢; Q) computed this way to study the evolution in time of the
considered disclinations.

7.2.1 The single disclination scenario

As a point of departure, we consider the problem of a single disclination (N = 1)
placed at y € Q. In this case, the incompatibility measure 6 in Equation (7.4) reduces
to the single Dirac delta centered in y, i.e., 8 = s6,. For y = 0, the corresponding
Airy potential was computed in [200]. However, the generalization to a disclination
located at y # 0 can be achieved by determining the Green function associated with
the distribution 6 = 56, (see e.g. the “clamped disk™ problem [262, Section 4]). In
this case, the Green function is the solution ¢ € H(Z)(Q) to Equation (7.4), which
reads

- E sRx—y* |Jx—y? E sk x| ly[?
B(x) = — 1 - -5

A
1—216r R2 2T Rz T 1-,216n R2
E sR2|x—y|®> R*-2R%x-y+x]*y>
N SR” [x -y log x -y + |x|7]yl
1—v216n R? R4

(7.9)

for x € @\ {y} (the Green function is sometimes denoted by ¢, (x) to emphasize its
dependence on the point in which the Dirac delta is centered). In contrast to the case
of unbounded domains, Equation (7.9) loses translational invariance, since it cannot

be written as a function of |x — y|. The extension by continuity of ¢ in x = y yields

(7.10)

2 2\2
$(y) = - £ sk ( _Iyl)‘

1-v216r R?

The first term on the right-hand side of Equation (7.9) is the Green function of the
biharmonic problem in R? with the singularity being situated in x = y; the second
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and the third terms are due to the boundedness of Q. In particular, the third term

stems from the disclination not being placed at the origin, and features the quantity

RY = 2R%x -y + [x 2y 2 2\, ol
x -y + Xyl :(l_ﬁ)(l_w)ﬂx i (7.11)

R* R? R? R?

which appears when applying the method of sources, or of image charges, to look for
Green functions in bounded domains (see, e.g., [263, Chapter [V]).

By employing Theorem 7.1, the elastic energy reads

E 2R2 232
a (1— bl ) , (7.12)

W=-356() =
=) =TT a0 R2

and we can see that the resulting elastic energy W is the same as the one computed
in [200] for y = 0; the energy W = W(y) depends on y solely through the distance
between the origin and y, i.e., W = W(|y|), thereby making W invariant with respect
to rotations of the disclination’s position vector about the origin; moreover, W has
a maximum for |y| = 0, i.e., in the origin, and W goes to zero quadratically as y
approaches the boundary, i.e., W(|y|) = O((R — |y|)?) for |y| — R.

Although the mechanical stress of a single disclination is singular with logarithmic
behavior towards its center, its stored elastic energy is finite. This is evident when
taking y = 01in (7.12), which also yields that the elastic energy W scales quadratically
with the size of the domain (see, e.g., [255, 256, 219]). This contrasts the behavior
of a dislocation placed at the center of Bg(0), in which case the energy scales with
log R, sufficiently far away from the origin (see, e.g., [199]). This is the main reason

why disclinations in hard solids are not found in isolation.

7.2.2 The N disclinations scenario

When N disclinations are present in €2, then the Airy potential characterizing the
system is given by the solution ¢ € Hg(Q) of the biharmonic problem (7.4) with the
incompatibility measure specified in (7.2). By the linearity of Equation (7.4), and by
the homogeneity of the associated Dirichlet and Neumann boundary conditions, it
can be proved that ¢ is given according to superposition principle as the summation
® = ¢1 + - - - + ¢y, where the hth function ¢, with h = 1,..., N, is the solution of
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the Ath subproblem

2
Ap=-6, inQ, ¢=0 ondQ, =0 ondQ. (7.13)

E

Since each ¢}, is of the type reported in Section 7.2.1, we conclude that, upon setting
C = ER?/(16m(1 — v?)), the solution ¢ is given by

N
6(x) = ) dulx), (7.14)
h=1

where, foreach h = 1,..., N, ¢,(x) is defined for any x € Q \ {y,} as

- e —yal? =yl Jx|? lyal?
¢h(.x> :—CSh R2 log R2 —CSh 1—F 1—F

_ 2 R4 _ 2R2 . + 2 2
+ Oy thl log al Ryf belTlyal” (7.15)
and ¢;,(y;,) is defined by continuity as
24\ 2
Bn(v) = —Csh(l - '%2') . (7.16)

The argument of the logarithm in the third term can be written as in Equation (7.11).

By virtue of Equation (7.15), we can state the following theorem, the proof of

which follows from a direct computation.

Theorem 7.2 (Reciprocity — Betti’s theorem in HS(Q)). Given the incompatibility
measure 6 = 01 + - -+ + Oy and the solution ¢ = ¢| + - - - + ¢y to the biharmonic
problem (7.4) reported in Equation (7.14), it follows that

O, b1 = sidn(y) = sndx(yn) = (O, i), h,k=1,...,N. (7.17)

Betti’s theorem constitutes another important result in the field of strength of
materials and, more generally, in the linear response theory. In words, it can be stated
as follows: let a linear elastic body be subjected to two different systems of external
forces, each of which determines a particular elastic state for the body, defined by
displacements, deformation, and stress. One can compute the virtual work that
the first system of external forces expends on the displacements of the elastic state
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produced by the second system of forces. Reciprocally, one can also compute the
virtual work that the second system of external forces expends on the displacements
of the elastic state of the first system. Then it is possible to prove that the two virtual
works computed this way are equal. Also in this case, the work is virtual because,
for a given system of external forces, we are using as test functions the displacements
of the other system. Note that, again, in our context, Betti’s theorem is formulated
with the Airy functions playing the role of the displacements.

The result of Theorem 7.2 has the following important consequence.

Corollary 7.1 (Consequence of Betti’s theorem). Given ¢ = ¢1 + -+ + ¢y, the

elastic energy W of the system can be expressed as the following sum:

N N N
W:ZWk+Z Z Wi, (7.18)

k=1 k=1 h=k+1

where we have defined the energetic contributions

1 2\2
Wy = 5cs§(1 - %') : (7.192)
vn = yel? | yvn — il lyal? lyel?
Win = Cspsy Y R2 10g R2y + Cshsk(l — );—12)(1 — );—2)
lyn — ykl2 R* = 2Ry - yn + |y« |)’h|2
— Cspsy =2 log %A (7.19b)

and the argument of the logarithm in the last summand of (7.19b) admits the same

decomposition as the one shown in Equation (7.11), withx = y, and y = y,.
Proof. By substituting the decomposition ¢ = Zjhvzl $y, into Equation (7.8) and
employing Theorem 7.2, the elastic energy in (7.8) becomes

N N N

1 1 _
W==3) skdve) = EZZsk(ﬁh(yk)
k=1 k=1 h=1
L&
Ezsk¢k(Yk)_Z Z skn (Vi) (7.20)
k=1 k=1 h=k+1

which, by virtue of Equations (7.19a) and (7.19b), proves the thesis. U



7.3 Disclination dynamics 225

According to Equation (7.1), which descends from the superposition principle, the
elastic energy can be expressed as the sum of N self-energies Wy, withk =1,..., N,
and N(N —1)/2 interaction energies Wy, with h, k = 1, ..., N and k < h. Moreover,
Betti’s theorem provides the following meaning for the energies in Equations (7.19a)
and (7.19b): W is the elastic energy associated with the kth subproblem (7.13), i.e.,
the one in which only the kth disclination dy is present in Q; Wy, is twice the elastic
energy associated with a “fictitious” system in which the Airy potential is ¢, and the

incompatibility measure is 8y, or vice versa.

7.3 Disclination dynamics

As done in [234], to emphasize the dependence of the energies in Equation (7.18) on
the positions of the disclinations yi, ..., yn, we rewrite the elastic energy W in the
following way:

N N N
W=Wy) =Y W)+ Y > W), yey=Q"\IL (721
k=1 k=1 h=k+1
y = (y1,...,yn) being the array collecting the positions of the disclinations, and

IM1c QN being the set, referred to as the collision set, defined by

N N
m={J) {J M, e = {y € QY| ye =y k # h} (7.22)

k=1 h=k+1
(see [234, Equation (2.13)]). In the terminology of [234], it is said that two different
disclinations, say dy and dj, with k # h, experience “collisions” if they share the
same position y; = y;. In our work, however, we prove that this event may occur
only in infinite time. Thus, two different disclinations, in fact, never meet each other
dynamically, whereas they can share their position only in a thought experiment
in which the two disclinations are prepared in this particular configuration. Yet,
two different disclinations may fend to collide, which is when |y — y,| — 0. This
situation requires special care (see Remark 7.3), and can be handled computationally
by introducing a smallness real parameter £, > 0, and stipulating that a “collision”
occurs if |yr — ypu| < e..
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It is worth noticing that the energy is well-defined even in the case in which,
for example, two disclinations d; and dj, with k,he {1,...,N}, and k # h, share
the same position, say, at the initial time of observation. The energy, in such a
particular configuration, can be computed by evaluating the limit of W(y) in (7.21)
for [yz — y5| — 0 and would correspond to the energy of a system in which the two
superposed disclinations are (virtually) replaced by one equivalent disclination having
Frank angle s; + s7. In this respect, one may say that the limit is configurational and
performed virtually, rather than representing a process of dynamic superposition.
The latter, although leading to the superposition of two disclinations in infinite time,
would still be associated with a finite energy. This is in striking contrast to the case of

dislocations where the elastic energy becomes singular if collisions occur [234, 260].

As put forward in Section 7.1, we assume that the dynamics of the kth disclination
in Q, fork =1,...,N, is dissipative and driven by the negative of the gradient of
W in Equation (7.21) with respect to yy, thereby yielding a force Fy = -V W,
formally similar to the Peach—Koehler forces acting on dislocations [76]. Note that
the functional form of Equation (7.21) is such that each force F r 18 continuous in Y,

and can be extended by continuity in QV.

Upon assigning initial conditions y; (0) = yi i, withk = 1, ..., N, the dynamics of
the N disclinations considered in €2 is governed by the Cauchy problem [234]

V() = =4V, Wi (0),....yn(1), k=1,....N,
i (0) = yii, k=1,...,N,

(7.23)

where yy is the derivative of y; with respect to time, and A; > 0 is a positive scalar
quantity having the meaning of the inverse of a generalized viscous friction coefficient.
For the sake of simplicity, we assume all the coeflicients Az, with k = 1,..., N,
to be equal to some 4 > 0. Models of this type are already used in [199, 234] for
dislocations.

While some analytical issues of Equation (7.23), such as existence and uniqueness
of the solution, are addressed in Section 7.3.1, we mainly focus on the modeling
aspects of Equation (7.23) through the description of two archetypal scenarios for
a system of disclinations in €: these are the “one-disclination problem” and the
“two-disclination problem,” handled in Sections 7.3.2 and 7.3.3, respectively. We

include, in Section 7.4, numerical experiments involving more than two disclinations.
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7.3.1 Non-dimensionalization

We rewrite the system (7.23) in non-dimensional form so as to study the dynamics
of the disclinations in terms of the rescaled variables x — x/R and ¢ — (1C/R?)t,
where we recall that C = ER?/(16x(1 — v?)). Hence, upon defining the non-
dimensional position of the kth disclination as y; + yx/R, and scaling the energy

W accordingly as W +— W /C, we can recast Equation (7.23) as

yi(t) = —VykW(yl(l‘),...,yN(l)), k=1,...,N,
yk(0) = yi.is k=1,...,N,

(7.24)

where y; = dy;/dt from here on denotes differentiation with respect to the non-
dimensional time £, and W = W(y1, .. ., yy) is the elastic energy of the non-dimensio-

nal system, which reads

N N N
7 _1 2 252 2 2
W(yl,...,yN)—E;sk(l—w) #0 D 0 sesn(U= Iy (1= yel?)

k=1 h=k+1

N
7> sesalyn =yl log ria. (7.25)

1 h=k+1

M=

>~
Il

In Equation (7.25), we have expressed the non-dimensional elastic energy in terms of
the quantities rip, with 2, k = 1, ..., N, which are ratios depending on the positions
vk and yj, and are defined as

)
o = i = vl with r, = Fag. (7.26)

vk = yal2+ (L= [y (1 = [yal®)’

Moreover, ryj, vanishes identically for k = h, and tends to unity from below in the

limits |yx| — 17 and/or |y,| — 17, for k # h. Yet, we have to exclude the value
rirn = 0 to appropriately define the logarithm in (7.25), so that we have 0 < rg;, < 1.
A last remark concerns the fact that the elastic energy in Equation (7.25) can be
extended by continuity to the case in which one or more disclinations are on the
boundary of B (0). In particular, if the disclinations d, ..., dy are all placed on the
boundary, then it holds that W(yl, ..., yn) = 0. If, instead, the disclinations are all
prepared in a superposed configuration placed at the origin of the domain €, then
W(0,...,0) = (% ij\’:l sx)?. This configuration is energetically very “expensive”

in general, unless the “charges” are such that 2112]:1 s =0.
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To close this section, we remark that, upon employing the expression of W in
Equation (7.25), it is possible to introduce in (7.24) the non-dimensional forces
Fy == -V, W, with k = 1,..., N, which read as

N
2 A(1
BeOio-.oyn) = EV () + Z B (vies yn) + Z ED (yisyn),  (1.27)

h=1,h#k h=1,h#k
where, given k, h = 1,..., N, with h # k, we have introduced the notation
F = BV (yi) = 2521 = ye Py, (7.282)
F = ED (v, i) = 2551 = rin) (1 = lyalP)yss (7.28b)
FO = B9 (i, ya) = 2ssn(1 = ren +1og rin) (v — yi).- (7.28¢)

Each force F} comprises one contribution due solely to d B (0) (see Equation (7.28a)),
N — 1 contributions that account for the effect of 9B1(0) on y;, modulated by the
remaining N — 1 disclinations (see Equation (7.28b)), and N — 1 terms stemming

from the mutual interactions with the other disclinations (see Equation (7.28c¢)).

Notice that the forces featuring in Equations (7.28a)—(7.28c¢) are obtained directly
as the gradient of the elastic energy without any additional renormalization nor limit
process, in striking difference with the case of dislocations [199]. Moreover, in the
limit for |y, — yx| — O for fixed h, k = 1,..., N, Equations (7.28b) and (7.28c) can
be extended by continuity in any y € Il;, thereby allowing for the superposition of
the kth and Ahth disclinations. While this condition is possible by assigning y; = yp.i,
in the next section we show that collisions cannot be reached in finite time. This is

addressed in more depth for N = 2 in Section 7.3.3.

For future use, we also define

N
F,Ez) = F,fz)(yl,...,yzv) = Z F( )()’k Vi) (7.29a)
N
3 ~(3 3
FY =B 0w = ) B G (7.29b)
h=1,h#k

Since each Fy does not depend explicitly on time, the system is autonomous

and thus trivially continuous with respect to time. Moreover, since each Fy is
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Lipschitz-continuous in each of its arguments, uniformly with respect to time, in

every compact subset of Y of the type
N
R= ([yllc,i ~ by, yllc,i +by] X b’i,i - bi’yi,i +b31), (7.30)

k=1

and having empty intersection with II, then, by the theorem of local existence and
uniqueness, there exists a unique solution to the Cauchy problem in (7.24).
7.3.2 One-disclination problem: the effect of the boundary

We now discuss the dynamics of a single disclination, initially located in y; € B;(0).
Hence, upon specializing Equation (7.24) to the case N = 1, we find

y(1) =257 (1 = |y()H)y(1), >0,
y(0) =y,

(7.31)

which has the structure of a Cauchy problem with a logistic differential equation. To
solve it, it is convenient to express y in polar coordinates y(¢) = p(#)exp(i¥(¢)), where
p:[0,+00[ = [0,1] and &: [0, +oo[ — R. Thus, upon setting y; = p;exp (ith),
Equation (7.31) can be rewritten as

p(1) =252(1 — p(0))p(t), t>0, 9() =0, >0,
p(0) = pi, 9(0) = .

(7.32)

The stationary solutions pgo(f) = 0 and ps;(f) = 1 of the differential equation of
the Cauchy problem (7.32); are admissible if and only if the initial condition is
taken to be p; = 0 and p; = 1, respectively. However, assuming y; to be a point
of the open ball B;(0) implies the restriction p; € [0, 1[, which makes p;(?) not
admissible. Hence, ps(¢) = 0 is the only admissible stationary solution, provided
pi = 0. Moreover, for p; € ]0, 1], and upon setting u; := (1 — piz)/piz, the Cauchy

problem (7.32); admits the one-parameter family of solutions

1
V1 + piexp(—4s2t) ’

p(t) = ?(t) = O, Vt e [0,+0co]. (7.33)
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This result states that the dynamics of the disclination d = (s, y), i.e., the evolution
in time of y(#) for a given value of s, is solely radial, as one expects from the fact

that the right-hand side of Equation (7.31), i.e., the non-dimensional force, is radial.

Our physical interpretation of the results of this subsection is that a system with
a single disclination (modeled, here, as a point defect) either tries to minimize its
energy by moving the defect towards the boundary or places the defect in the position
that maximizes energy, i.e., at the center of the circular domain, thereby preserving
symmetry. If, however, the symmetry is broken by putting the disclination out of the
center of the domain, which corresponds to an unstable configuration, the disclination
goes towards the boundary of the domain, where the equilibrium is stable. Yet, this

may occur only in infinite time, so that the disclination cannot leave the domain.

Remark7.1. Notice that the boundary, which behaves as an attractor (indeed, p(7) — 1
if t — +00), has an effect that could be interpreted as stemming from an “interaction
potential”, quadratic as p approaches unity (see (7.32), as discussed at the end of
Section 7.2.1). We emphasize that this behavior contrasts with that of one screw
dislocation in B;(0)\{0}, which reaches the boundary in finite time [234, 236].

7.3.3 Two-disclination problem: interactions among disclinations

We consider now the dynamics of two disclinations in B1(0), namely d; = (s, y1)

and d, = (s7, y2), thereby specializing (7.24) to N = 2, i.e.,

y1(0) = Fr(yi(1), y2(0),  y2(1) = Fa(y1(0), y2(1)), >0,

(7.34)
y1(0) = yui, y2(0) = yai,
where the non-dimensional forces £ = -Vy, W and F, = —VyZW read as
Fi(yry2) = EV () + B2 (1, v2) + B (31, y2), (7.35a)
F(y1.y2) = By (52) + B (1, 32) + £ (1, 32). (7.35b)

Similarly to the general case of N disclinations, the force F; acting on d, features
three contributions: F 1(1) is formally the same radial force that would act on d; if dy
were absent (see Section 7.3.2); F 1(2) is the agency due to the boundary, modulated
by d»; and F 1(3) is the mutual interaction between d; and d;. In particular, F 1(2) is
radial, and F 1(3) is directed along the segment connecting y; and y,, while their signs
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depend solely on the product of the Frank angles s;s;. Indeed, within the range
O<rijp<1, it holds true that 1 — 712 >0 and 1—-rj;+logr;2 <0. The same discussion

can be done also for the force featuring in Equation (7.35b).

If 51 and s, have the same sign, i.e., if s;s2 > 0, then, for each disclination,
the second force tends to move the disclination radially towards the boundary, in
synergy with the first force, and the third force describes a repulsion between the two
disclinations. On the other hand, if s; and s, have opposite sign, i.e., if 5152 < 0, the
second force operates against the first one by pushing the disclinations towards the

center, and the third force describes an attraction between the two disclinations.

A consequence of the discussion reported above is that disclinations in an elastic
medium behave qualitatively as charged particles (see the notion of topological
charges [258]), with the Frank angles playing the role of electric charges. Thus,
two disclinations with Frank angles of opposite sign attract each other, whereas two

disclinations with Frank angles of the same sign repel each other.

To better understand the scenarios of a disclination approaching the boundary

and of two superposing disclinations, we give the following remarks.

Remark 7.2 (A disclination goes to the boundary). Let us suppose that d, approaches
the boundary, which amounts to taking the limit |y,| — 17. Then, the force Fz tends
to vanish and, accordingly, the evolution of y; tends to stop, while the force F
acting on d; tends to equal the first (radial) contribution of Equation (7.35a), i.e.,
Fi(y1,y2) ~ 252(1 = |y11*)y1, since d; is the only disclination effectively remaining
in the system. It is important to highlight that, in fact, £ becomes independent of
the position taken by d; on the boundary.

Remark 7.3 (Superposition of two disclinations). Let us study the case in which the
system is prepared in such a way that two disclinations d; and d, are superposed
at the same point y. € B(0). The energy of this configuration can be obtained by
taking the limit of Equation (7.25) for y; and y, tending to the same point ye, i.e.,

9 . R 1
W(ye) = lim W(yiy2) = 5(s1 + 52)2(1 = |yel)*. (7.36)

We emphasize that this limit should not be understood in dynamic sense. Rather,
it represents the energetic output of a virtual process of superposition of the two
disclinations at frozen time, e.g., at the initial time of observation. On the other hand,
to study the dynamics of a system of two disclinations that are initially superposed,
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one should solve (7.34), with y;(0) = y2(0) = y.; and the forces specified in
Equations (7.35a) and (7.35b). In this respect, it could be instructive to notice that,
as long as y{(¢) and y,(z) are such that, for ¢+ > 0, the distance |y,(7) — y1(?)] is

sufficiently small, then the forces F; and F; can be approximated as

Fi = Fi(y1,y2) ~ 257(1 = |y1[)y1 + 2s152(1 = [y2]*)y1, (7.37a)
Fy = B(y1,y2) ~ 255(1 = [y21?)ya + 2s152(1 = |y1 )2, (7.37b)

and Equation (7.34) should be modified accordingly, i.e., with Equations (7.37a) and
(7.37b) in lieu of (7.35a) and (7.35b). Hence, inspecting the approximated forces
F| and F, permits to assess that d and d, remain superposed for + > 0 in two
cases: (i) if |s| # |s2], then the solutions y{(¢) = y,(t) = ye(¢) for t > 0, with y.()
obtained by solving either (7.34); or (7.34),, are admissible if and only if y.(7) = 0 or
ve(t) = 1, which requires y.; = 0 and y.; = 1, respectively, and means that, in fact,
the superposed disclinations do not move; (ii) if |s;| = |s2], then d; and d; remain
superposed for ¢ > 0, regardless of their coincident initial position, and are allowed to
move according to the applied forces. In particular, if 51 = 52 and ye; # 0, then the
disclinations, while being superposed, move towards the boundary; more importantly,
if 51 = —s7, then, independently of y. ;, the first and second summands in each of the
expressions of the forces in Equations (7.37a) and (7.37b) compensate each other out,
and, thus, the disclinations do not move from their initial superposed configuration.
In the terminology of [258], the two disclinations are said to annihilate each other,
thereby restoring the compatibility of the deformation at the superposition point.
Finally, we notice that Equations (7.37a) and (7.37b) characterize also the situation
in which the two disclinations that are not superposed fend to collide. Indeed, if
|y2(t) — y1(t)| < &, then the term 5 in Equation (7.26) scales with &2, so that
the force F 1(5) is approximated as in the second summand on the right-hand side of

(7.37a), while F S’) becomes negligible, since it scales with &..

Remark 7.4 (Splitting of two disclinations). As pointed out in Remark 7.3, two
disclinations initially placed at the same position y;; = y2; = y.; do not remain
superposed for # > 0 if |sq| # |s2| and y.; € B1(0)\{0}. This is because the two
disclinations move towards the boundary dB;(0) with forces that, differing in
magnitude, split the two disclinations dynamically. This situation is simulated in
Benchmark #2 in Section 7.4. Yet, although maintaining the conditions |s{| # |s3]
and y.; € B1(0) \ {0}, we may enforce a constraint that restricts the two disclinations



7.3 Disclination dynamics 233

to remain superposed at all times. This is useful, for instance, to quantify the reactive
forces necessary to maintain the superposition also for ¢t > 0. A possible way of
doing this is to assume the disclinations form a dipole of infinitesimal length and
then to perform the limit in which this length approaches zero. Hence, we introduce
the holonomic constraint C (yy, y2; €) = y; — y» — & = 0, with & being a vector with
arbitrarily small, but strictly positive, magnitude, and the augmented Lagrangian
function [11]

L=L(y,ynde) =-Whny)+1-Clynyre), (7.38)

with A being the vector-like Lagrange multiplier associated with the constraint
(not to be confused with the inverse of the friction coefficient in the dynamic
equations). Note that ¢ is introduced to prevent the logarithm in the forces presented
above to be ill-defined, and that the “true” Lagrangian of the system is given
by L = L(y1,y2) := =W(y1,y2) in the present framework (no inertial forces are
attributed to the disclinations). Because of the constraint in Equation (7.38), the

dynamic problem (7.34) changes into

(1) = Vy L1 (1), y2(0); A1), (D) = =V, Wy (1), y2(0) + A(1),  (7.3%)
Y2(1) = Vi, L (31 (1), y2(0); A1), £(1) = =V, W(y1(1), y2(1) = A(1),  (7.39b)
0= Val(yi (1), y2(1); A(1), £(1)) = y1(1) = y2(1) = £(1), (7.39¢)

which holds for # > 0. By differentiating Equation (7.39¢) with respect to time, the

system in (7.39a)—(7.39¢) can be rewritten in the decoupled form

1) ==3 [V, W31 (1), y1 (1) —£(1)) + V3, W (y1 (1), y1 (1) —&(1)) | + 3£(2), (7.40a)
$2(0)==3[Vy, W (32 () +&(1), y2 (1)) +V,, W (y2 (1) +£(2), y2(1)) | - 3£(1), (7.40b)

)+V
A=+ [Vy, W(y1(2), y2(1)) = V), W (y1 (1), y2 (1)) | +38(2). (7.40¢)

The solution to Equations (7.40a)—(7.40c) that comply with the initial conditions
¥1(0) = y1i and y2(0) = y1i — &(0) is the triple (y1 (), y2(7); A(¢)), which, in the
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limit £(¢) — 0 uniformly with respect to ¢, converges to the solution of the problem

Ve(t) = Fe()’e(t)) = 2552:(1 - |ye(t)|2)ye(t)a t>0,
A1) = (55 = sD(1 = |ye(D)P)ye(0), £>0,  Sei= “EZ- (7.41)
Ye(0) = yeiis

Thus, if the constraint of “persisting superposition” is fulfilled, the two disclinations
follow together the same kind of dynamics addressed in Section 7.2.1, as if they were
a single disclination, initially positioned in y.;, and with an “effective” Frank angle
equal to se == (51 + 52)/ V2, which can be zero or different from zero. However, the
force on the right-hand side of (7.41); is different from the one that would stem from
the differentiation of the energy W in Equation (7.36) with respect to y.. The “price
to pay” for maintaining this dynamics is given by the reaction forces A(¢) and —A(¢),
which are characterized by the following property: they have the same functional
dependence on y, as the force in (7.41), but they depend on the difference between
the squares of the Frank angles of the two disclinations. Hence, the reactive forces
vanish identically both when the Frank angles are equal to each other and when they
are opposite to each other, i.e., when |s|| = |s2|. This means that constraining the two
disclinations to persist in their initial superposed configuration yields null reaction
forces for the subsequent instants of time, since the two disclinations remain together
naturally. This is because, in the just discussed situation, the superposition of the
two disclinations annihilates the attractive or repulsive forces that they mutually
exchange, and only modulates the influence of the boundary. On the contrary, the
reaction forces are non-null for |s;| # |s2|, and their magnitudes increase with the
absolute value |s% - s%l, since the “price” for keeping them superposed increases
with their tendency to separate. This is consistent with Remark 7.3. An example of
the dynamics of the “effective” disclination associated with two initially superposed

disclinations is discussed in Benchmark #2 of Section 7.4.

Remark 7.5 (Superposition breaking due to a third disclination). We conclude this
series of remarks by noting that the initial superposition of two disclinations does
not persist, in general, if interactions with other disclinations are perceived. Indeed,
even though one prepares an “experiment” (in silico, for this work) in which two
disclinations with opposite Frank angles are superposed at the initial time of their
dynamics, this compatible configuration of the system breaks dynamically as soon as

the interaction with another disclination is felt. On the one hand, this behavior is
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intuitive, because one switches from a two-disclination to a three-disclination system.
On the other hand, the splitting phenomenon is important because it shows that two
initially superposed disclinations with opposite Frank angles and interacting with a
third disclination are not equivalent to a system of one disclination only (the third

one). This situation is simulated in Benchmark #3 of Section 7.4.

7.3.4 Two disclinations with zero total Frank angle

To better understand the behaviour of the “two-disclination problem”, we now
consider the case in which s; = —s = s, and the disclinations are initially placed
in B;(0) symmetrically with respect to the origin. In this case, Equation (7.34)
reduces to a Cauchy problem with a single ordinary differential equation in the
non-dimensional distance A := |y| — y,| between d; and d», and with initial condition
A(0) = Aj = [y1i — yail, Le.,

A@t) = G(A®)), >0,

(7.42)
A(0) = A,
where the forcing term G (A) = Fi(y1, y2) — F»(y1, y2) is given by
R 4 — A2 4A
G(A) = 4s*A +2log —— |, A €10.2], 7.43
(A) AT 2 10,2[ (7.43)

and is obtained because, in the symmetric condition under investigation, it holds that
y1 = (3A,0) and y, = (—3A,0).

The function G in Equation (7.43) admits only one zero in the open interval 0, 2],
computed numerically and approximately given by Aeq ~ 0.8. Since G(Aeq) =0, Aeq
is the sole equilibrium configuration for the system. This configuration is unstable
and divides the range of admissible values of A into two basins of attraction, as
shown in Figure 7.1. The instability of Aeq descends from the fact that, if we choose
Aj < A¢q in the Cauchy problem (7.42), then it holds that A(t) — 0% for t — +oo,
which means that if the initial distance between the two disclinations is smaller than
the equilibrium one, it tends to decrease indefinitely, so that the disclinations fend
to collide in the origin. Moreover, if A; > Aqq, then A(f) — 27 for t — +o0, ie.,

the disclinations increase their reciprocal distance with respect to the initial one and
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Fig. 7.1 Plot of G(A)/s? in Equation (7.43): the basins of attraction for A = 0, i.e., ]0, Aggl s
and for A = 2, i.e., |Aeq, 2 [, are highlighted with dashed and solid lines, respectively. Three
simulations of two symmetrically placed disclinations having Frank angles +1 and —1 have
been carried out over a normalized time window of width T = 2 (see Section 7.4 for the
implementation details). The trajectories for three values of A; are depicted in the three
squares. The results are coherent with the expected behavior since the disclinations come
closer for Aj < Aeq, move apart for A; > Aeq, and do not move if A; = Aeq.

move towards the boundary. Hence, if one now sees the domain of G as ]0, 2], and
extends by continuity G in A = 0, the values A = 0 and A = 2 can be “promoted” to
two configurations of stable equilibrium.

What has been described so far can be formalized by taking the principal parts of
G (A) in the limits A — 0% and A — 2~, which permit one to approximate G (A) as

G(A)/s* ~ 8A logA, A— 0, (7.442)
G(A)/s* ~4(2-N), A— 2. (7.44b)

Then, by solving the corresponding approximated Cauchy problems in small neigh-
borhoods 7*(0) and I~ (2) of the values A = 0 and A = 2, we have that

A(t) = 852A(1) logA(1),

= A(t) = exp[(log Aj) exp(+8s2t)], (7.45a)
A(0) = A € T1(0),

A(r) = 452(2 — A(1)),

= A(t) =2 — (2 - Aj) exp(—4s%1).  (7.45b)
A(0) = A € I7(2),



7.4 Non-trivial rearrangements of disclinations 237

The results in Equations (7.45a) and (7.45b) imply that the values A=0 and A=2
are attractors for the system under study. In particular, although A = 0 is not in the
domain of G, it describes the case of two disclinations with opposite Frank angles that
tend to collide, and is consistent with the predictions of Remark 7.4 for s, = 0 and
Ve.i = 0 (the latter condition preserves the compliance with the geometric constraint
that the two disclinations are placed symmetrically with respect to the origin).

Even more importantly, from the just discussed situation (two disclinations placed
symmetrically and with opposite Frank angles) we deduce that the value Agq is
the system’s critical distance such that two behaviors are observed: for Aj < Aeg,
the attractive forces between the disclinations are predominant with respect to the
effect of the boundary, and thus, as one would expect, the disclinations tend to
come indefinitely closer to each other; for A; > A¢q, the presence of the boundary
overcomes the attractive forces, and, even though the disclinations have opposite

Frank angles, they move apart.

Remark 7.6. Equations (7.45a) and (7.45b) show that, for the symmetric system of
disclinations under study, the phenomena of “collision” between the disclinations
and of the two disclinations reaching the boundary occur in infinite time, thereby

manifesting another striking difference with the case of screw dislocations [236].

Before moving to Section 7.4, we emphasize that the results provided in Section
7.3.4 would be significantly different if the total Frank angle of the system were
non-zero, i.e., s + s # 0, since an underlying symmetry would be lost. The behavior
of a system of this type is numerically analyzed in Benchmark #1 of Section 7.4.

7.4 Non-trivial rearrangements of disclinations

In this section, we report on four benchmark problems that we deem remarkable.
Our goal is to present and discuss non-trivial rearrangements of disclinations towards
stable equilibria by numerically solving the Cauchy problem in (7.24) for different
choices of the number of disclinations N and of the initial distribution y;. The
simulations are carried out in MATLAB [264] by having recourse to the ode45
function [265]. In the subsequent figures, the disclinations with positive Frank angle
are associated with red color and solid lines, whereas the ones with negative Frank
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angle are associated with blue color and dashed lines. Additional simulation details,

as the time of observation, are provided in the benchmark descriptions.

7.4.1 Two disclinations with nonzero total Frank angle

We consider the case of two disclinations d; and d, with Frank angles s; = +1 and
sp = —2, placed symmetrically with respect to the origin of B;(0), at the initial
positions y;; = (4+0.3,0.0) and y; = (=0.3,0.0). As can be seen in Figure 7.2, the
predominant forces in the initial instants of time are the ones of mutual interaction.
This makes the two disclinations move one towards the other, with d; being moved
at higher velocity. Then, after d| passes through the center of the circular domain,
and d and d, are sufficiently close to each other, they start moving together towards
the boundary (the attraction towards the boundary become the predominant effect).
The forces of mutual interaction keep d; and d; near to each other but never in

superposition.
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Fig. 7.2 (Left) Time trend along the x;-axis of the positions of the disclinations of Benchmark
#1, with snapshots at r = 0.2 and ¢ = 1.8, over a time window of width T = 2. (Right) Time
trend of Fi, F», and of the summands of F>.

7.4.2 Superposition breaking: unbalance of the Frank angles

We consider two disclinations d; and d3, so that s; = +1 and s, = —2, respectively,
which are initially superposed in y.; = (4+0.3,0.0). This system is depicted in Figure
7.3 where its dynamics is studied with and without the constraint of “persisting
superposition” of Remark 7.4. The simulations confirm the predictions of Remarks
7.3 and 7.4, since d; and d» naturally tend to split, so that the inequality y () # y2(7),
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for t > 0, holds true if no constraint is enforced. This is because the difference in
the Frank angles produces different interactions and weighs differently the effect
of the boundary 9B (0), as visualized in Figure 7.3. Instead, when the constraint

is enforced, d; and d, remain superposed and move together as one “effective’
disclination d. having Frank angle s, = —1/V2.
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Fig. 7.3 (Left) Time trend along the x;-axis of the positions of the disclinations of Benchmark
#2 and of the “effective” disclination d, = (ye, S¢), With snapshots at ¢ = 0.5, over a time
window of width 7' = 1. (Right) Time trend of F| , F;, F, and A.

7.4.3 Superposition breaking due to a third disclination

We consider three disclinations, denoted by d, d», and d3, with s1 = +1, 5, = -1,
and s3 = +1, where d; and d; are initially superposed, so that their initial common
position is y1; = y2; = (+0.3,0.0), and y3; = (-0.3,0.0). As expected from
Remark 7.5, the presence of d3 breaks the initial superposition of d; and d, by
attracting d» and repelling d; due to the signs of the considered Frank angles. Hence,
dy and d, split. However, as d3 approaches the boundary, these interactions tend to

vanish, so that d; and d; approach each other again.

7.4.4 (Odd number of disclinations: vertices of a regular polygon

It is noteworthy to examine the behavior of a system of N disclinations initially
placed at the vertices of a regular polygon. The initial positions can be expressed in
polar coordinates as yx; = pexp(i(k — 1)n/N), for k = 1,..., N and fixed p, while
the Frank angles can be chosen as s = (—l)k‘l, fork =1,...,N. On the one hand,

the case of an even number of disclinations can be seen as a “generalization” of the
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Fig. 7.4 (Left) Time trend of the positions of the disclinations of benchmark #3, with a
snapshot at t = 0.25, over a time window of width 7 = 2. (Right) Time trend of F; , F;, and
F3. Note that, as also in Figures 7.2 and 7.3, the time derivative of the functions plotted on
the left are the functions plotted on the right. For instance, at about ¢ = 0.25, where y; and
v have critical points, F; and F, vanish.

scenario examined in Section 7.3.4, since Zszl s = 0 (neutral total “charge”), and,
for a sufficiently small p, the N disclinations move towards the center (this is shown,
for N = 4, in Figure D.1 of Appendix D). On the other hand, the case of an odd
number of disclinations N is more interesting, since Zi\;l sr # 0, and the trajectories

of the disclinations exhibit highly-nonlinear behaviors, as can be seen in Figure 7.5.

For N = 3 (atriplet, left panel of Figure 7.5), the disclinations with positive Frank
angles, d; and d3, initially repel each other (they have Frank angles of the same sign).
However, rather then moving in straight line, they start their motion with two specular
circles (because, at the initial times, repulsive forces are stronger) before moving
towards the boundary. The presence of the circles is strongly dependent on the choice
of p (distance of each disclination from the center). Indeed, for smaller values of p,
the circles are not observed, and one sees a more sudden change in direction from the
phase of distancing to the phase in which the trajectories approach each other (data
not shown). The negative disclination d, follows the other two disclinations, in a
symmetric way, by virtue of the two attractive forces dominating over the effect of the
boundary. Eventually, the three disclinations move together towards the boundary by
placing themselves at the vertices of a triangle, which is maintained by the balance
among the repulsive force characterizing the pair (dj, d3) and the attractive forces
characterizing the pairs (dy, d») and (d», d3). We find this result interesting because
the disclinations d; and d3 tend to migrate towards the boundary very close to each
other in spite of them having Frank angle of the same sign. This is made possible by

d>, which, having Frank angle of opposite sign, mitigates their mutual repulsion and
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induces a shielding effect for d| and d3. To us, this behavior is reminiscent of Cooper

pairs in superconductors [66], although the physics of our problem is very different.

For N =5 (a quintet, central panel of Figure 7.5), the repulsive forces between the
two positive disclinations closest to each other allow one to see the dynamics of the
system as essentially dictated by two main behaviors: the first one is identified by two
pairs of disclinations, each of which features two disclinations of opposite sign that
tend to collide by moving along curved trajectories; the second one is identified by
the unpaired disclination that moves towards the boundary in the direction opposite
to the other disclinations. In our opinion, this benchmark is remarkable since, in
spite of the high non-linearity of the problem, we are still able to track the behavior
of the disclinations: indeed, they are characterized by two phenomena that we
have individually addressed in this work, i.e., collisions (at infinite time) between
disclinations of opposite sign, and the motion towards the boundary of the unpaired

disclination.

For N = 7 (a septet, right panel of Figure 7.5), the phenomena characterizing
this initial configuration are the collisions (occurring in infinite time) within the two
pairs of disclinations of opposite sign moving, again, along curved trajectories, and
the motion of the three unpaired disclinations forming a triplet that moves towards

the boundary.

Fig. 7.5 Trajectories of a system of N = 3, N = 5, N = 7 disclinations initially placed at the
vertices of a regular polygon (o = 0.4). The starting locations of the disclinations are marked
with circles. The trajectories, departing from the markers, are shown over a normalized time
window of width 7' = 8.



Appendix D

Modeling the crystalline structure in

disclination dynamics

The content of this appendix is taken from the appendix of [3].

This appendix is devoted to showing what our model predicts in the presence
of preferred directions of motion. Our primary objective here is theoretical: to
demonstrate how the modeling concept of glide directions, as introduced in [199] and
further explored in [234] for dislocations, applies to disclinations. We emphasize,
however, that, to the best of our knowledge, there is currently no experimental
evidence directly supporting the idea that the spontaneous dynamics of disclinations
are restricted by slip systems as in the case of dislocations. At the same time, we
acknowledge several observations and theoretical arguments suggesting that the
dynamics of disclinations are likely influenced by the underlying lattice structure. In
the context of graphene, for example, there is evidence indicating that disclination
motion depends on preferred directions within the hexagonal lattice and specific
angles. The nucleation mechanism of single disclinations and their associated
kinetics, as described in [242], is thought to involve initial 90-degree bond rotations,
followed by the migration of dislocation-disclination dipole systems (for further
exploration of this topic, see [266—-268]). We hope that the predictions outlined in
this section will inspire future experimental studies aimed at elucidating the rules

governing the kinematics of disclinations.

In this section, we denote by y = (y1,...,yn) € [B1(0)]" the configuration
of the N disclinations and we shall abandon the “hat” notation; recalling Equation
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(7.27), the system in (7.24) reads then (with F(y) := (Fi(y), ..., Fy(y)) € R*) as

y(@)=F(y(), t>0,
y(0) = y;.

(D.1)

Let G be a set of M € N unit vectors, with the requirements that Span § = RZ and
thatg € § &= —g € G. The directions g(y) € G along which the disclination
dy = (s, yr) moves are determined as the ones along which the force Fj is the most

aligned, namely

grk(y) € arg rggg{Fk (y)-g}s (D.2)

we let Gx(y) = {gx(y) € G : (D.2) holds}. Finally, we define

Fe(y) = {(F(y) - 8 (3)gx(») | 8 (¥) € Sx(»)}- (D.3)

For geometric reasons, there are only three possible scenarios:

(1) If Fr(y) = 0O (the force on disclination d; vanishes), then G (y) = G, and
trivially F (y) = {0}.

(2) If Fr(y) # 0 and there is only one direction maximizing Fj(y) - g in Equation
(D.2), namely G (y) = {gx(y)}, then Fy (y) = {(Fix(y) - 8x(¥)) gk (»)}-

(3) If Fi(y) # 0 and there exist two different directions both maximizing Fi(y) - g
in Equation (D.2), namely Si(y) = {g} (¥).8; (»)}, then Fy(y) ={(Fr(y) -

g )e  (v), (Fr(y) - g,(»))g; (¥)}. This case occurs when the force Fy(y)
bisects the angle formed by g, (y) and g/ (y).

These three cases can be resumed in the following formula:

{0}, if Fr(y) =0,
Fe() = {(Fe(y) - g ()gx ()}, if Fie(y) # 0and Se(y) = {gx ()}, (D4
{(Fe(y) - g; ()& )}, if Fi(y) # 0and Sk (y) = {g; ("},
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and Equation (D.1) takes the form of the following differential inclusion:

y@) eF(y(r) >0,
y(0) =y;,

(D.5)

where F(y) := F1(y) x --- X Ty (y) € R?; notice that (D.5) is a dynamics in R?Y,
and it is indeed a differential inclusion when scenario (3) occurs for at least one
ke{l,...,N}

The set-valued function F is defined on the set [B1(0)]" \ IT, which makes each
Fy well defined; nonetheless, recalling the arguments in Section 7.3.1 and Remark
7.2, it is possible to extend each Fj by continuity to the whole closed unit disk, so
that we will consider dom F = [El(O)]N; the set-valued function & turns out to
be upper semicontinuous (in the sense of [269, p. 65]; see [234, Lemma 2.11] for
a proof). The theory of differential inclusions [269] provides a suitable notion of
solution to Equation (D.5).

Definition D.1. A solution to Equation (D.5) is an absolutely continuous curve
t—y(t) € [B1(0)]" such that

y(t) € coF(y(1)), t>0,

N (D.6)
y(0) =y; € [B1(0)]V \ I,
where co F is the convex hull of the set F.

Our case is analogous to that of [234, Lemma 2.10], therefore coF(y) =
(coFi(y)) x---x (coFn(y)) cR*N forall y € [B;(0)]", and, from Equation D.4,

we have that for each k = 1,..., N the term co F(y) is
{0}, if Fi(y) =0,
coTk(y) =1 {(Fe(y) - g (¥)gr ()}, if Fi(y) # 0and Sk (y) = {gx(»)},
Zk(y)s if Fr(y) # 0and Sk (y) = {gx (»)},

D.7)

where X (y) is the segment joining (Fi(y) - g (¥))g; (¥) and (Fi(y) - g (¥))g; (¥)-
We stress that scenario (3) must occur for having co F (y) = Zx(y).

We can now state the local existence theorem.
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Fig. D.1 (Left) Numerical simulation of a triplet, without and with a hexagonal glide system
over a time window of 7' = 8. It can be observed that the “circular’” motion of the two positive
disclinations is approximated by a cross-slip motion for their constrained counterparts,
moving only in the allowed hexagonal directions. Moreover, the constrained disclinations
experience a transition towards a fine cross-slip motion after passing again through their
initial positions. It is important to observe that, since the forces are projected, the constrained
disclinations move slower compared to their unconstrained counterparts. (Right) Numerical
simulation of a system of a quartet without and with an hexagonal glide system over a time
window of 7' = 8. The introduction of preferred directions of motion in the constrained case
changes the equilibrium points towards which the system is attracted. Indeed, instead of
annihilating in the center of the domain, as in the isotropic case, the disclinations prefer to
annihilate in pairs, in points differing from the center, by moving along the glide directions.

Theorem D.1 (see [234, Theorem 2.13]). Let F: [B1(0)]N — P(R2N) be defined
as above, and let y; € [B1(0)]N \ I1. Then there exists t* > 0 such that Equation D.5
admits a solution [—t*,t*] 3 t — y(t) € [B1(0)]Y \ II in the sense of D.1.

To discuss the local uniqueness of the solution, we distinguish two possibilities:
if either case (1) or case (2) occurs, namely if either co F;(y) = {0} or co F(y) =
{(Fr(y) - gx(»))gx(y)}, forall k = 1,..., N, then uniqueness is immediate, owing
to the Lipschitz continuity of the R?"-valued function F, whereas two distinct
phenomena can occur in case (3), namely when there exists (at least one index)
k € {1,...,N} such that coFy(y) = Zx(y). This last situation includes the
phenomena that in the context of dislocation dynamics are called cross-slip and fine
cross-slip: they were pictured in [199] and have been addressed mathematically in
[234].

To tackle uniqueness in the latter case, we need to look carefully at the condition
leading to co F¢ (y) = Zx(y); from Equation (D.7), this occurs when card G, (y) = 2,
so that we define Ay = {y € [B1(0)]N : card Sx(y) = 2} and A = Uivzlﬂk (cf.
[234, formula (2.19)]). Given that in case (3) Fi(y) # 0, the sets A are identified
by the condition Fi(y)-go(y) =0, for the vector go(y) :=g; (¥)—g; (y). Invoking
the analitycity results for biharmonic functions contained in [270], we obtain that
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Fx(y) are analytic, so that all of the A;’s are locally smooth manifolds; this yields
that the normal unit vector N(y) is well defined for almost all y € A (and we assume,
without loss of generality, that it points from the side of Ay where g, (y) is the only
direction satisfying Equation (D.2) to the side of A, where g} (y) is the only direction
satisfying Equation (D.2)). This fails when A} and A}, intersect transversally for
h # k. These points, however, belong to a set of co-dimension greater than or equal
to 2 in R?V. Accordingly, given y € Ay and B a neighborhood of y, we denote by B*
the “half” of B on the side of A containing N(y) and by B~ the other half and we let

FE(y) = (Fe(y) - g£(3)gi () fory € B, (D.8)

and we extend it smoothly to points y € B N Ay (cf. [234, formula (2.29)]). We let
F*(y) be the corresponding forces. Then, if at time 7 it occurs that y(7) = y € Ay,
and y(t) € B~ for 0 < 7 — ¢ sufficiently small, and y(¢) € B* for O < ¢ — 7 sufficiently

small, we have the following two scenarios.

(a) Cross-slip (see [234, Theorem 2.19]): the disclination dj switches from moving
along direction g, (y) to moving along direction g; (y) if

F3)-N3) >0 and F*(3) N@G)>O0. (D.9)

(b) Fine cross-slip (see [234, Theorem 2.20]): the disclination d; switches from
moving along direction g, (y) to moving along a convex combination g2 ()¢9
of directions g, (y) and g; (y) if

F3)-N3 >0 and F*'(3) - -N@G) <O0. (D.10)

The force F'(y) € coF(y) is determined by F(y) = (1 — a(y))F~(y) +
a(y)F*(y), where

F~(y)-N(y)
F~(y)-N(y)-F*(y)-N(y)

a(y) = (D.11)
This motion occurs for ¢ > 7 and is confined to the set Aj; (which makes the
formula for a(y) well defined) and abandons it (tangentially to A (y)) to

continue in the direction g; ().
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Both scenarios (a) and (b) described above, as well as the result for right uniqueness
in the case of single-valued forces F (y) satisfy the conditions for right uniqueness
of [234, Theorem 2.17]. We refer the interested reader to [234, Section 2] for the
precise statements of these theorems and for some technical mathematical details
that we omitted in our discussion, without consequences for the understanding of the
dynamics.

Figure D.1 offers a comparison of the motion for two systems of disclinations
without and with glide directions. The chosen glide directions are those of the
hexagonal lattice, which is the relevant one for graphene structures, i.e., g, =
+exp(inn/3), withn = 0, 1, 2. Operatively, we numerically solve the two benchmark
tests presented in Figure D.1 by modifying the implementation addressed in Section
7.4 and computing, at each time step, the projection of the N forces Fi, ..., F along

the glide directions, following the evolution rule reported in Equation (D.4).



Appendix E

The stationary behavior of systems of
many disclinations

In this appendix, adding to the numerical experiments carried out in [3] and reported
in Chapter 7 for small number of disclinations, we focus on a particular class of
disclination systems. Specifically, we discuss the stationary behavior of systems of
an even number, N, of disclinations dy = (yx, sx), with k = 1, ..., N, such that the
condition of “zero total charge” holds true, i.e., g:l s = 0, and the Frank angles sy

are pairwise taken as “+1” and “—1”.

Disclination systems with an initial “random” distribution. We first simulate
a family of systems of N disclinations in which the defects are placed, at time
t = 0, in random points of the unitary disk, representing the elastic domain in
the non-dimensional setting. The disclinations organize themselves according to
Equation (7.24). The simulated trajectories are reported in Figure E.1 and tracked
from ¢t = 0 to a time ¢ = T, large enough to simulate the stationary state.

As can be seen from Figure E.1, the highly nonlinear right-hand side of Equation
(7.24), due to the structure of Equation (7.25), makes the disclinations follow
trajectories that strongly deviate from straight lines. In fact, such trajectories feature
nontrivial curvature, “almost-sharp” turns, and turnarounds. These phenomena make
the motion of a single disclination difficult to track, while they suggest quite naturally

to look at the collective motion of the disclinations as a whole.
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By recalling that the disclinations reorganize themselves due to their mutual
interactions, through the elastic energy, and also due to the influence of the boundary,
Figure E.1 makes it easy to see that the disclinations of a given pair, which are
sufficiently near one with the other, tend to merge. This leads to their mutual
annihilation in the limit in which time tends to infinity. In turn, disclinations which
are sufficiently far away from other disclinations perceive, as leading force, the
attraction towards the boundary, thereby following trajectories that asymptotically
terminate there. These are all indications of emerging behaviors that could be further

investigated.

Disclination systems with an initial “structured” distribution. The second
family of scenarios that we simulate consists of two systems of disclinations in
which, at time 7 = 0, the defects are placed so as to form structured patterns and the
charge distributions respect some prescribed symmetries. Specifically, we consider
the scenario in which disclinations of positive and negative Frank angles are well
separated into two regions of the disk (see Figure E.2a) and the scenario in which
the disclinations form successive layers of positive and negative Frank angles (see
Figure E.2b). Although the disclinations are arranged according to predetermined
patterns, in this experiment some randomness is introduced in their initial positions

in order to break the geometric symmetry.

It is interesting to notice that, as shown in Figure E.2a, the positive and negative
disclinations that are initially found at the “interface” between the two regions are
attracted towards each others, identifying, in the stationary limit, a central region in
which the “collisions” generated by these disclinations appear. On the same footing,
the disclinations which are the farthest at the initial time from the “interface” will
all behave the same, independently from their Frank angle. In fact, they approach
the boundary almost radially (we say “almost” because of the influence of the other

disclinations).

Concerning the case pictured in Figure E.2b, also in this scenario the initial
structure is lost due to the mutual interactions among the disclinations. Still, it is
remarkable that the disclinations of different layers move towards each others and the
“collision points” approximately lie over the middle line identified by the two layers.

As in the previous case, the disclinations nearer the boundary are attracted towards it.
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(c) N = 80. (d) N = 100.

Fig. E.1 Trajectories of four systems of N disclinations initially placed at random points.

(a) “Initial charge separation” (N = 60). (b) “Initial layerings of charges” (N = 66).

Fig. E.2 Two examples of systems of N disclinations having an initial structure.
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