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Introduction

In 2006 over 160.000 hip replacement surgeries were counted in Germany, vastly increasing
regarding the ageing society. Of these operations almost 20.000 were secondary interven-
tions, requisite due to wear, dislocation or fixation failure of the implant [8]. Although
not entirely, the success of a hip replacement and a pain-free long-time behaviour of
the joint depends heavily on the experience of the surgeon and a good pre-operational
planning. This planning is usually done based on X-ray data only. The anatomical
centre of rotation and implant size and position are settled by using simple templates
[76]. Recent approaches to digitalise this templating exist [98] but they do not close the
clear gap between the purely geometric construction in 2D and the three dimensional
dynamic reality. First software tools based on CT or MRI data were developed recently.
These allow to perform a virtual range of motion analysis based on the assumption that
the hip joint is a perfect ball and socket joint and hence the centre of rotation stays
fixed [24]. These approaches have the disadvantage that no proper stability analysis of
the joint centre under loads can be performed and thus detection of possible dislocation
cannot be done.

With the work in this thesis we want to contribute to the improvement of present surgery
planning by introducing a patient-specific finite element hip joint model for virtual
testing. Based on the statistical shape model [85] the model provides the possibility of
an automatic construction from CT data. In this thesis we focus on using this model for
a range of motion and impingement (contact) analysis. The most important part of such
a virtual testing framework is the modelling of contact and its fast and robust numerical
solution, which is the main focus of the first part of this thesis.

Although dynamic large deformation contact problems arise in many industrial applica-
tions like auto mobile engineering or biomechanics, only very few methods exist for their
solution, all having their advantages and disadvantages. Most of these methods are based
on the continuous contact model by Laursen and Simo [90]. In this approach the contact
traction forces are explicitly included in the weak formulation and treated as additional
unknowns. In this thesis we will follow a different path that first appeared in [70]. Using
non-smooth calculus [99] we will properly derive a differential inclusion depending only on
the deformation. The idea is to incorporate the non-penetration constraints directly into
Hamilton’s principle from which the weak equations of motion are derived. This approach
can also be used for general constrained Hamiltonian systems as it does not depend on the
explicit form of the constraints. Hence also more general contact descriptions, e.g. only
demanding the intersection of two bodies to be empty, can be treated formally. Analysing



Contents

this abstract description in the framework of subdifferential calculus might even lead
to new existence results, which have been derived recently for a similar formulation of
Signorini-type problems by Schuricht [122].

The discretisation of large deformation contact problems is complicated by the non-
linearity, geometric and material, of the equations of motion and the non-penetration
constraint.

In the framework of linearised contact, i.e. displacements are assumed to be small, many
successful time discretisation schemes based on the Newmark family were developed
(34, 78]. Unfortunately, for the large deformation model one can observe that, even
in the absence of contact, most of these classical integrators loose their unconditional
stability [125]. The reason for this is that spectral stability is only a necessary condition
for stability in non-linear structural mechanics. Belytschko and Schoeberle showed that
in non-linear mechanics the conservation or decay of the total energy is a sufficient
criterion for the stability of implicit schemes [18]. In combining this conclusion with
classical time integrators, Simo and Tarnow introduced the Energy—Momentum method
[125], which is the prevalent basis of most time integrators for large deformation contact
problems. A more detailed overview of present time discretisations can be found in
Section 2.1. The idea of this method is to algorithmically enforce conservation of energy
by adjusting the implicit midpoint rule suitably in each time step. One drawback of this
approach is that the conservation is achieved at the cost of loosing the symmetry of the
underlying tangent stiffness operator [84]. Now our motivation for investigating contact
problems has its origin in virtual medicine where short computing times and hence a fast
numerical solution is of importance. On the other hand the evolutions of interest, e.g.
the range of motion of the hip joint, need to be resolved in very high detail to predict
the resulting stresses accurately. With this mind, our first experimental choice for the
discretisation of the non-standard differential inclusion, is the implicit midpoint rule.
As clinical application in general require a high resolution of the trajectories we neglect
the restricted stability. In the presence of contact numerical experiments showed that
the midpoint rule is generating energy. Motivated by the predictor-corrector method
in [70], we propose to stabilise the midpoint rule by modifying the generalised gradient
term, which corresponds to the implicit contact forces. This results in a dissipative-like
behaviour. In Section 4.4.3 we investigate the scheme numerically and suggest further
stabilising steps to improve the method further.

A second difficulty of contact problems is the discretisation of the non-penetration
constraint which involves identifying the discrete contact boundaries with each other, see
Section 2.2 for a more thorough overview. A widely used approach is the Node-to-Segment
method [7, 65]. Therein, each node of one surface is identified with a segment on the
opposing surface and non-penetration is enforced for each of these nodes. Recently the
use of mortar methods became more and more popular [79, 93]. The idea is to enforce
the contact constraints in a variationally consistent manner which improves the stability
of the underlying methods significantly [93]. Krause and Wohlmuth proposed to use
dual basis functions for the mortar discretisation of linearised contact problems, which
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enabled them to decouple the non-penetration constraints and to apply fast monotone
multigrid solvers for the solution of the algebraic problems [79]. In this thesis we extend
this approach to large deformation contact problems. First, we note that when dealing
with large deformations, the mortar discretisation requires to integrate the constraints
over the deformed configuration to account for the changing contact boundaries [65].
This prevents a simple decoupling as in the linearised case [79].

As mentioned before, methods that are based on the Energy—Momentum scheme do not
inherit the symmetry of the continuous tangent stiffness operator. The resulting algebraic
non-linear systems are usually solved using an active set strategy [68, 62, 66 or penalty
methods [93], see also Chapter 4. In our approach we exploit that the resulting spatial
problems of the stabilised midpoint rule can be reformulated as constrained minimisation
problems. In this thesis we develop a solver based on sequential quadratic programming
(SQP), i.e. the successive local approximation of the non-linear functional and constraints
by quadratic models. As hyperelastic materials are in general non-convex, we apply a
trust—region globalisation strategy to cope with the possible unboundedness of the local
problems. In the case of non-linear constraints further adjustments of the trust-region
method have to be made, as the intermediate iterates are in general not feasible w.r.t the
non-linear constraints. A novel approach that is avoiding any penalty parameters is the
filter method [45]. The idea is to accept a trial point if it either has a lower energy or a
better feasibility w.r.t. the non-linear constraints than previous iterates. Under suitable
conditions this method is shown to converge globally [46]. When applying this algorithm
to large deformation contact problems, the linearised constraints are almost of the form
as in the small strain framework, which could be decoupled into bound constraints [79].
Therefore, we extend the standard filter—trust-region method to allow inexact constraint
Jacobians, namely the portion which allows to employ the same decoupling strategy. The
mechanism of this inexact filter method works as follows: Solve inexact local problems
until an approximate convergence criterion is fulfilled. Then, if the exact convergence
criterion is not fulfilled, switch to solving exact local problems.

The inexact local problems are quadratic, non-convex and subject to simple bound
constraints. To this end, we extend the monotone multigrid method [79, 54, 55] and
prove global convergence for this class using the framework of upper hemi-continuity, see
Section 3.1. A short overview of solvers for non-linear obstacle problems can be found
in Section 4.4.1. In Section 3.4 we also prove that the inexact filter method converges
globally when the approximation error, that we make by using inexact Jacobians, is
controlled. Numerical results showed that already for small problems the computation
time could be reduced up to 30% when the inexact filter method is used, see Chapter 4.

The second part of this thesis is concerned about the description of a heterogeneous hip
joint model and a computational framework for a range of motion and femoroacetabular
impingement analysis. The mathematical model is a direct extension of the knee joint
model, introduced in [117, 120], to large deformation contact. The model comprises
the pelvis and femur bones and the three major ligaments. Further, cartilage can be
incorporated but is not considered here due to the usual lack of MRI data in practical
applications. The bones are assumed to be three dimensional hyperelastic materials and
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large deformation contact is enforced between the femoral head and the acetabulum. As
proposed by Sander [117], we use a one-dimensional Cosserat rod model for the ligaments.
The main assumption in this model is, that the cross-sections of the rod do not deform and
hence can thus be considered to be rigid objects. The configuration space of a Cosserat rod
is a manifold, the special Euclidean group, and standard finite elements cannot be applied
any more. One way to handle this difficulty is to exchange the linear interpolation by
interpolation along geodesics, leading to geodesic finite elements, introduced by Sander in
[117]. The range of motion of the hip joint can only be estimated correctly if additionally
non-penetration between the bones and ligaments is enforced. We neglect the traction
forces that the ligaments exert on the bones and consider Signorini-type problems for
the ligaments. In this thesis we introduce a novel contact model for Cosserat rods and
propose a first nodal discretisation. For the numerical solution of the corresponding
algebraic problem we combine the Riemannian trust-region method [116] with a filter
mechanism. The coupling of ligaments and bones lead to transmission conditions on the
coupling interface, derived by Sander in [117]. The resulting heterogeneous problems
is solved using a Dirichlet-Neumann algorithm [115]. This has the advantage that the
heterogeneous system decouples and successively large deformation contact problems for
the bones and Signorini-type problems for the ligaments are solved using the methods
described in this thesis.

The thesis is organised as follows. Chapter 1 covers a detailed introduction to large
deformation contact between hyperelastic continua and a derivation of the weak equations
of motion in the classical way. We then introduce a non-smooth Hamilton principle
and construct a non-standard differential inclusion. We close the chapter by showing
that classical solutions fulfil the differential inclusion. Chapter 2 is concerned about the
temporal and spatial discretisation of the inclusion. We apply the implicit midpoint rule
and describe the modification leading to an improved energy behaviour. Then we shortly
depict the spatial discretisation using dual mortar elements and the derivation of the
algebraic problems. In Chapter 3 we first introduce an extension of the monotone multigrid
method to non-convex problems subject to box-constraints. We prove global convergence
of the scheme by reformulating it as successive directional minimisation algorithm. Then
we describe the filter trust-region method, incorporating inexact constraint Jacobians.
Expanding the original proof for the exact filter method, we show that global convergence
still holds if the approximation error is controlled. In chapter Chapter 4 we then apply
the filter method to large deformation contact problems and shortly describe how the
monotone multigrid is adjusted to handle the linearised non-penetration constraints.
We close the chapter by showing some numerical results that confirm the theoretical
convergence proofs. The proposed modified midpoint scheme is investigated numerically
and further extension to improve the method are suggested. Finally in the last chapter 5
the heterogeneous hip joint model is described and first results of an advanced range of
motion analysis are shown. The appendix of this thesis comprises a short introduction to
concepts from non-linear optimisation that are used within this thesis and the detailed
steps of the global convergence proof of the filter—trust-region method.
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1. Contact Mechanics

In this chapter we introduce the dynamic large deformation contact problem of general
non-linear hyperelastic materials. First, we derive the governing equations of motion
which arise from momentum conservation in non-linear elasticity and then show how non-
penetration between time-dependent contact boundaries can be modelled. Afterwards, we
derive the variational formulation of the problem and prove conservation of momenta and
energy under suitable conditions. Finally, based on a non-smooth Hamilton principle we
will establish a non-standard variational inclusion which generalises the weak formulation
to more abstract contact models.

1.1. Non-linear Elasticity

Let Q C R? d = 2,3 denote the reference configuration of a body which is assumed to
be stress-free. Assume further that the boundary of the domain is smooth enough such
that the outer unit normal field n : 9Q — R? exists everywhere and is continuously
differentiable. Let the boundary be decomposed into disjoint open sets 9Q = I'p Uy
which can possibly be empty. Further denote by [0, 7] the time interval of interest.

We call ¢ : Q x [0,T] — R a configuration of Q if for any ¢ € [0,7] the mapping
@i = (1) : Q — R4 is a deformation, i.e. it is sufficiently smooth, locally injective
and orientation-preserving

det V() >0 Va e Q. (1.1)

By Newton’s second law, i.e. balance of momentum, and Cauchy’s stress principle [96,
142], the equations of motion and boundary conditions of a continuum are given by

diV g —l— f(t) = pgot in SOt(Q),
omn, =m(t) on e (Ty)

(Tn), (1.2)
e: = ¢p(t) on ¢(I'p),

for each t € (0,7") and supplemented with initial deformation and velocity conditions

$o = $Po, $Po=Vo onfd

11



1. Contact Mechanics

The functions f(¢) € L?(Q)? and w(t) € L*(I'y)? are external volume and traction forces
and p is the mass density of the body. In this thesis we will assume that the mass
density is constant over time and the external forces are dead loads, i.e. independent
of the deformation. The function ¢p(t) € C(I'p)? denotes possible prescribed Dirichlet
boundary conditions, e.g. clamping of the body.

For the sake of simplicity in what follows we will sometimes omit the index ; and simply
write ¢. The symmetric Cauchy stress tensor field o : ¢(2) — S(d), where S(d) is the
set of symmetric (d x d)-matrices, represents the internal force that arises due to external
loading or boundary conditions. Its existence is assured by Cauchy’s stress principle
which also gives an interpretation of the tensor as follows. For each sub-volume V' C ()
the traction forces acting on its boundary 0V, with normal n, by the surrounding tissue
are given by

tc:=on on JdV. (1.3)

The traction force (1.3) is called Cauchy traction or Cauchy stress vector. A material is
called elastic if the Cauchy stress tensor is depending on the deformation only through
the deformation gradient and the deformed position o = o (p(x), Ve (x)).

The partial differential equations (1.2) are complicated by the fact that they are formulated
on the deformed domain ¢(£2) which is a priori unknown. The common approach in
continuum mechanics is to reformulate the problem in reference coordinates using the
first Piola—Kirchhoff stress tensor

P(z) := det(Vep())o(p(2), Vep(2)) Vep(z) ™" (1.4)

This transformation is called Piola transform and it has the advantage that the equations
of motion in reference coordinates are still in divergence form as it holds

divP(z) = det(Vep(z)) dive(p(z), Ve(x)), (1.5)
cf. [26, Theorem 1.7-1]. In reference coordinates the system (1.2) transforms as follows

div P, + fr(t) = pr @Ry in €,
P =mg(t) on Iy, (1.6)
1 = ¢p(t) onIp,

for each t € (0,7T), where the forces and density transform according to

fr = det(V,)f,
mr = det(Vepr) [ Vg, e,
pr = det(Ver)p, (1.9)

see e.g. [26, Section 2.6] and ¢, denotes the material acceleration, see [96, Chaper
1]. For simplicity in what follows, we will use the same notion f, 7, p, ¢, for both the

12



1.1. Non-linear Elasticity

reference and the deformed quantities. The Piola stress tensor has the disadvantage that
it is in general not symmetric. This is why often the equations of motion are formulated
in terms of the symmetric second Piola—Kirchhoff stress tensor

2(Ve) := Ve 'P(Vep). (1.10)

In this thesis we will only consider hyperelastic continua. A continuum is called hyperelastic
if there exists a stored energy functional W (z, F) : Q2 x M"(d) — R such that

ow

(@, Ve(e)) = Pz, Ve(x)), (L.11)

where M™(d) is the space of (d x d)-matrices with positive determinant. The relation
(1.11) is called constitutive or material law of the hyperelastic continuum. It links the
stresses to the deformation of the body and thus determines the main properties of the
considered material.

Remark 1.1.1. Usually, instead of enforcing the orientation preservation condition (1.1)
as a hard constraint, it is built in the hyperelastic energy functional such that

W(z,Ve(z)) =00 if det Vep(z) <0.

An important axiom in continuum mechanics is the objectivity of the material. It
postulates that the stress is invariant under change of coordinates

o(QF,z) = Qo(F,2)Q" VQ € S0(d) VF € M*(d), (1.12)

where SO(d) denotes the group of rotations. If the material is objective, which from
now on we will assume to hold, the stored energy functional W only depends on the
deformation through the right Cauchy-Green strain tensor

C(p) == V' Ve, (1.13)

see [21, Theorem 1.6]. This tensor is a measure for the distortion of the body which can
be seen using the shifted Green—St. Venant strain tensor

1

Blp) = 5(Cle) — 1) (1.14)

Proposition 1.1.2 (Strain Measure). A deformation ¢ is a rigid body motion if and
only if E(p) = 0.

Proof. [26, Theorem 1.8-2]

Some important examples of hyperelastic materials are the St. Venant—Kirchhoff material

Wir V) = 2 tx(B(g))? + (@) E) (1.15)

13



1. Contact Mechanics

which is derived by Taylor approximation and assuming a linear isotropic material
behaviour [21, Theorem 1.11]; and the Mooney—Rivlin material

W(z, Vo) = a(z) tr(E(p)) + b(w) tr(E())* + c(@)||E(@)||* +7(det Vep),  (1.16)

which is a general model for a non-linear stress-strain relation. The function v is penalising
the violation of the local orientation-preservation of the material, cf. Remark 1.1.1. The
norm of the strain tensor ||E(¢)|| is induced by the tensor contraction which we will
denote by : in the following. These energy functionals are in general non-convex whenever
large deformations and rotations are considered.

Remark 1.1.3. In the linearised framework when the deformation of the body is assumed
to be small, the Green strain tensor can be approximated by

Eg) ~ e(u) = %(VuT + V), (1.17)

which is the linearisation of (1.14) evaluated at the reference configuration ¢ = Id. The
displacement u is defined by

u(z) = p(x) — x.
In combination with the linear St. Venant—Kirchhoff material law (1.15) this results in
the quadratic convex strain enerqy functional

W (Vi) = %g(u) .C:e(u), (1.18)

where C denotes the 4th order Hooke tensor.

In the quasi-static case, i.e. when inertia terms are neglected, the equilibrium states of
hyperelastic materials are characterised as minimisers of the strain energy functional

J(p) = /QW(go) dx — ext. forces, (1.19)

cf. [26, Theorem 4.1-2]. To prove the existence of minimisers one typically assumes
some kind of convexity of the functional J. In [26] Ciarlet proved that any strain
energy functional that explicitly depends on det(y) cannot be convex [26, Theorem
4.8-1]. However, John Ball was able to prove existence of minimisers requiring only the
weaker poly-convexity of the functional (and additional properties such as coerciveness)
[26, Theorem 7.7-1]. Thus, for general non-convex hyperelastic energy functionals the
coefficients, e.g. a,b,c in (1.16), are typically chosen such that these properties hold.

1.2. Frictionless large deformation contact

Next we describe how non-penetration of two bodies can be modelled in the presence
of large deformations and rotations. There exist many approaches of how to enforce

14



1.2. Frictionless large deformation contact

d(x) @(T'%)
n
g(x) >0 n g(z) <0 T
v e(Te) 0

Figure 1.1.: Left: Feasible configuration. Right: Unfeasible configuration.

non-penetration of two bodies. In [70] Kane et al. proposed a contact description that
is avoiding outer normal fields. While this approach can also be applied for domains
with non-smooth boundary, it comes with the cost of having n**® many constraints for
each face on the contact boundary, where n**¢ denotes the total number of faces on the
contact boundary. Further, this approach, like most of the earlier contact models [69,
14], can only be formulated for discrete problems.

We will use the first and widely applied continuum-based model proposed by Laursen and
Simo [90], where the existence of smooth outer normal fields on the contact boundaries
is assumed. Let us consider two hyperelastic bodies Q¢ C R?, i = 1,2 with continuous
differentiable boundaries that can be decomposed into open disjoint sets 9Q¢ = T'; U
[, UT%. We assume that the contact boundaries T', are compactly contained within
00!\ T and that in the reference configuration these bodies are not exerting any traction
forces on each other through possible initial contact. As before the equations of motion
in reference coordinates are given by for each ¢t € (0,7T)

divP! +f(t) = p' ¢! in
Pin' =m(t) onIY%, (1.20)
¢, = ¢p(t) onTh,
supplemented with initial deformation and velocity conditions
‘Pf) = 957(4)7 (PE) = VCOi on Qi?
cf. (1.6). The subsets I's, denote the parts of the boundaries where possible contact may
occur. Now the modelling of non-penetration can be done in several ways. In the first
papers about continuous contact formulations [90, 87, 139] these surfaces were identified

with each other by the closest point projection ®P : T'f, x [0,T] — T'?, parametrised
over I'},

©P(z, ) = argmin [|; () — @ (y)]|- (1.21)
yerz,

This projection defines a unit vector field on ¢} (T'¢) called contact normal by

v (o,1) = (2 (O, 1)), (1.22)

15



1. Contact Mechanics

where n? denotes the unit outer normal on ?(I'4). Note that as @ is a best approxi-
mation, the vector field

Vi(x) := @} (1) — 7 0 ®P(z,1)
is itself normal to @?(I'%). Now the signed distance function of the two bodies is defined
by
G (2, ) = V(1) - (91 (2) — @ 0 D (2, 1)), (1.23)

Recently using the normal projection along n; has become more and more popular [93,
106, 66, 128]. In this case the contact boundaries are identified with each other through
the projection

D, t) = min {y € 1% 9%(y.0) = @ (,) + pml (2,)} (1.24)
pe
The corresponding distance function is given by

gla,t) == —n}(,1) - (o} (x) — @7 0 B(x,1)). (1.25)

The function ¢ : T x [0, 7] — R (and ¢°) is called gap function. Both approaches have
their advantages and disadvantages. While the closest point projection does not have to
be unique (cf. Curnier et al. [64]) and is more difficult to compute, the normal projection
is lacking orthogonality to I'Z, which is complicating the linearisation of the gap function
that is needed within the solution of the discretised problems [93]. In the following we
only consider the normal projection approach, although also the closest point gap can
be used within the discretisation and solution techniques that we will develop in the
subsequent chapters.

Remark 1.2.1. We remark here that by (1.25) the gap function clearly also depends on
the deformation

9= 9(z, 01, ¢})-
To keep the notation low we will omit this dependence in the strong formulation of the
problem as the focus rather lies on the point wise evaluation at x. When deriving and
analysing the weak integral (mortar) formulation of the constraint we will switch to
considering the gap function as a mapping between function spaces (1.3 and following).

To enforce non-penetration of the bodies one has to ensure that the gap stays non-negative
at all times
g(x,t) >0 VY(x,t) €T x[0,T], (1.26)

which is illustrated in Figure 1.1.

Remark 1.2.2. In the linearised framework where the deformation is assumed to be
small, cf. Remark 1.1.3, a first-order Taylor approximation of the gap function at the
reference configuration is used which results in the following linear constraints

g"™(x,t) == g(z,0) — (ul(x,t) —u?(x,t) o ®(x, O)) -n'(z,0) >0, (1.27)
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1.2. Frictionless large deformation contact

see [87, Section 4.4.1]. The standard linearised non-penetration constraint is then given
by enforcing that the relative displacement in normal direction stays smaller than the
wnitial gap

(u'(z,t) — u®(z,t) o @(2,0)) - n'(z) < g(z,0). (1.28)
It is also assumed that n'(r) ~ —n?(®(x)) so that both versions of the gap function
coincide in this framework.

Remark 1.2.3. The gap function can also be defined on the deformed configuration
directly g : o} (T) — R

g(x) = —n'(2) - (z — ®(x)), (1.29)

where @ : @; (TL) — @i (T'%) is the normal projection defined on the deformed contact
boundaries.

So far the non-penetration constraint was derived only from a kinematical point of view.
To investigate the effect of these constraints on the elastic systems we examine the Piola
traction

T := P(Ve')n', (1.30)
cf. (1.3), on the contact boundary T'}, in more detail. First, the Piola traction can be
decomposed into a normal and a tangential part

Te =Tyn' + Tr, (1.31)

where
Ty :=n'- (P(Ve')n'), (1.32)
Ty :=Te — Tyn'. (1.33)

In this thesis we are considering frictionless contact only so the tangential traction Tr
at the contact boundary vanishes

T¢ = Tyn'. (1.34)

Moreover the contact forces must be compressive, i.e. directed towards the inside of Q!.
This leads to the necessary condition

Ty < 0. (1.35)

The complementary condition states that the normal stress can only be non-zero if the
bodies are in contact with each other

g(x) - Ty(x) =0 Vazel}. (1.36)

Altogether these conditions are of the form of the classical Karush-Kuhn- Tucker conditions
known from constrained optimization [101]

The normal stress Ty can therefore be interpreted as a Lagrangian multiplier (or strictly
speaking the negative multiplier).
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1. Contact Mechanics

1.3. Weak equations of motion

In this section we derive the variational formulation of the dynamic large deformation
contact problem. In what follows we will use €2 to denote product spaces defined on
(Q',02). Let L2(Q) := [[>_, L*()% denote the vector-valued Lebesgue space of square
integrable functions and H(Q) := []-_, H'(Q2))? be the first order Sobolev space with
weak derivatives in L*(€2). Further, denote by HL(Q) and H}(Q2) the corresponding
Sobolev spaces with inhomogeneous resp. zero Dirichlet boundary conditions on I'%; in
the sense of traces [3].

The weak equation of motion for the large deformation contact problems is obtained
by multiplication with test functions v € H}(Q), integration over the domains Q' and
application of Green’s formula for each ¢t € (0,7)

0:/_pigbiv—divPivda:—/Aftvd:E:

/pic,biv—i-Pi:Vde—/ftvdx—/ thds—/ TLvds, i=1,2.
: : . :

Adding up both equations we arrive at the following variational equation
4 (i9,) + F(p,) = B4 (1) + F*(T), (1.38)

where the operators F* : H!(Q2) — R representing the internal, external, inertial and
contact force terms are defined according to

FY (g, v) Z/ PV d, (1.39a)

F' (i, v) = Z/_Pi(vcpi) L VvV dr, (1.39b)

2
F'(t,v) ::Z/ ftvidzv+/ v ds, (1.39¢)
i=1 Y Iy
2
F"(T¢,v) ::Z/ T: v ds. (1.39d)
i—1 /T

The contact forces (1.39d) arise from the non-penetration constraints and are a priori
unknown in contrast to the external tractions 7r;. To simplify this term we first push-
forward the contact tractions T¢ to the deformed configuration ¢(2)

FuU to,v) = / tovids + / t2 v ds. (1.40)
#i(TE) #7(TE)
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1.3. Weak equations of motion

Figure 1.2.: Contact traction forces at the active contact boundary.

From the Karush-Kuhn-Tucker conditions (1.37) we know that the contact tractions
t4(z) at some point * € ¢(I'¢) vanish if no contact occurs. As a result, we can
restrict the contact forces to the active contact boundaries, which we will denote by 7%,
correspondingly, see Figure 1.2.

Fcon(tc,v):/ tov! ds+/ tZ v? ds. (1.41)
gl &

Next, we identify the contact boundaries with each other through the normal projection
(1.24). By the balance of forces it holds

tods = —t7, 0 @ ds.
Therefore, we can parametrise the contact forces over ¢ only:
FuUte,v) = / to(vi —v2o ®)ds, (1.42)
gle
which again, as in (1.34), can be decomposed into a normal and vanishing tangential part

FuU ty,v) = /1 tyn' (vl —v?o ®)ds. (1.43)

Yo

Remark 1.3.1. The normal contact pressure tn acts as a Lagrangian multiplier cor-
responding to the non-penetration constraints, which can be seen from the following
equivalent reformulation [87, Section 4.4.1] of the contact forces

Fty,v) = /1 tnog(ps) vds,
Y

C

where the gap g is considered as a function

g HY(Q) — H3(TL), ¢ g(p),
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1. Contact Mechanics

cf. Remark 1.2.1, and 6g denotes the corresponding directional derivative

d
og(pr) v = %9(% + hv) p=o.

Summarising, the weak equations of motion are given as follows:
Find ¢ € C([0, 7], Hy(Q2)) with weak derivatives

¢ € H2 ((0,7),12(Q)), ¢ e L*((0,7),H (), (1.44)
and ty € L*((0,7), H_%(I’lc)), such that
FY(p,) + F™ (o) = F™(t) + F°(ty) a.e. on (0,7), (1.45)

where the operators F&¥ Fint FextFeon are defined according to (1.39), (1.43) and it
holds

Yo = Po, $Po=Vo on

Existence and uniqueness of solutions

The existence and uniqueness of solutions of dynamic contact problems is still an open
question. In the linearised framework of small displacements, cf. Remark 1.2.2, the
existence and uniqueness for the weak formulation is well known [117, Lemma 3.2.1]. First
results on contact problems with friction can be found in [138, 36]. Recently Schuricht
derived a general existence proof for static large deformation contact problems between
a poly-convex hyperelastic continuum and a rigid obstacle [122, Theorem 3.3] using
the concept of generalised derivatives and non-smooth calculus [27]. Generalising this
approach to an abstract two-body-contact formulation, combined with the non-smooth
Hamilton principle that we will introduce in the upcoming section could lead to new
insights regarding the existence of minimisers.

Conservation of momentum and energy
In this paragraph we prove conservation of linear and angular momentum of the weak
formulation (1.45) in the absence of external forces. Afterwards we will show that the

total energy is conserved if the persistency condition holds, cf. [88].

We assume that the external body and traction forces vanish, f; = 7r; = 0 and that there
are no Dirichlet boundary conditions I'p = (). The total linear and angular momentum
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1.3. Weak equations of motion

of the system are defined by
K, = / plor d —|—/ p*o? de, (1.46)
0l

ﬁ:/ﬁﬁxﬁw+/ﬁﬁxﬁw, (1.47)
Ol 02

where ¢! denote the material velocities.

Proposition 1.3.2 (Momentum conservation).
(i) The total linear momentum is conserved

d
— K, =0.
e

(ii) The total angular momentum is conserved
d
—Jy = 0.
™t

Proof. (i) To show the conservation of linear momentum we first insert a translation, i.e.
a spatially constant function v(z) = ¢ € R? as a test function into Equation (1.45)

0= den(cpt, c) + Fint(cpt, c) —F“(ty, )

=FY(p,,c) + / tyn'(c—c)ds

ol

2
()
i=1 v
d
(dth) “

which implies %Kt = 0 because ¢ € R? is arbitrary.

(¢4) Similar for the conservation of angular momentum we insert the time-dependent test
function v = ¢ X ¢, c € R? into (1.45)
0 =FY (@, v) + F™(p,,v) — F(ty, v). (1.48)

We will now investigate these terms in more detail separately. A straight-forward
calculation yields

F&% (e, v PP (¢ X ¢y d:c—/psotxsbtdw-c
Q

PP X P+ X @) dx - ¢

Il
SRS
b
N———
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1. Contact Mechanics

Before we show that the internal force vanishes, we first bring to mind that the cross
product can equivalently be written as a matrix-vector multiplication (here for d = 3)

c=axb<=c=Ab (1.49)

where the skew-symmetric matrix A is given by

0 —as Q9
A= a3 0 -
—ay aq 0

Now one can deduce
F™ (@, v) = / P(Vey) : V(e x ¢p) doe = / P(Vey) éVSOt dx
Q Q
= / VS, : C Ve de = / VSVl : Cdr =0,
Q Q

where 3 is the symmetric second Piola-Kirchhoff tensor (1.10). The third equality
follows from basic tensor contraction rules. As VX V! is symmetric and ¢ is skew-
symmetric, their contraction is zero. The contact force term also vanishes by definition
of gap function

Fu ty,v) = / tyn' - (c x ¢f —c x i o®)ds
g
:c-/ tyn' x (of —pro®)ds =0,
'Yl

C

where the last equality follows from the collinearity of normal gap (¢; — 7 o ®) and the
outer normal n', cf.(1.24). Combining all steps then leads to the conservation of angular
momentum. [

To prove energy conservation one further has to assume that the so-called persistency

condition holds
g-ty =0. (1.50)

This assumption states that non-zero contact forces only occur during persistent contact.
Many time discretisations for contact problem ensure energy conservation by enforcing
this condition algorithmically [7, 66, 88]. Nevertheless, this assumption is considered to
be invalid for many applications, see [87]. For simplicity we restrict ourselves to the case
of vanishing external forces, the result can be extended to the case of dead loads, see [87,
Section 7.2.1].

Proposition 1.3.3 (Energy conservation). If the persistency condition (1.50) holds and
the external forces vanish, then the total energy

E(pi, 1) = E<" (1) + B (1), (1.51)
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1.3. Weak equations of motion

where

E (¢ Z/ P "Pt| dz,
EP () : Z WZ (V) du,

18 conserved.

Proof. We insert the material velocity ¢, as a test function in (1.45)

0 =F" (1, 1) + F (1, 1) — F(tw, ¢1)

d d i . con ]
- %EPOt((lOt) + %Ekm(%ﬁ) - F (tN7 ‘Pt)a

where the equality follows from application of the constitutive law (1.11) and the chain
rule. Due to the persistency condition the contact force term vanishes

Fcon(t]\h (Pt) —_— /
’Yl

C

thl-(cp%—cpfoC[))ds:/ tngds =0,
o

1
C

which concludes the proof. n

A variationally consistent formulation of non-penetration

We now derive an equivalent variational formulation of the non-penetration constraint
(1.26), which has been done for the case of small deformations in [138, Lemma 2.1]. Let
us consider the set of admissible deformations

K:={peHpQ): g(¢) >0 ae onl}, (1.52)

where we assume that the normal projection ® : T, — TI'Z and the normal field
n! : ', — R? are smooth enough such that the gap function maps into the trace space
Hz2(IL)
1
HJ(Q) 5 @ — gli) € HE (). (1.53)

Note that as we assumed the contact boundary to be compactly embedded in 9Q \ T'},, it
suffices to consider the standard trace space and its dual

W= H2(TE),
M = H2(TL).
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1. Contact Mechanics

The cone of positive functions and dual functionals is denoted by
Wt :={veW:v>0},
MT = {,u €M : {p,0)pyxw >0,Vov € W+},

where (-, )y« denotes the dual paring of the trace space. We will just write (-, ) if the
spaces are clear from the context.

Proposition 1.3.4. Let the non-linear function b: M x H'(Q2) — R be given by
b, ) = (1, 9())- (1.54)
Then, the feasible set (1.52) is characterised by
K={oeHL(Q): b(u,) >0, YpeM}. (1.55)

Proof.
(i) If g(¢) > 0 in the L? sense, then by definition b(u, ) > 0 for all p € M+.

(i7) Now assume that for some ¢ € HL(9) it holds that b(u, @) > 0 for all u € M*. To
derive a contradiction suppose that g(¢) < 0 on some subset Y C I't, with meas(Y") > 0.
Let xy € L*(T'E)T € M denote the characteristic function of the set Y’

xv(s) = {é e (1.56)
Then
r0) = borale)) = [ avate)ds= [ geras<o )

which contradicts the assumption. Above we used the fact that
W C LATL) = (LATh) € M (1.58)
is a Gelfand triple. Hence, it holds for f € (L*(T'})) and u € W

(fyu)prxw = (f,w)(r2yxre = /Fl fuds,

see [61, Section 6.3.3]. O

1.4. A non-smooth Hamilton principle

In this paragraph we introduce a way to derive weak equations of motion for general
Hamiltonian systems with inequality constraints. Therefore, we apply a non-smooth
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1.4. A non-smooth Hamilton principle

Hamilton principle, first postulated in [70] without providing the correct non-smooth
calculus to derive the resulting weak equations. Here we will introduce this principle in
more detail and properly derive the weak formulation using the theory of generalised
gradients and Fréchet subdifferentials [99, 100]. This approach has the advantage that
the Lagrange multipliers, i.e. the contact pressure ty, are treated completely implicitly.
Consequently, only constrained problems for the primal variable have to be solved.
Following Marsden et al. [70, 96] we first define the Lagrangian of the mechanical system
as the difference of kinetic and potential energy

. g o 1 :
Le.9) = B(¢) - B™(g) = 5 [ plefdt= [ W(g)ds, (159
Q Q
where W denotes the hyperelastic strain energy (1.11). For mechanical systems with

smooth Lagrangian function Hamilton’s principle states:

Principle 1 (Hamilton’s principle). The true evolution ¢ : Q x [0,T] — R? of a
mechanical system between two fixed states o(-,0) = o, @(,T) = r renders the
action integral stationary

T
0=0Z(p) = 5/ L(p, ) dt, (1.60)
0
where ¢ denotes the first variation

0Z(p)v = lim Lo +hv) - I(go).

h—s0 h

(1.61)

If the Lagrangian is smooth the first variation of the action integral can be characterised
by calculating the directional derivative along smooth perturbations v € C5°(]0, 7], R)
with zero boundary values v(0) = v(T') = 0,

stion = [ (Geediv+ oo p)v) i
- [ (e -2500) v (1.62)

where the second equation is obtained from Green’s formula. By assumption the first
variation is vanishing for all test functions v € C§°([0,7]) which implies the Fuler—
Lagrange equation

oL . d OL

%(‘Pt,ﬂot) - %a_cp(% @) =0 a.e. in(0,7) (1.63)

Remark 1.4.1. As expected, in the case of non-linear hyperelasticity the Fuler—Lagrange
equation coincide with the weak equation derived in the classical way, cf. Section 1.3

FU(p,) + F™(p,) = F=(t) a.e. in (0,T). (1.64)
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1. Contact Mechanics

Figure 1.3.: Left: Subgradients of a convex function. Right: Directional Gateaux derivative
of a non-convex function.

Next, we extend this principle to constrained non-convex mechanical systems like the
one at hand. Following the idea of Kane et al. [70], we consider the indicator function of
the set of admissible deformations (1.55)

Ii(p) = {O pek, (1.65)

oo else,

and incorporate it into the potential energy of the mechanical system. This results in
the non-smooth Lagrangian

L(p, @) := L(p, ¢) — Ix(ep). (1.66)

This can be seen as an exact infinite penalisation to ensure that the trajectory of the
mechanical system stays within the feasible set. In the following we repeat some results of
non-smooth calculus and generalised derivatives which will be useful for the construction
of a framework for non-differentiable Lagrangians. For convex functions a well-established
extension of a differential is given by the concept of subdifferentials, see Ekeland and
Temam [38].

Definition 1.4.2. Let L : H}(Q) — R be convex. A subgradient at ¢ € H}(Q) is a
linear functional f € H™1(Q) := (H}(2))’ such that

(f.v) < Le(p,v) =1lim Lip+ h? — L(p)

Vv € H(Q), (1.67)

where L¢ is the directional Gateauz derivative of L.

The convex subdifferential is defined as the collection of all those functionals
OL(p) = {f cH Q) : (f,v) < Lg(p,v) Vve H(l](Q)} (1.68)

In Figure 1.3(left) this concept is illustrated. When the function is smooth the subdiffer-
ential reduces to the classical derivative OL(¢) = {L'(¢)}, see [121, Proposition 4.1.8];
therefore, this concept is a real extension of differentiability.

A generalised criterion to characterise minimal points is given as follows:
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1.4. A non-smooth Hamilton principle

Proposition 1.4.3. Let L : H) () — R be convex. Then ¢* € HL(Q) is a minimizer
of L if and only if
0 € IL(¢e"). (1.69)

Proof. [111, Theorem 10.1]

For convex functions the directional Gateaux derivative always exists, even if the function
itself is not differentiable ([121, Theorem 4.1.3]). In the non-convex case the subdifferential
defined by (1.68) does in general not lead to a satisfactory calculus, as e.g. dL(p) =0,
cf. Figure 1.3(right). A first generalisation of this concept to non-convex, local Lipschitz
functions was proposed by Clarke. He replaced the directional Gateaux derivative, which
does not need to exist in this case, by an upper convex sub-linear approximation ([121,
Definition 7.3.1],[27]). Kruger and Mordukhovich [99] then extended this framework to
arbitrary non-Lipschitzian functions, like Ii, introducing the Fréchet subdifferential [52]

O L(p) = {f c H'(Q) : liminf Lietv) - Lip) = {f:v) > O} :

v—0 vl

(1.70)

For this subdifferential only approximate calculus rules hold in general, e.g. sum- or
chain rules([121, Section 9.2]) and it is strongly linked to lower semi-continuous functions:

Lemma 1.4.4. Let L : H}(Q) — R:=R U {—00,00} and ¢ € H}(Q). If 0¥ L(p) # 0
then L s lower semi-continuous at .

Proof. [82, Proposition 1.7]

Remark 1.4.5. A richer and exact calculus was established recently for the Mordukhovich
subdifferential which is based on generalised normals and extremal principles [99, 100]. In
our case the non-smoothness arises from the indicator function Ix which is lower semi-
continuous for closed IC. Consequently we restrict ourselves to Fréchet subdifferential.

The indicator function enters in the potential energy and is subtracted from the La-
grangian. Thus it is suitable to use an upper approximation of the functional to extend the
Hamilton principle. The upper construction corresponding to the Fréchet subdifferential
is called Fréchet superdifferential.

OrL(p) = {f e H(Q) : lmsup L2 TV —LlO) = {Ev) o} . (1.71)

v—0 ||VH1

The relation between both differentials is given by
O L(p) = —0"(~L), (1.72)

see [99, Definition 1.86] and it holds
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1. Contact Mechanics

Proposition 1.4.6. Let L : H)(Q) — R and ¢ such that L(p) is finite. Then
OFL(p) # 0 and OrL(p) # 0 if and only if L is Fréchet differentiable at ¢. Then

O"L(p) = 9rL(p) = {L'(v)}.

Proof. [99, Proposition 1.87].

Moreover, characterisation of critical points is given by the Fermat rule

Proposition 1.4.7 (Generalised Fermat rule). Let L : H{(Q) — R and ¢* € H}(Q)
be a locally stationary point with L(p*) finite. Then

0 € 0" L(p*) UdrL(p). (1.73)

Proof. [99, Proposition 1.114].

The generalised Fermat rule now allows us to extend Hamilton’s principle to non-smooth
mechanical systems.

Principle 2 (Non-smooth Hamilton principle). The true evolution ¢ : Q x [0, T] — R?
of a mechanical system between two fized states p(-,0) = o, @(+,T) = @ renders the
action integral stationary

0 € 0" Z(p) UOrZ(ep). (1.74)

The corresponding equations of motion for Lagrangians of the form (1.66) can be
characterised as follows:

Theorem 1.4.8. Stationary points of the action integral, where the non-smooth La-
grangian is given by (1.66), fulfil the following Fuler—Lagrange inclusion

d oL . oL

Proof. To prove the proposition we need the following sum rule:

Proposition 1.4.9 (Sum rule). Let L, I : H}(Q2) — R be finite at ¢ € H}() and L
be Fréchet differentiable at ¢, then

0" (L + Ix)(p) = L'(p) + 0" I (). (1.76)
Proof. [99, Proposition 1.107]

By Proposition 1.4.6 exactly one of 9" Z(¢) and 0rZ () is empty when Z is not differen-
tiable at . We will thus consider both differentials separately

0€9Z(p), 0c€IrI(p).
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1.4. A non-smooth Hamilton principle

First we apply the sum rule to the principle (1.74) considering only the Fréchet subdif-

ferential: .
orzie) = ([ Liep)at)
0

As —Ix(+) is upper semi-continuous (K is closed), the function

!/

+oF /OT CIe((t)) dt. (1.77)

o / Ie(p(t)) di

is as well upper semi-continuous by Fatou’s lemma. By Lemma 1.4.4 we conclude that
OFZ(¢p) = ) whenever ¢(t) € OK for some t € (0,T). If ¢ stays in the interior of the
feasible set IC at all times, then the superdifferential and subdifferential coincide. Hence,
we can restrict ourselves to the superdifferential

0 € OpZ(p) = —0"(-I)(¢p) <= 0 € 0" (-I)(¢). (1.78)

Applying the sum rule to (1.78) yields

!/

D)= ([ ~tierar) +0" [ ictotna (179

The derivative of the smooth part is characterised by

(/OT —L(p,$) dt)lv _ /OT <%g_i(so7 $) — g—i(%@) v dt, (1.80)

cf. (1.63). The second term is given as

T .
0 € K a.e. in (0,7),
| et ae= { ° 00 (1.81)
0 oo else.
Combining these two equations yields the result. O

For the large deformation contact problem the Euler-Lagrange inclusion is given by
0 € F¥(p(t)) + F™(p(t)) — () + 0" Iic((1)), (1.82)

with K given by (1.52) and the operators F&¥® Fit Fex are defined as in the classical
weak formulation, cf. (1.39a) and Remark 1.4.1.

Now we will show that for smooth contact boundaries solutions of the classical weak
form (1.45) are also solutions of the differential inclusion (1.82).

Theorem 1.4.10. Let (p,ty) be a solution of the classical weak equations of motion
(1.45) and the contact boundaries be continuously differentiable, then @ is also a solution
of the inclusion (1.82).
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1. Contact Mechanics

To prove the theorem we have to establish that the contact force term
Feom (4 v) = / txdg(p)v ds.
gl
is contained in the Fréchet subdifferential O Ic(¢). Therefore, we first pull-back the

contact forces on the reference domain

FCOH(TN,V):/ Tnog(p)vds. (1.83)

1
1—‘C

Next, we reformulate the non-penetration constraint (1.26) as a non-smooth scalar
function

G(‘P) = esssup _9(907 ')7 (184>
e
where ¢ is the normal gap function
g(p,x) == —n'(2) - (¢'(x) — ¢* 0 (x)),
cf. (1.25). By definition it holds
G(p) <0<=g(p,") >0 ae. onTg.

For the proof we need the following two results

Proposition 1.4.11. Let G : H}(Q) — R U oo be proper and locally Lipschitz on a
neighbourhood of ¢ € HY(Q) with G(p) = 0. Set

K:={pecH(Q): G(p) <0}.

Moreover, assume that 0 ¢ 0°G(p), where ¢ denotes the Clarke subdifferential

°Glp) = fcH(Q): (f,v) < lirr;f()up %(G(go +hw) —G(p)) ;- (1.85)
Then
0" I (@) C RTOG(). (1.86)

If in addition G is strictly differentiable at @, then (1.86) holds with equality.

Proof. [121, Theorem 11.6.1] together with the fact that
0" Ix(p) C 0 Ix(¢), (1.87)

see [99, p. 14-17]. O

The Clarke subdifferential of (1.84) can be characterised as follows
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1.4. A non-smooth Hamilton principle

Proposition 1.4.12. Let ¢ € H}(Q2) and T C R? be compact. Let g(¢p,-) be upper
semicontinuous on a convex neighbourhood U of @ and g(-,x) be Lipschitz on U.
Assume that the set {g(p,z) : x € I'} is essentially bounded. Then, the Clarke subdiffer-
ential of

Glyp) = essgupg(so, s

at @ is given by

o°cle) = { [ Foto.a)utdo)  we P} (1.88)
where

M(p)={r €T : g(p,z) =G(p)},

and P[M ()] is the set of probability Radon measures with support M ().
If g(-, ) is strictly continuously differentiable on a neighbourhood U and g(-,-) is contin-
uous, then

°G(p) = { [ 99621 mt) e P[M(so)]}, (1.89)

where again & denotes the first variation, cf. Remark 1.5.1.

Proof. [27, Theorem 2.8.2]

Remark 1.4.13. The subgradients £ € 0°G(¢p) defined above act as functionals in the
following way

(£,v) = / 59(0) v ue(dz).

Proof of Theorem 1.4.10.

(i) If no active contact occurred, i.e. ty = 0 and g(¢) > 0, then 0 Ic(p) = {0} and
both formulations reduce to the problem of non-linear elasticity.

(77) From now on let ¢ be such that G(¢) = 0. If the contact boundaries are smooth
enough, then the normal projection is continuously differentiable for all z € T}, and thus
G () is locally Lipschitz. Hence, we can apply Propositions 1.4.11 and 1.4.12 and obtain
an explicit representation of the Clarke subdifferential in terms of probability Radon

measures
0°G(p) = { /
r

where M (@) C T} is the part of contact boundary where active contact occurs g(@, ) = 0.
Finally, we can use the fact that in R? the Lebesgue measure, which we denote by du, is

—dg(p, ) p(dx) : p € P[M(@]} :

1
C
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1. Contact Mechanics

a Radon measure itself, see e.g. [39, VIII Corollary 1.12], and for any positive weighting
function A € L'(T'}, dz) the measure

m(E) i /E Nz

is again a Radon measure, see [48, p.220 Nr.8]. We conclude that there exists a Radon
measure /i, such that
/F &

and therefore FU (ty) € 0 Ixc(¢p). O

—5gdutN:/ tyogdr, (1.90)
r

1
C
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2. Discretisation

In this chapter we describe the discretisation of the Euler-Lagrange inclusion (1.82).
We employ the method of time layers, also called Rothe’s method, cf. [35, Section
9.2]. In this approach first (possibly adaptive) discretisation in time is performed. The
resulting semi-discrete problems are then approximated by (possibly adaptive) spatial
discretisations which, from a theoretical point of view, are treated as a perturbation of
the time integration scheme. Therefore, this approach combines adaptive integration in
time and space. In this thesis we will not consider adaptivity but we will utilize Rothe’s
method to allow its incorporation in future work.

Usually the variational equation (1.38) is discretised together with the unknown contact
traction forces ty [44, 62, 66, 106, 93]. We will follow a different path consider the
differential inclusion (1.82). This has the advantage that no algorithmic treatment of
the contact forces (1.40) has to be done explicitly. We will show that the residual of
the fully discrete inclusion corresponds to the consistent discrete mortar contact forces,
which fulfil a discrete analogue of the KKT conditions (1.37). First in Section 2.1 we will
discretise the inclusion (1.82) in time applying a novel contact-stabilised midpoint rule,
inspired by the modified Newmark method of Kane et al. [70] and its further extension
by Deuflhard, Krause and Klapproth [34, 72]. The stabilised scheme shows a dissipative
energy behaviour which is investigated numerically in Chapter 4. Then in Section 2.2
we shortly describe how the spatial problems are discretised with standard linear finite
elements and dual mortar elements [137, 79] for the non-penetration constraint.

2.1. Time discretisation

In this section we are concerned with the time discretisation of the differential inclusion
(1.82). Most common integrators for linear dynamic systems like the Newmark schemes or
the midpoint rule can lead to a blow-up of energy when applied to non-linear mechanical
systems [125]. Belytschko and Schoeberle found, that this happens because the spectral
stability of these schemes is only a necessary, but not sufficient condition any more for
stability. They further showed that the unconditional stability of implicit schemes in
non-linear mechanics is guaranteed if the total energy of the system is conserved or
dissipated [18].

In the spirit of this stability criterion, time integration schemes for large deformation con-
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2. Discretisation

tact can be divided into two categories: the ones that introduce artificial dissipation based
on the generalised a-method [84] and the energy conserving schemes that algorithmically
enforce energy preservation. The latter use either the Energy—Momentum method by
Simo and Tarnow [125] or its extension, the discrete gradient approach by Gonzalez [51],
which was originally introduced for non-linear elastodynamics. Both are based on the
symplectic implicit midpoint rule [125], where in addition the discrete internal force term
is modified leading to energy conservation but also to an asymmetric tangential stiffness
operator. The extension of this class of integrators to large deformation contact prob-
lems is usually done by algorithmically enforcing a discrete analogue of the persistency
condition (1.50), which is necessary to prove conservation of energy of the continuous
system. The first extensions proposed in [88, 7] are enforcing energy conservation at
the cost of modified constraints, which leads to violations of the exact non-penetration
condition. This drawback is overcome by Laursen and Love through the introduction of
a discrete contact velocity which accounts for the discontinuity of the velocity during
impact [89]. Therein, the conservation of energy is recovered by computing a velocity
correction in a post-processing step. Combining energy correction techniques with the
discrete gradient approach, Hauret and Le Tallec developed a conserving method that
avoids the contact velocity update [63].

The integrators named so far are formulated only for the point wise non-penetration
constraint (1.26). In the case of variationally consistent discretisations using the mortar
method, Hartmann and Ramm combined the generalised Energy—Momentum method [84]
and the discrete contact velocity to establish an energy conserving integrator [62]. Due
to simplifying assumptions during the constraint linearisation, this method does not
conserve the total angular momentum. To overcome this problem Hesch and Betsch
re-parametrised the mechanical system in terms of invariants which naturally incorporates
conservation of momenta but also leads to generalised saddle point problems which have
to be solved within each time step [66].

In this thesis we will take a different path. As already mentioned, Energy—Momentum
methods lead to spatial problems with non-symmetric tangential stiffness operator. This
in turn prevents the use of fast descent algorithms like multigrid methods for the algebraic
solution [79, 117]. In the following we will introduce a contact-stabilised midpoint rule,
treating the contact forces completely implicitly, as done in [70] and which reduces
to the standard (possibly unstable) implicit midpoint rule in the absence of contact.
We are interested in the accurate prediction of stresses arising from contact between
complex geometries like the human hip joint and controlled by external (muscle) forces.
Accordingly a small time step size is required in any case to resolve the full process
accurately.

2.1.1. Contact-stabilised midpoint rule.

Let us split the time interval of interest [0, 7] into subintervals defined by 0 =° < ... <
tM = T, where we assume for simplicity equidistant time steps 7 = 7% := t*+1 —t*_ In the
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2.1. Time discretisation

following we simply write & to denote the Fréchet subdifferential &' and use the notation
@™ ~ p(t") to term the approximation of a quantity at the time step ¢". The midpoint
rule is constructed by approximating the deformation and velocity by a truncated Taylor

expansion
2

n+l _ n - n T_ ~n+1 n
= +TT¢+4(90 +¢"), o)
an+1 _ Son + 5 (¢n+1 + (Pn) 7

and evaluating the inclusion
0 € F¥(p(t)) + F™(p(t)) — F(t) + 0L (e(1)),

cf. (1.82), at the averaged midpoints

n+1 n
cp(tn+1/2) ~ c‘On—&-l/Z — % (2.2)

This leads to the following semi-discrete inclusion for the deformation
2 n n N in n ext (4n n
0€ Sp (" — " —7¢") + FU (1) — B (1) 0l ). (2.3)

Note that in the operator formulation above the first operator acts as follows

2 n n n
P (" =" =71 ,V)LQ(Q) Vv e Hy(Q). (2.4)

Once the inclusion (2.3) is solved the new velocity is updated accordingly to

FH =2 (" ") — (2.5)
which is an immediate consequence of (2.1), obtained by subtracting the scaled first
equation from the second one. In the absence of contact it is straight-forward to shown
that this scheme conserves the total linear and angular momentum, by insertion of test
functions v = ¢ € R? and v = ¢ x ¢""'/2 correspondingly, see [125]. The proof of
momenta conservation in the present contact formulation (2.3) is complicated by the
Fréchet normal cone Ol (¢"/2). In [70] it is stated without proof, that the conservation
follows directly from the translational and rotational invariance of the non-penetration
constraint and Noether’s theorem [97, Theorem 11.4.1]. A detailed extension of Noether’s
theorem to non-smooth Lagrangians has not been done yet and will be subject of
future work. As already observed in the linearised framework of small displacements
the energy behaviour of time integration schemes can be improved significantly when
contact forces are computed only from the resulting ¢" ™! [70, 34]. Motivated by the
predictor—corrector scheme in [70] we propose to modify the implicit midpoint rule (2.3)
such that the generalised gradient is evaluated at the endpoint ™!, This leads to

2 - n in n ext (4n n
0e ﬁp ((pn+1 _ SOn — T ) +F t(cp +1/2) _F t(t +1/2) ‘|‘8[IC(SO +1)‘ (26)
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2. Discretisation

The resulting scheme yields an enhanced energetic behaviour and stability which is
investigated in more detail in Section 4.4.3. By the generalised Fermat rule 1.4.7 all local
solutions of the following constrained non-convex minimisation problem are solutions of
the differential inclusion (2.6)

"t ek: Je"hH <Jv) VveK, (2.7)
with
J(v) = /Q 7_i2p|v]2 +2W (V _|_290n> —(v) dx, (2.8)
2 :
[(v) = = /Qp(cp" + 7¢") vdz, (2.9)

where W denotes the hyperelastic strain energy functional (1.11) and we omitted the
external forces F* for simplicity.

2.2. Spatial discretisation

In this section we will shortly describe the spatial discretisation of the differential inclusion
(1.82) using first order finite elements. Therefore, let 7;' = T,(Q¢) be regular simplicial
grids of the bodies " with maximal mesh size h > 0 and denote by N = N*(Q2) the set
of vertices of the grid. The vector-valued space of linear finite elements is defined as

Si, == Su(TH)" = {¢n € C(Q): @y linearon T, VT €T} (2.10)

To simplify notation we introduce the product space Sy, :== S} x S? with N := N1 UN?
and Ty, := T,} UT?2. The total number of vertices is denoted by N = |N| and scalar nodal
basis function A\, € Sj, corresponding to a node p € N is characterised by

L p=gq
A =0l = 2.11
bla) = 5 {O - (211)
A basis of S, is given by
B:={)\e;: peN,1<j<d}, (2.12)

where e; denotes the j'th Euclidean basis vector. The deformation and velocity are
discretised by replacing H}(2) by the finite dimensional subspace Sy o C H}(Q2). Each
element of the finite element space has a unique algebraic representation

@n €Sy <= TP RN : @, =) @, (2.13)
peEN
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2.2. Spatial discretisation

and in the following we will not distinguish between the two representations. Exchanging
the continuous operators in (2.6) by their discrete counterparts yields

2 n n .oN\T in n+1/2 ext (4n n

0e = (o™ — @ —1on) My, +Firt ()" Y D FOU2) 4 0L (@)Y, (2.14)

where M}, is the global mass matrix scaled with the density
(Mp)pg = / P ApAq dz, (2.15)

Th
and the components of the discrete internal and external forces are given by
(Fi(e; ) = / P(Ve! /) 1 WA, da,
p Tn

(FZXt(t))p:/ £(t) )\pdx—i-/ m(t) A\, ds.

Th IVS

(2.16)

What is left is the discretisation of the subdifferential 0k (¢), which is described in the
next section.

2.2.1. Dual mortar discretisation of the contact constraints

One difficulty of contact problems is the proper enforcement of the geometric non-
penetration constraint (1.26). In the last decades the use of Node-to-Segment methods
(NTS) has been very popular [7, 83, 89, 63, 65]. In this approach each node of the
so-called slave side is identified with a segment on the opposing master contact surface
and non-penetration is only enforced for these slave nodes. A further modification of
this method additionally enforcing non-penetration of all master nodes leads to the two
pass NTS method. When sliding occurs these methods generate artificial jumps in the
discrete contact forces whenever a slave node leaves the contact area or passes to another
master segment, which leads to instabilities [93].

In this context the mortar method could be called a Segment-to-Segment approach. It
was first introduced by Bernardi, Maday and Patera for the coupling of spectral and finite
element methods [19] and subsequently successfully applied as a domain decomposition
method for non-matching grids [108, 137]. The key idea of the mortar method is to
replace the point wise interface conditions, e.g. the vanishing of a jump term, by a weak
integral constraint, which is variationally consistent. It is typically derived by integrating
the point wise condition over the coupling interface of the slave or nonmortar side, the
choice is arbitrary but needs to be fixed, and multiply it with “suitable” test functions
i€ M. Here, “suitable” means, such that the method ensures enhanced stability.
Belgacem et al. first extended the mortar method to the linearised contact problem (1.28)
using nodal Lagrange multipliers to discretise the mortar space and proved a first non-
optimal a priori error estimate [17]. Krause and Wohlmuth later proposed to discretise
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2. Discretisation

NV

\

Figure 2.1.: Dual basis function in 1D.

the weak contact constraints using dual basis functions and derived optimal error bounds
under suitable assumptions [79, 138]. Puso and Laursen [93] and Fischer& Wriggers [44]
were the first who successfully applied the mortar method to static large deformation
contact problems. While the first used a penalty approach, the latter combined the
Lagrange multiplier method and an active-set strategy. Further extensions to e.g.
frictional contact [140], quadratic elements [107] and dual mortar elements [62, 106]
followed.

In the following we will consider the gap function as a mapping of ¢ only

HL(Q) 3 ¢ — g(p) € H2(74),

cf. Remark 1.2.1 and we assume from now on that g is smooth enough such that
g(@) € H2(~}). Note that we also pushed forward the gap in the deformed configuration
e = @HTL), cf. Remark 1.2.3, which will ease the discretisation and algorithmic
treatment.

In Section 1.3 we showed that for the continuous problem the strong non-penetration
constraint (1.26) (in H?2 sense) is equivalent to the variational formulation

b(p, ) =20, VpeM", (2.17)
where M* denotes the cone of positive functionals on Hz(v4)" and b : M x HY(Q) — R
is given by

b(p, ) = (1, 9(@)) 1 prh

cf. Proposition 1.3.4. As suggested in [137, 79] we discretise the mortar space M by
dual functions. For simplicial grids, on each simplex, these can be computed as a linear
combination of the Lagrange basis functions

Opir = (dA, — Z )‘q)\T VT e ’Yé‘,h (2.18)
qeT
q#p

The dual functions form a partition of one and are in general discontinuous, see Figure 2.1.
However, they fulfil the following bi-orthogonality condition

/ Ap O, ds = 65/ Apds, Ype NG (2.19)

1
Yc,n YC,n
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2.2. Spatial discretisation

This property will be crucial in Chapter 4 to decouple the non-penetration constraints.

Remark 2.2.1. In this thesis we will restrict ourselves to simplicial grids. In this case
the construction of dual functions that fulfil (2.19) can be done independently of the
deformed domain Vé‘,h' For higher order finite elements or quadrilateral elements the
dual functions are depending on the deformation of the domain, which complicates the
linearisation of the non-penetration constraint [137, 106].

The corresponding discrete mortar cone M," C M™ is given by

M} = {Mh € 0y : / ppopds, >0 Yu, €5, (757h) LUy > 0} , (2.20)

71c,h

where ©;, denotes the dual basis
Oy :=span{f,:p € /\/'(Wéh)} : (2.21)

Note that we discretise the functionals p € M by functions u, € Sh(Wé,h) in the sense

(pn, vp) = /1 fpvpds Yuy € Sh(fy};,h)‘ (2.22)
v

C,h

This leads to the following weak non-penetration constraint

/ —n'- (s —®(s)) prnds >0 Y, € Oy (2.23)
v

1
C,h

For the discretisation of the normal field n' (or contact normal, cf.(1.22)) there are
various approaches. In [44] at each quadrature point the mortar element normal at the
closest point projection is explicitly computed. Hesch and Betsch use the discontinuous
non-mortar element normal field to approximate n' [66] We will use a nodally averaged
non-mortar normals, i.e. for each non-mortar vertex p € ’yé’h with neighbouring faces
e € E(p) and corresponding face normal n, we set

2een(p) e

Np,=m—""7-
T e n) el

This approximation in general yields a smoother behaviour when sliding occurs, cf. [93,
140]. The resulting discrete non-penetration constraint gy, : S, — R™ reads

(2.24)

dnplon) = / by (s — B(s)ds, peN(L,), (2.25)
Y

1
C,h

where m := [N'(7¢,,)|. We denote the corresponding discretised feasible set by

Ky, = {goh €S, gh(SDh) > O} . (226)
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2. Discretisation

More details on the implementation of the normal projection ® : fyé’h — ’yéh can be
found in Chapter 4. We arrive at the fully discrete differential inclusion

2 . in’ n ex n n
Oe—(cpg“—go;;—mh) M, + Fi't (o %) — B4 H12) 4 01, (@Y. (2.27)

In the finite dimensional case we can explicitly compute the subdifferential 01k, (¢).

Proposition 2.2.2. Let ¢, € Kp and denote the active constraints by

Alpn) = {p € N(ve) : gnplepn) =0} (2.28)
Then
Ol (en) {Z&?Vgh,p en): ER, & < 0} : (2.29)
peEA

Proof. [121, Proposition 11.6.2]

Once the differential inclusion (2.27) is solved the discrete contact forces —F$ (o)) €
OIx, (@) corresponding to the mortar constraints (2.25) can be computed from the
residual of the inclusion

con n 2 n n p in n ext (yn
Fi () = 5 (o™ = ol =) M+ Fi () = B ). (2.30)
Analogously to the continuous case (1.37) the following discrete KKT conditions hold
g =0, tnp <0, gntnp=0, (2.31)

where the components of ¢y are given by

€A ,
(tvp)p = S P < Alen) (2.32)
0 else,
and
Fcon n+1 Z fpvgh,p n+1). (233)
peEA

Remark 2.2.3. When considering the standard weak formulation of the problem (1.38),
the straight-forward finite element discretisation of the unknown contact traction forces
(1.43) in general leads to inconsistent discrete contact forces when the mortar method
is used. This results in the loss of angular momentum conservation [93]. The resulting
contact forces of the weak non-penetration constraint (2.17) additionally include the
linearisation of the deformed integration domain yah, which vanishes in the continuous
case due to the KKT conditions (1.37), see [44]. In the discrete case however, this is
not true any more. To recover the consistent discrete contact forces (2.29) typically a
contact potential is postulated to derive them [93, 66], which is motivated from equality
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2.2. Spatial discretisation

constrained Hamilton systems, see [20]. In the non-smooth Hamilton approach presented
in this thesis (1.82) this construction is not necessary as the contact forces only enter
implicitly. This allows us to discretise the continuous problem in the standard way by
substituting the continuous spaces by finite-dimensional subspaces.

Conservation of linear and angular momentum is inherited from the continuous problem
if the discrete contact forces are again translational and rotational invariant. The proof
is rather technical because the exact linearisation of the discrete weak non-penetration
constraint (2.25) has to be analysed step by step. Therefore we will omit the proof here
and refer the interested reader to [66, Section 3.3] or [106, Section 3.5]. We will return to
this point in the numerical study of the time discretisation scheme in Section 4.4.3.

In the small deformation framework optimal discretisation error bounds for the dual
mortar discretisation were shown recently when the normal field is constant on I'f, and
additional technical assumptions

le = enlle o) + 1l = pnll g ) < P o ey (2.34)
where € M+ and py, € M," denote the dual Lagrange multiplier corresponding to the
contact constraint, see Wohlmuth [138]. An overview of further results on quadratic
finite elements and frictional problems can be found in the overview article [138]. In the
large deformation framework to our knowledge no discretisation error bounds exists yet.

Like in the time-discrete case solutions of the fully discrete inclusion (2.27) can be
calculated by solving the following non-convex non-linear minimisation problem.

ert ey Jler™) < J(vi) Vi € K, (2.35)
with
1 +on
T (Vh) = —ViMuvi + 2/ W (%) — (v, (2.36)
Q
2 .
1) = VI (g + 765, v). (2.37)

cf. (2.7). Note that we again omitted the external forces, they can be incorporated if
suitable external potentials exist.

The next chapter focuses on the construction of fast and globally convergent algorithms
to solve the minimisation problem (2.35).
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3. Filter—Trust—Region-Multigrid
Methods

The aim of this chapter is to describe the construction of a fast and globally convergent
algorithm for the solution of the discretised large deformation contact problem (2.35).
With this goal in mind we will consider general non-linear non-convex constrained
minimisation problems in the following. The simplest class of solvers for these problems
are penalty methods. The underlying idea is to augment the energy by a penalty term
that is ”punishing“ the violation of the constraints and then minimise this energy instead.
The advantages are that only unconstrained problems have to be solved and it is very
easy to implement. The critical point is the choice of the penalty parameter. If it is
chosen too small the constraints are not fulfilled exactly. On the other hand the condition
number of the Hessian of the energy increases with growing penalty parameter, which in
turn is a necessary requirement for the convergence of the method [42, 93]. The basis of
most of the remaining approaches is sequential quadratic programming (SQP) which is a
straight-forward extension of Newton’s method additionally linearising the constraints.
Hence only local convergence can be expected [30].

In the Merit function approach SQP and penalty methods are combined. In this method
the SQP corrections are accepted if the penalty function is decreased and rejected
otherwise. Again, convergence only holds if the penalty parameter is sufficiently large.
Moreover, if the curvature of the constraints is not taken into account, then the fast local
convergence of the SQP method is in general prohibited by the Maratos effect [95].

If the energy functional is non-convex, the local SQP problems are possibly unbounded.
The trust-region method can cope with these cases by imposing a supplementary constraint
on the step size. While this leads to a natural and automatic damping strategy, it may also
result in infeasible local problems if the trust-region and linearised SQP constraints are
incompatible [30]. This can be resolved by decomposing the correction into a normal step,
increasing the fulfilment of the constraints, and a tangential which is solely decreasing
the objective functional. This approach is called Composite-Step method and it is usually
used within trust-region methods for constrained optimisation [23].

A novel approach that completely avoids any penalty parameters was recently developed
by Fletcher and Leyffer [45]. The filter method is an alternative to merit functions that
provides an elegant way to compare iterates. While the decrease of energy is controlled
by line-search or trust-region methods, the filter ensures the feasibility of the solution
w.r.t. the non-linear constraints.

Nowadays solvers for non-convex non-linear constrained optimisation problems typically
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3. Filter—Trust—Region-Multigrid Methods

consist of a combination of the different techniques described above [133, 23, 130, 50],
where the trend is going towards using filter methods.

This chapter is organised as follows. In the first Section 3.1 we will introduce a new class
of successive subset minimisation algorithms and prove global convergence of a monotone
multigrid method for symmetric non-coercive quadratic obstacle problems within this
framework in Section 3.2. Then, in Section 3.3 we will give a short introduction to
the trust-region method and show convergence of this approach when the previously
constructed multigrid method is used to solve the quadratic sub-problems. In the last
Section 3.4 we will then describe an extension of the filter—trust-region method taking
into account an inexact linearisation of the constraints which leads to bound constrained
local problems. For this method we prove global convergence when the approximation
error is controlled by the trust-region norm. In the following, if not stated otherwise, we
denote by ||| the Euclidean norm for vectors and the Frobenius norm for matrices.

3.1. Successive Direction Minimisation

In this section we consider the general problem of finding a local minimum of a possibly
non-convex functional 7 : R¥ — R subject to bound constraints

min J (v), (3.1)

veEK

where the compact set of feasible solutions is given by

N
K =[]l uw] cRY. (3.2)
i=1
For simplicity, we assume that —oo < [; < wu; < oo forall 1 <¢ < N and J is continuous
on K, which ensures the existence of solutions of (3.1). In the following we will introduce
a general framework for iterative methods that successively minimise the energy along a

set of search directions
D= {dl,...,dm}. (3.3)

We use the notation = to denote set-valued mappings, i.e. mappings that map points
onto sets. Let h : RV x RY = R denote a mapping that for each point v and a search

direction d* returns an interval of feasible line search parameters, i.e.
B (d0) — [(d, ), u(d,v)] C R, ",
a € [I(d,v),u(d,v)] = v+ ad € K. '

Whenever it is clear from the context we will omit the dependency on v and the index of
the search directions and simply write

[lg, ug) = [I(d", ), u(d",v)].
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3.1. Successive Direction Minimisation

Note that this interval does not have to coincide with the interval of all feasible line
search parameters but can also be more restrictive. This is usually the case for the
coarse grid corrections within monotone multigrid methods which ensures its optimal
complexity [54]. The mapping that is used within the monotone multigrid method is the
Mandel restriction which was originally introduced by Mandel for the construction of
multilevel methods for obstacle problems [94].

Example 3.1.1 (Mandel restriction).

h(d7 U) = 11%11351(\7([ - U)i? 12}2}\7(” - U)i )
4,70 470

where a lower subscript v; denotes the i’th component of a vector. For each search
direction d’ let M?: RY = RY be the set-valued mapping given by ezact minimisation
in the direction d* within the feasible line search domain h(d’, -)

aE[ld,ud]

M (w) = {w + Bd € argmin J(w + adi)} . (3.5)

Note that to reduce notation we omit the dependence of M? on the feasible line search
mapping h. The set-valuedness of the mappings M? is a consequence of the non-convexity
of the energy, as multiple minimisers might exist in this case.

We are now ready to define an abstract iterative solver for the minimisation of (3.1).

Algorithm SDM (Successive Direction Minimisation)
Let D be given by (3.3) and a mapping h as in (3.4).

Given: w® = v* € K.
Fori=1,....m{
Choose w' € M (w')

Set vFtl = ™

By now this algorithm is not well-defined because the exact choice of the next iterate is
left open yet. However the global convergence theorem we will present here is independent
of the explicit choice. Algorithm SDM can also be written in terms of one operator

,Uk:—l-l c MSdm(Uk),
given by the composition of the directional minimisation operators M°

M= MM oo MY (3.6)
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3. Filter—Trust—Region-Multigrid Methods

The composition of two set-valued mappings S,7 : RV = RY is given by
SoT (v)={ue S(w):we T(v)}.

We now want to analyse the mappings M? in more detail and derive properties which
ensure global convergence of Algorithm SDM. To cope with the non-convexity and the
resulting non-uniqueness of the local solutions we will first introduce a weaker concept of
continuity for set-valued mappings.

Definition 3.1.2. Let V C R¥. A set-valued mapping M : V = V is called upper-
hemicontinuous (u.h.c) at w € V if for every open neighbourhood O of M(w), there
exists a neighbourhood K of w such that M(v) C O for all v € K.

A slightly weaker property that we will need is given by the following:

Definition 3.1.3. Let V C RV. A set-valued mapping M : V = V is called closed at
w € V, if for every convergent sequence w*® —s @ and any sequence v* € M (w*) with
v* — 0, it holds that v € M(w).

The relation between these two properties is shown in the next proposition

Proposition 3.1.4. If M :V =V s closed and the range of M

range(M) = U M(v)

veV

1s contained in a compact set, then M is u.h.c. Conversely, if M is u.h.c. and additionally
closed valued, i.e. M(w) is closed for each w € V, then M is closed.

Proof. To give an idea of the proof we will show the second part.
(¢) First let M be u.h.c. and closed valued. Consider two convergent sequences

wk—>w, vk—H?,

with v* € M(w*). Choose ¢ > 0 arbitrary and let O. be an open neighbourhood of
M(w) such that

min |lv—w| <e VwveO..
weEM()

Now from the u.h.c there exists a neighbourhood K.(w), s.t. M(w) C O. for all
w € K.(w). As w® — w we thus know that w™ € K_(w) for m large enough and

" e M(w™) C O..

From the convergence of v* we obtain © € O,. Letting ¢ — 0 and using the compactness
of M(w) then yields the claim.
(72) The other direction follows by a contradiction proof, see e.g. [4, Theorem 17.16]. O
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3.1. Successive Direction Minimisation

Closed mappings are in general not u.h.c which can be seen at the following example at
w=0
{0}  w=0,

{ % } else.

The next convergence theorem is due to Zangwill [143] for a general class of algorithms
given by closed mappings.

M(w) :{

Theorem 3.1.5 ([143], Theorem A). Let an algorithm be given by the set-valued mapping
M :V =V and a procedure to specify the sequence of iterates w* € M(wk=1). Let
Ksor CV be a solution set with the following properties:

o Ifwé¢ Kgy, then
Jw) < T (w) Vve M(w). (3.7)

o [fw e Kgy, then either the algorithm stops or
Jw) < J(w) Vve M(w). (3.8)

Further assume that the range of M is contained in a compact set I C V' and that M is
closed at all w ¢ K,

Then either the algorithm stops at an w € Kg, or the limit of any convergent subsequence
1S in lCSol-

Proof. If the algorithm stops at some w € K then by (3.7) and (3.8) it must be in Kg,.
Hence let (w*), C K be an infinite sequence produced by the algorithm.

From the compactness of K we obtain the existence of a convergent subsequence (w*);,
wh — w,. As J is continuous and the sequence J (w") is monotone decreasing, we can
deduce that

Jim T (w') = T (w.). (3.9)

Now consider the subsequence (w**1);. By restriction to a further subsequence we get
wh ™t — w, 1 and thus by the same arguments as in (3.9)

T(w,) = T (wesn). (3.10)

To close the proof let us assume that w, ¢ Kso. Now as wh —s w,, wh € M(wh)

and whM*tt — w,, 1, we get from the upper hemicontinuity that w,,; € M(w,) and by
(3.8) it holds

T (wegr) < T (w.),
which contradicts (3.10). O

We now want to investigate under which assumptions the global convergence of Algo-
rithm SDM holds.
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3. Filter—Trust—Region-Multigrid Methods

Assumption M1. The feasible line search mappings h(d’, w) depend continuously on
w for each d* € D.

This assumption ensures the closedness of the mappings M®.

Proposition 3.1.6. If Assumption M1 holds the mappings M* are closed.

Proof. Let the sequences (w"), (v¥) C K be given with v* € M¥(w*), and let w* — 1w,

v® — ©. By definition each v* = w* + afd’ for some o € [I% u¥] := h(d',w") and

further ¥ = w + ad’ with of — a.
We now have to show that v € M*(w) which by (3.5) is equivalent to

JO)=Jw+ad) < J(@+ad) Vae [lgug]. (3.11)

The continuity of h(d', -) yields that ¥ — I; and also u® — @g4. Thus for all a € (Ig, tg)
and k large enough we obtain a € [I%, u¥] and

J(w* + ofd) < J(w* + ad).
Let k — o0, then from the continuity of J we deduce
J®) < J(w+ad) YVae (Ig,ig).

The last case that has to be shown is that (3.11) also holds for a € {l_d, ad}. We only
prove it for the case a = l; where [, is contained in finitely many intervals [I%, uf].

As I¥ — 1, and both w® and af converge, the continuity of J guarantees that
J (0 + ad’) < J(w + 14d*) and (3.11) holds. O

By definition of the mappings M and h(d’,w) it is assured that all intermediate iterates
are feasible and
range(M") C K. (3.12)

From this we can deduce the closedness of the composition.

Lemma 3.1.7. Let KC be compact and S, T : K = K. If S is closed at w and B on T (w),
then also the composition S o T is closed at w.

Proof. [143, Corollary 4.2.1]

By Proposition 3.1.6 and Lemma 3.1.7 the closedness of M*™ now follows immediately.

Corollary 3.1.8. M*¥™ js closed and range(M*¥™) C K.

To ensure that the energy cannot increase throughout the iteration we assume that
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3.1. Successive Direction Minimisation
Assumption M2. 0 € h(d',w) Yw € K.

Further to avoid that Algorithm SDM gets stuck at saddle-points we require:

Assumption M3. If w is no local minimum of (3.1) , then

J() < J(w) Yove M(w).

The second assumption further guarantees that the set of search directions is rich enough,

i.e. in general
spanD = RY. (3.13)

Still, requiring (3.13) only is not enough, which is illustrated in Figure 3.1. Under these

e o - N) w ~ o)

Figure 3.1.: Ezample of a case where the algorithm gets stuck at a saddlepoint if Assump-
tion M3 does not hold. Left: Graph of a non-convex quadratic functional
with a saddle point at (0,0). Right: Contour lines of the functional. If the
search directions are chosen as in the picture, then the algorithm will stay at
(0,0).

conditions Algorithm SDM converges globally to a local minimiser.

Theorem 3.1.9. Assume that Assumptions M1-M3 hold. Then for any rule of choosing
the next iterate w*t € M*™(wk), Algorithm SDM either stops at a local minimum of
(3.1) or the limit of any convergent subsequence is a local minimiser.

Proof. To prove this theorem we have to show that all requirements for Theorem 3.1.5
are fulfilled. First we define the solution set to be the set of all local minima

Kso i={w e K: J(w) < J(v) locally} .

The closedness of the mapping M*¥™ was proven in Proposition 3.1.4. (3.8) is an imme-
diate result of the exact minimisation property of the mappings M® and Assumption M2.
The condition (3.7) coincides with Assumption M3. O
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3. Filter—Trust—Region-Multigrid Methods

3.2. Monotone Multigrid Methods

In this chapter we will introduce a monotone multigrid method for a class of non-convex
obstacle problems and prove global convergence using the framework introduced in the
previous section. This method will be used as a solver for the local quadratic sub-problems
appearing in the filter method described in Section 3.4. Geometric multigrid methods
were originally introduced for the solution of elliptic partial differential equations [40,
60]. While for elliptic obstacle problems the global convergence of these methods is well
established [73, 75, 54], to our knowledge up to now no convergence proof for non-convex
problems exists.

In this section we first introduce a continuous non-convex obstacle problem and then
show how the discretised problem can be solved using an extension of the monotone
multigrid method described in [54]. To prove global convergence of this method we will
reformulate it as a successive direction minimisation SDM and apply Theorem 3.1.9. The
notation is taken from the survey article by Kornhuber and Gréser [54].

Let  C R? be a bounded polygonal domain and H C H'(Q) a closed subset of the
Sobolev-space H'(€). We are looking for a local solution of

géiircl J(v) = %a(v,v) —(v), (3.14)

where [ € H' and a is a symmetric and continuous bilinearform, i.e.
a(w,v) < ylwl o]

Note that we do not require a to be coercive as it for example the case when a corresponds
to the second derivative of a non-convex non-linear strain energy functional (1.16). The
set of feasible solutions is of the form

K:={ve H:p <v<¢y,ae onQ}, (3.15)

with lower and upper obstacles ¢, 0, € H N C()). Next, we apply the finite ele-
ment method to discretise (3.14). Let T; be a triangulation of Q and S; = S;(7;) :=
span(A], ..., )\5\,]) be the space of piecewise linear finite elements on 7;. The number of

vertices is denoted by N; = |N;| and )\g; is the Lagrange basis function corresponding to
the node p € N}, cf. (2.11). The discretised problem then reads

min J(v;), (3.16)

v € IC]'

with
]Cj = {’Uj GSj:SDZ Svj S@u}a

where, using the same notation, ¢;, ¢, € S; denote piecewise linear approximations of
the continuous obstacles.
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3.2. Monotone Multigrid Methods

The idea of multigrid methods is to first apply a smoother like the Gauss—Seidel method,
i.e. an algorithm that only removes the high-frequency parts of the error rather than
reducing it and then project the smoothed iterate to a coarser finite element space. The
remaining low-frequency components of the error however, correspond to high-frequencies
on the coarser grid level. Hence, they can be eliminated by applying a smoother on
the coarse level. Repeating this procedure on a grid hierarchy then leads to very fast
algorithms [22]. Let us assume that there exists a nested hierarchy of triangulations

ToC...CTj,
and denote the corresponding linear finite element spaces by
SC...CS;.

For each finite element space Sy, let N denote the set of nodes with N, = [NV;| and let
/\’; be the nodal basis function corresponding to the node p € N). If no constraints are
present, i.e. K; = §j, then the standard multigrid method with Gauss—Seidel smoothers
is given by

Algorithm MG (Standard Multigrid Method)
Given: uf € §;
Initialise iterate: v/ = uY
fork=7j,...,1{
Gauss—Seidel smoothing:
wk = ph+!
forp=1,..., Ny do {
Choose «,, € argmin J (wh + aA})
w’; = w]’,f,l + oz,,)\’;

ko ok
Set v" = wy,

}
Coarse grid smoothing/solution:

v’ € argmin J (v + w)
weSo
Next iterate: u]”-Jrl =l + o0

To extend this multigrid method to obstacle problems one has to decide how to incorporate
the constraints into the coarse level problems. Simply choosing the exact defect obstacles
@1 — v* on each level will result in a suboptimal method as the fine grid 7; has to
be revisited within each Gauss—Seidel smoothing, see [54]. The idea of the monotone
multigrid method is to reduce the computational complexity by approximating the coarse

grid defect obstacles using monotone restriction operators Ri_l : S — Sk_1

(R ') (p) = max {(q) : ¢ € Ny Nintsupp Ai ™'} Vp € Nyq, (3.17)
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3. Filter—Trust—Region-Multigrid Methods

see [b4]. The straight-forward extension of this method to non-convex problems is given
as follows:

Algorithm MMG (Monotone Multigrid Method)
Given: uj € K;
Initialise iterate: v/*' = uY
Initialise defect obstacles: ¢l] = — v/t
¢QJL =y — ITL
Fork=yj,...,1{
Gauss—Seidel smoothing:
wf = vkt
forp=1,..., Ny {
Choose a, € argmin  J(w)_ | + aX)
a€lyf (p) 0k (p)]
wh =wi_ + o\,
}
Set v¥ = wh, , of := (a),
Update defect obstacle: {F = ¢F —aF —F =yF — o
Monotone restriction: @/Jlk_l = Ri‘lzbf, Phl = —R'g_lwﬁ

}

Coarse grid smoothing/solution:

00 € argmin J (v +w) s.t. Y <w < PY
wWESy

Next iterate: uj”l =l +°

Remark 3.2.1. Note that in practice the monotone multigrid method can be written
and implemented as a V-cycle which ensures optimal complexity. In this section we are
investigating the global convergence of this method when applied to non-convexr problems.
For this purpose the successive subset minimisation formulation proved to be more suitable.
Furthermore, truncation of the coarse grid basis functions can be applied to speed-up the
method, see [74]. This does not affect the convergence theory developed within this thesis
and will be neglected at this point for simplicity.

Remark 3.2.2. The one-dimensional local problems in Algorithm MMG can be solved
ezxactly:

I(AE) — a(wk |, \F)
a5, A8) > 0 = a, = med < ¢ (p), —E— I 0k (p) ¢ (3.18)
a( Nk, AF)
a(AE N <0=q,€ argmin  J(wh_; +a)), (3.19)

ae{ vk (p). k) }
where the median is defined via

a=med{a,b,c} <= b<a<corc<a<hb.
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3.2. Monotone Multigrid Methods

If the quadratic one-dimensional problem is concave the minimal value must lie on the
boundary of the feasible domain [ (p), ¥X(p)] which corresponds to the second case (3.19).

Remark 3.2.3. Although, as in the previous section, we do not have to specify an explicit
choice which minimal value we select in the case of multiple minima o, in practice we
will choose zero, if possible, or the value on the left boundary of the interval, i.e. ¥F(p).

Convergence Proof

We now will prove global convergence of Algorithm MMG by applying Theorem 3.1.5.
To this end, we rewrite the algorithm as a successive direction minimisation method and
show that all necessary requirements are fulfilled. First we need to define the set of search
directions. As in (2.13) we directly identify finite element functions with their coefficient
vectors in R™i. The algebraic fine grid representation of quantities defined on coarser
levels k < j is thereby computed by interpolating them to the fine grid and considering
the corresponding coefficient vector. Using the same notation for finite element functions
and their algebraic representation, the set of search directions is given by the multilevel
basis interpolated to the finest level j

D={MNeRY:peM,0<k<j}. (3.20)

The definition of the feasible line search mappings (3.4) is complicated by the fact that
only approximate coarse obstacles are used which are restricted after the Gauss—Seidel
smoothing on each level N). A workaround is to extend the state spaces to R*Y5 and
consider triples of finite element functions and the defect obstacles

zZ = (¢l>wu>w) € R3Nj7

where again the fine grid representation of the defect obstacles is considered. Now for
each multilevel basis function we define the feasible line search mapping via

h()\];a Z) = h()‘lgv (¢l>¢u>w)) = [¢l(p)v %(p)] ) (3'21)

where 1;(p) € R denotes the component of the fine grid vector corresponding to the
node p € N;. These coarse defect obstacles are in general more restrictive than the exact
obstacles and thus guarantee the feasibility of the intermediate iterates. Furthermore,
Assumptions M1 and M2 are fulfilled.

Lemma 3.2.4. The mappings h()\’;, -) are continuous for all )\’;. Further, for each
w € Kj, the intermediate iterates wﬁ of Algorithm MMG are feasible and it holds

0 h(A;, (¥, vy, wy)), (3.22)

where YF, b denote the corresponding defect obstacles.
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3. Filter—Trust—Region-Multigrid Methods

Proof. We only consider the lower obstacles in the following, the upper case can be
obtained analogously. By construction of the defect obstacles we obtain

—_aw). < ik
1gg>]§j(soz w); < Yr(p),

(AB)0
and hence the intermediate iterates are feasible. On the finest level j it holds
W = —w<0.
Now (3.22) follows by observing that
U <0= (RIWH(@) <0 VYae N (3.23)

The continuity follows from the definition of h. O

With this at hand we now construct the directional minimisation mappings (3.5) as
follows:

M’;(wl, Yu,w) = (1 — Ozp/\];, Uy — ap)\lg, w + ozp)\’;) ta, € argmin J(w+ oz)\’;) .
€[ (p)Yu(p)]

The mappings M’]‘(,k corresponding to the last nodes of each level N, € N}, additionally
perform the monotone restriction

(wla ¢ua w) = (R]]z_l(wl - aNk)\]]{:Vk)a _R]Iz_l(wu - aNk)\]ka), w+ ank)\ljﬂ\fk)
The monotone multigrid can now be written in terms of these mappings
Mmmg:/\/l?\,o...OM?OM}W...OM{, (3.24)

where for simplicity we assumed that the coarse grid correction is again computed using
the Gauss—Seidel method.

Corollary 3.2.5. Algorithm MMG is equivalent to

From Proposition 3.1.6 we can deduce the closedness of the directional minimisation
operators.

Lemma 3.2.6. The mappings M’; are closed.

Proof. The monotone restriction operator is continuous on the space of continuous
functions. As a result, the closedness of /\/l’; and ./\/lﬁ,k follows immediately from Propo-
sition 3.1.6 and the continuity of the mapping (3.21) in the second component. O
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3.2. Monotone Multigrid Methods

The last requirement we have to show is Assumption M3. We consider the set of local
critical points, i.e. the set of local minima and saddle-points.

Ksol :={w € K; : w local critical point} . (3.26)

It is shown in Figure 3.2 that there exist cases where Assumption M3 does not not hold
without additional modification of the monotone multigrid method. To circumvent this

Figure 3.2.: Example of a case where the energy is not reduced although the starting
point is not critical. Left: Graph of a non-convexr quadratic functional with
constant zero right “boundary”. Right: Contour lines of the functional. If
the search directions Ao is chosen first, then Assumption M3 does not hold
for the intermediate iterate wy, = (1,1)

we prepend the leading Gauss—Seidel step by first minimising in the direction where the
gradient is decreasing the most. We denote the set of the corresponding fine grid basis
functions by

E(u;) = {)\i eRY:pe argeﬁin {(=1)'VT ()X}, rst (=1)'N €T, (u) ¢,
qeiN;

(3.27)
where Ti, (u;) is the contingent cone of KC; at u;, see [121]. The scaling in (3.27) has
to be added to sort out the directions pointing out of the feasible set KC; for the case
where u; € OK;. If u; lies in the interior of K;, then T, (u;) = RY:, cf. Figure 3.3. The
corresponding directional minimisation

M8 (w) = {w + N, i, € argmin J(w+ BN), N € E(uj)} ,
BEYi(p)u(p)]

fulfils Assumption M3.
Corollary 3.2.7. Let w € K; not be first order critical, then

Jw) < Tw) Yve M=Ew). (3.28)

95



3. Filter—Trust—Region-Multigrid Methods
K; N
D @

Figure 3.3.: The contingent cone Tx, of a convex set K at different points u;.

Note that in the definition of M?® we omitted the dependency on the defect obstacles
! 47 for simplicity. For this mapping it further holds

Lemma 3.2.8. The mapping M* is closed.

Proof. Consider the convergent sequences
w" — w, V" — 0,

with v" € M (w"). From v" € M®*(w") we obtain that for each v" there exists
Ay € E(w™), such that |
n__ ..n nyJj
v =w" 4 « )\p(n),
for a sequence a” — @. We now have to distinguish between the case where w = v and
W # 7.
First let w # . Then, as v™ converges, for n large enough we obtain v™ = w" + a")\g; for
some fixed )\2{ € E(w). Again, by definition of M the following inequality holds for n
large enough

JW") =T W"+a"N) < J(w"+aX) Vae [¥(p), vlp).
Taking the limit and using the continuity of J we deduce
J(@0) =T (@+ax) < J(@+aX) Yae [¢p),vlp)

We conclude
v e M®(w) < N € E(w).

Now from the continuity of V.7 it follows that for n large enough E(w"™) C E(w) which
completes the proof for the case w # v.

The case where w = v can be handled analogously by choosing a subsequence w™ with
v = w™ + o™ )\g,. As also the subsequences converge to w and v correspondingly, the
claim follows. O
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Theorem 3.2.9. The monotone multigrid method MMG prepended with the Gauss—
Seidel step M?®9 either stops at a first order critical point of (3.16) or the limit of every
convergent subsequence is first order critical.

Proof. Use Theorem 3.1.5 with the solution set (3.26) and the preceding Corollary 3.2.7
and Lemmata 3.2.4, 3.2.6 and 3.2.8. O

Remark 3.2.10. Although this theorem only ensures convergence towards first order
critical points, in practice the method does not get stuck at saddle points because the
number of search directions )\’; exceeds the space dimension nj. This also motwates why
in practical applications prepending the monotone multigrid method with M?® can be
neglected and Assumption M3 in general still holds.

This theory is numerically confirmed in Section 4.4.1, where the solver is tested within
an obstacle problem for a non-convex non-linear hyperelastic body.

3.3. Trust—Region Methods

In preparation of the next section 3.4 we now shortly describe the trust-region method
at the example of a non-linear non-convex obstacle problem. Trust-region techniques
together with line search methods are typically used within non-linear optimisation
schemes to ensure the sufficient decrease of energy in each iteration. A more detailed
introduction and a general overview to this topic can be found in [30]. In the appendix
A the interested reader can find a short introduction to non-linear optimisation and
criticality measures. In this section we consider the non-linear obstacle problem

min J (), (3.29)

peK
with 7 : RN — R continuously differentiable on X, which is given by
K={peRV:i<p<u}, lueR1<i<N. (3.30)

To solve (3.29) efficiently, a local quadratic approximation of the energy at ¢y € K is
minimised and subsequently updated.

1
min myg(v) :=VJ Ty + —vT Hyw,
iy mi(0) (90) v+ 5" He (3.31)

[ <o +v<u,

where H, ~ V27 (¢") is a symmetric approximation of the Hessian of the energy. In the
unconstrained case this scheme corresponds to applying Newton’s method to the necessary

57



3. Filter—Trust—Region-Multigrid Methods

optimality condition V.7 (¢) = 0. When the energy functional (3.29) is non-convex the
Hessian is not necessarily positive definite any more and thus the local problem (3.31)
can be unbounded. The idea of the trust-region method is now to accept this correction
step v only if (3.31) is a reasonably good approximation of (3.29). Therefore, first a
constraint on the step size is imposed

s )

I <opr+v<u, (3.32)
[v][e < Ay

The choice of the norm ||-||; is arbitrary and can be adjusted to the type of problem or the
actual iterate [30]. After solving (3.32) approximately, the trust-region Ay is adjusted
by comparing the energy reduction predicted by the model to the actual achieved energy
decrease (or increase) of the local solution vy,

T (pr) — T (ox +Uk)'

mi (O) — Mg (Uk>

o= (3.33)

The general trust-region algorithm reads
Algorithm TR (Standard Trust-Region Method)

Given ¢ € K, A € R.
Choose 0 < po <1 < 1,0 <y <1 < .

Compute vy, that approximately minimises (3.32).

If (pp > p1) // very successful step
Pr+1 = Pk + Uk, Dpp1 = 72 A,

else if (uy < pr < 1) // successful step
Prt1 = Pk + Uk, D1 = Ay,

else // unsuccessful step

Ckt1 = Py Dip1 = 71 Dg.

The trust-region method can be interpreted as a Newton method with an built-in
damping strategy. Close to minimisers the trust-region will become inactive and local
quadratic convergence is achieved if the exact Hessians are used. Global convergence
of this method can be shown under the mild assumption that the model energy my is
reduced sufficiently within each iteration. Next, we introduce the notion of a criticality
measure

Definition 3.3.1 (Criticality Measure). A function x : RY — R is called criticality
measure of the problem (3.29) if
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3.3. Trust—Region Methods

e Y\ is non-negative and continuous.

e X(p) =0 <= @ isalocal first order critical point.

See also Appendix A.1 for a more detailed introduction.

Theorem 3.3.2. Let (¢r)ken be a sequence generated by the trust-region method TR
and let x be a criticality measure of (3.29). Assume that the following assumptions hold

o The set
L={peR": T(p) <T(0)} (3.34)

15 compact and non-empty.
e The approzimate Hessians are bounded ||Hg|| < C indep. of k.

e The approximate solutions of (3.32) fulfil

my(0) — my(vg) > Kxg min {ﬁ, Ak} : (3.35)
(=0
for some constant k > 0 and xy = x(vg).

Then
lim ;. =0,

k— o0

and thus
lim ¢ = ¢",
k— o0

where ©* s a first order critical point.
Proof. [29, Theorem 11] O

The condition (3.35) is called sufficient Cauchy decrease. It can be shown that the
generalized Cauchy point, i.e. the first local minimum on the projected gradient path,
fulfils this condition, cf. Remark A.9. In the following, to avoid incompatibility of the
trust-region and the linearised constraints, cf. Section 3.4, and to enable the application
of fast monotone multigrid methods, we will always choose the trust-region norm to be
the infinity norm

[0k = llvllee = max {|vp[}. (3.36)

1<p<N

The local problems (3.32) can be reformulated as

min mg(v), I < v <y, (3.37)
veRN
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3. Filter—Trust—Region-Multigrid Methods

with

i = max {(l — )i, —Ak}, 1<i<N,
uk,i:max{(u—gpk)i,Ak}, 1 SZSN

Corollary 3.3.3. Let (pr)ken be a sequence generated by the trust—region method TR,
where (3.37) is solved using the monotone multigrid method MMG and assume that the
following assumptions hold

e The sublevel set (3.34) is compact and non-empty.
e The approzimate Hessians are bounded |Hy|| < C indep. of k.

Then ¢, converges to a first order critical point.

Proof. The corollary follows from Theorems 3.2.9 and 3.3.2 and a suitable number of
iteration steps of the monotone multigrid method. O]

Remark 3.3.4. Numerical tests strongly indicate that already one monotone multigrid
iteration is enough to exceed the decrease generated by the generalised Cauchy point.

3.4. Inexact Filter—Trust-Region Methods

The filter method was first introduced by Fletcher and Leyffer in 1997 [45], as an penalty-
free alternative to the widely used merit function approach. It was originally constructed
as an extension of the trust-region method to non-linear constrained problems but
nowadays also extensions to line search methods exist, see e.g. [132].

The standard trust-region method TR cannot be used in the presence of general con-
straints because the acceptance of an iterate is only decided upon by the achieved energy
reduction. In most algorithms based on sequential quadratic programming (SQP) the
intermediate iterates are not necessarily feasible any more. This is why the comparison
of two iterates may not only involve the corresponding energy values but also their
infeasibility with respect to the non-linear constraints.

In this section we start with presenting the basic first order consistent SQP method. Af-
terwards, we introduce a class of inexact constraint Jacobians that induce box-constrained
local problems. For this class we then develop an extension of the classical filter approach
that allows the use of inexact constraint Jacobians and prove global convergence towards
first order critical points within the framework of composite-step methods. The inexact
local problems can be solved using fast monotone multigrid methods which speeds up the
overall method considerably, see Section 4.4.2. In the following we consider the general
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case of minimising a smooth non-convex energy functional 7 : RV — R subject to
smooth possibly non-convex inequality constraints g : RY — R™

min 7 (), (P)

pek

where the set of feasible configurations is given by

K:={peR": g(p) >0}. (3.38)

Sequential Quadratic Programming

The SQP method can be derived by applying Newton’s method to the first order optimality
system of the problem

)

)

VI (@) + M'Vg(
g(

0
z N (3.39)

v

where A denotes the Lagrange multiplier, cf. (KKT) in the appendix. In the following
we will use the following abbreviations:

Hy = V2T (o), Ly = Hi + X V2g(pr).

Now applying Newton’s method to the system (3.39) results in
Liu+ pGy = —fi, Gru > —g(pr),

which has to be solved for the correction (u, i) of the configuration and the Lagrange
multiplier

Prt1 =Pkt U, Akp1 = Mg + e

The Newton problem can be equivalently written as a quadratic minimisation problem

1
. T T
min myg(u) = fi, v+ —u" Ly u,
iy mi(u) = fiut gut L (3.40)

Gru+ g(pr) > 0.

Having its origin in the Newton method, successively solving (3.40) can be shown
to converge locally super-linear or quadratically under suitable assumptions, see [30,
Theorem 15.2.1]. In this thesis we will apply an approximate SQP method where L is
replaced by Hj.
: . T L p
min my(u) == fiu+ U H u, (3.41)
Gru+ g(er) > 0.
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Remark 3.4.1. Note that the model (3.41) is not second order consistent any more
as the Hessian of the Lagrangian function is replaced by the Hessian of the objective
functional J which is widely accepted [30]. Although this is preventing local quadratic
convergence, it also avoids the need of updating the intermediate Lagrange multipliers.
Further, local quadratic convergence in constrained optimization is usually complicated by
the Maratos effect, which involves additional computational effort, e.qg. by second order
corrections [101].

Inexact constraint Jacobians

In this paragraph we present a certain class of inexact constraint Jacobians Gr ~ Vg(er)
that allow to transform the local SQP problems into box-constrained ones, for which a
large variety of fast solution schemes exist. We remark here that the global convergence
proof of the inexact filter method does not depend on this special structure of the local
problems. Hence it can be extended to a broader class of constraint approximations under
additional, but standard, assumptions. From now on let GG, denote an approximation of
the exact constraint Jacobian Vg ().

Assumption J. The approximate constraint Jacobians are continuous and there exists a
continuous invertible transformation 7' = T(¢) : RN — R such that the transformed
Jacobians B

G T (¢pr)" (3.42)

are positive, diagonal and the inverse is bounded away from zero
I(GRT (2x)") M| < Fir (3.43)

with k7 > 0 independent of k.

If Assumption J holds the inexact local problems can be transformed into box-constrained
ones using Ty := T'(¢r)

1
min my(u) ==L T u+ ~u" Ty Hy T} u,

u€ERN 2 (QP)
where B
gk = (G T ) " glew). (3.44)

The approximation error that we make by using an inexact constraint Jacobian will be
denoted by .
ex(u) = [[(Gk — Gr)ul|.

To simplify notation, we will use the same notation Hy, f; for the quantities in Euclidean
coordinates and in transformed “diagonal” coordinates.
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3.4. Inexact Filter—Trust-Region Methods

Composite-Step method

As mentioned earlier, having their origin in Newton’s method, SQP can only be expected
to converge locally. In the previous section 3.3 we shortly showed how the trust-region
mechanism can be used as a globalisation technique, adding an automatic damping
strategy. In this paragraph we will introduce the composite-step method that aims at
incorporating the trust-region constraints into the local SQP model with approximate
Jacobians (QP). Therefore, we first augment the local model as follows

min mg(u
uweRN k( )7

u+ g, >0, (TRQP)
[ulloe < A,

where we again choose the infinity norm to restrict the step size, cf. (3.36). In general,

Gru+ g(pr) >0

Ay

Figure 3.4.: Incompatible linearised constraints and trust-region obstacles

imposing the additional trust-region constraints can lead to local quadratic problems
that are infeasible if the linearised constraints and the trust-region obstacles are not
compatible, see Figure 3.4. To resolve this issue composite-step methods have been
developed which decompose the SQP iteration into a normal and a tangential step

The normal step ny is aiming towards reducing the infeasibility of the iterate, e.g. by
solving

N I, .
min Sfnl®, n+ g = 0. (3.46)

In the case of box constraints the normal step can be calculated directly by projection
on the feasible set

—ari 9ilpr) <0,
N4
10 else.
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3. Filter—Trust—Region-Multigrid Methods

Once a normal step is found the tangential step ¢ tries to achieve a reduction of the
local energy while retaining the feasibility

min my,(ny + t),
teRN

t+ng+ gk 20, (3.47)
Ht + nkHoo S Ak

If the infeasibility is too large, e.g. gr &~ —Ag, and as a result the norm of ny is close to
Ay, one might not be able to compute a tangential step that can sufficiently reduce the
energy within the trust-region. The following definition of “good” cases is usually used
within composite-step methods.

Definition 3.4.2. TRQP (¢, Ag) is called compatible if there are constants r, > 0, ka €
(0,1], and p € (0,1) such that

[l < Kalpmin{l, £, AL} (3.48)

Remark 3.4.3. Note that in the case of diagonal constraint Jacobians the normal step
ny always exists and the compatibility of the local problems can be checked directly. In
practical computations the decomposition can thus be omitted when a globally convergent
solver is used for the minimisation of the local energy. Still, we will formally apply this
splitting, on the one hand for the possible extension to non-diagonal inexact Jacobians
and on the other hand as a theoretical tool to proof global convergence of the filter method.

If the local problem is not compatible we have to use a more “aggressive” strategy to
compute a suitable correction uy, which will be introduced in the next section 3.4. The
trust-region framework is used to ensure the sufficient decrease of energy. Accordingly,
we will require the tangential step to fulfil the sufficient Cauchy decrease condition

my(ng + tr) — m(0) > Kee Xk min{Hz—’;H, AVS'S (3.49)
which was introduced in the previous section (3.35). The first order criticality measure
Xk corresponds to the local tangential problem with inexact constraint Jacobians (3.47).

Xt = X(tx) =] min  (Vm(ng + tg),d)|, (3.50)

d+ng+gr>0
lldll=1

cf. (A.11). Analogously we define the exact criticality measure by

ty) = min Vm(ng + tg), d)|, 3.51
X( k> |Gk(nk+d)+9(¢k)20< ( g k> >| ( )
lldll=1
Remark 3.4.4. When the ezact criticality x(0) = 0, then ny is a critical point of the
local problem TRQP. If additionally the iterate @y is feasible and therefore ny = 0, then
o 15 itself a first order critical point of the non-linear problem (P), see [32, Lemma 5].
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3.4. Inexact Filter—Trust-Region Methods

One advantage of this criticality measure is, that it can be computed by solving a linear
convex problem. Hence, it can be used to directly monitor the convergence of a non-linear
algorithm.

Filter - How to compare iterates

The second difficulty that appears when combining SQP methods with a trust-region
globalisation strategy is that the intermediate iterates (3.41) are in general not feasible
w.r.t the non-linear constraints. This is why the trust-region mechanism, which decides
on the acceptance of a trial point only by comparing the energy decrease, cannot lead
to a convergent method. The filter method resolves this issue by forcing the iterates to
converge towards the feasible set. This in combination with the trust-region mechanism
leads to globally convergent methods [46]. To measure the infeasibility of an iterate we
use the following non-smooth function

U(p) = max {0,—gi(¢)}. (3.52)

In the following we use the abbreviations J := J (k) and ¥y := 9(py) to denote the
energy and infeasibility of an iterate. If a candidate ¢y, is dominated by an previous
iterate ¢, l.e.

Ji < Tkep1 and 0 < Upyq, (3.53)

then the candidate should be rejected. The critical case is to decide for the case where

Ti+1 < T, Vg1 > 05, (3.54)

whether ¢, is acceptable or not. To overcome this difficulty Fletcher and Leyffer
introduced the notion of a filter [45]

Definition 3.4.5. A set of tuples (9;, J;) is called a filter F, if

F = {(¥;,T;) : no pair dominates each other} . (3.55)

Candidates are acceptable if the following criterion holds

Definition 3.4.6. A configuration ¢ is called acceptable to the filter F, if
) < (I =w)i or T(p) < Ti —wilp) V(Ui T) € F, (3.56)

for some fixed constant 0 < vy < 1, cf. Figure 3.5

Remark 3.4.7. To require an iterate not to be dominated by the filter is not enough
to ensure convergence of the iterates towards the feasible set. The use of the slightly
stronger criterion (3.56) was proposed in [46], which guarantees a sufficient reduction of
the infeasibility whenever a point is acceptable.
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3. Filter—Trust—Region-Multigrid Methods

Figure 3.5.: Illustration of a filter with four points. The area above the dotted line is not
acceptable by the filter.

Within the filter method, whenever a pair is added to the filter F, all pairs that are
dominated by the new pair are removed so that F stays a filter. From this acceptance
criterion convergence of the iterates towards the feasible set can be shown

Lemma 3.4.8. Let (¢r)ren be a bounded sequence which is added to the filter, then

U — 0. (3.57)
Proof. [30, Lemma 15.5.2] O
Based on the original filter—trust-region method from [47], we are now ready to formulate

the main algorithm of this chapter.

Algorithm FTR (Inexact Filter Trust—Region Step)

Given y, F (or initialize by ()
Choose &, kae, ky > 0, 0 < vy < 1 \\ filter parameter
O0<m<n<1,0<7v <1< \\ trust—region parameter

// Close to the optimal point, make an exact step
1. If %k <€
Solve TRQP(¢x, A) with exact Gy, go to 4.

//Check if TRQP(px,Ay) is feasible

2. If TRQP(py, Ay) not compatible {
add oy to the filter,
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3.4. Inexact Filter—Trust-Region Methods

call restoration phase — (Y1, Apy1), g0 to 1.

}

// Check error of the inexact constraints
3. Compute uy, = ny + t, from TRQP(pg, Ay)

If

ex(Ug) > KacAZ, (3.58)

then
solve TRQP(py, Ax) with exact Gy,

// Check if iterate is acceptable
4. Evaluate 9(pr + ug), J(pr + ug)

// Unsuccessful Iteration
If
pr + ur not acceptable to the Filter

or if pr, < mn; and

mk(O) - mk(uk) 2 /iﬁ(i?k)z, (359)

then // Reject iterate and reduce trust-region
Prt1 = Pry Dppr = 'Y%Ak

// Accept trial point
Pr+1 = Pk T Ug

// 9—type iteration to decrease infeasibility.
If (3.59) does not hold
add oy to filter

// Very Successful Iteration, increase trust—region
If (3.59) and pr > 19
Ak+1 = '72Ak

If the local problem TRQP (¢, Ag), with exact or inexact Jacobian, is not compatible, i.e.
solvable, we have to enter the so-called feasibility restoration phase (FRP). In this phase
we try to compute a new iterate @1 = @i + rp and trust-region radius Agyq > 0 such
that the new iterate is acceptable to the filter and the local problem TRQP (g1, Agi1)

67



3. Filter—Trust—Region-Multigrid Methods

is compatible. This is usually done by applying an iterative method that minimises the
infeasibility directly
min Y(p). 3.60
min 9(p) (360
To enable the (FRP) to find an acceptable new iterate it is thus crucial that the filter
does not contain any feasible points, i.e.

(19],._7])6./_":>19]7é0

This is ensured by condition (3.59) which was first proposed in [47]. If (3.59) fails,
the filter iteration is merely trying to reduce the infeasibility, which is called an v-type
iteration. If the infeasibility is not dominating then the algorithm is using the standard
trust-region tools to achieve a reduction in energy, an J-type iteration.

The condition (3.58) ensures that we control the error that we make by using approximate
constraint Jacobians. If the approximation error is larger than the bound we have to
solve the quadratic problem with exact constraint Jacobian to ensure global convergence
of the method towards a critical point.

Further, whenever the inexact criticality measure Y is indicating that the iterate is close
to the solution, the local problem with the exact Jacobian has to be soled, or if the exact
problem is incompatible, the (FRP) is entered. In this case we assume that the solver is
again generating sufficient Cauchy decrease (3.49) with respect to the exact criticality
measure (3.51). This ensures that for a sequence (g )ren Wwith

lim %k = O,
k— o0
it also holds that
lim y; =0.
k— o0

Global Convergence of the filter SQP-method

Now we will prove global convergence of Algorithm FTR. To a great extend the proof
goes along the lines of the proof for the filter method with exact constraint Jacobians [47].
In this section will only show the main convergence theorem and the parts of the proof
that had to be adjusted to account for the inexactness. The interested reader can find
the details on the whole proof in the Appendix B. For the rest of this section we make
the following assumptions.

Assumption F1. The iterates ¢ of Algorithm FTR stay in a compact set C O K.

Assumption F2. The energy functional J and the constraints g are twice continuously
differentiable on C.
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3.4. Inexact Filter—Trust-Region Methods

Assumption F3. The inexact Jacobians é() are continuous on C and induce a con-
tinuous invertible transformation 7. The transformed inexact Jacobians are positive,
diagonal and the inverse is bounded away from zero

I(G@T(@)") I < mr. (3.61)
Assumption F4. For a compatible sub-problem the tangential step ¢, fulfils
m(ng + tg) — m(0) > KeeXp min{ g, Ag}.

By Assumptions F1 and F2 the Hessians of the energy and constraints are bounded for
each iterate @y

1Hyl| < fir := max V27 (o), (3.62)
[fill < 5 2= max [[VT ()], (3.63)
pel
by = max | V2g(p)]. (3.64)
pel

Moreover, from the diagonal structure of the approximate linearised constraints we can
deduce the following.

Lemma 3.4.9 (Existence + Boundedness of the normal step ny). The normal step ny
always exists and it holds

k]l < Rk, K0k < |0l (3.65)

for constants k,,,®, > 0 independent of k.

Proof. The existence of the normal step is trivial

) =0k if gi(er) <0,
Nk =
’ 0 else.

Now assume that ng # 0 and let ¢ be the index of a maximal component, i.e. ng; = ||nk -
Then, from Assumption F3 it follows

0<ng;=—0gki = —(ékaT)i_ilgi((,Ok) < k.

We conclude
k]l < VN||nglloo < VNErdy = Rty

The lower bound can be established as follows. Let j denote the index corresponding to
the maximal constraint violation, i.e ¥y = —g,(¢x). Then, by definition of the normal

step (3.46) and the continuity of G and 7" we obtain
9 = (GiTine) < NIGI loollmelloo < NVE maxl| Go)T () il = s e

]
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3. Filter—Trust—Region-Multigrid Methods

The old and the new infeasibility can be bounded by the trust-region radius.

Lemma 3.4.10. Assume that TRQP(py, Ag) is compatible and let uy, = ny, + ty be the
solution of the normal/tangential sub-problems. Then, there exists a constant ky; > 0
such that

19k S /{uiAllg—HLv
Iop + up) < kuAf.

Proof. From the compatibility condition (3.48) and Lemma 3.4.9 we obtain
.0 < |Ing|l < kalApmin{l, k,A}} < /{AKJMA}:”‘.

To derive a bound for the new infeasibility we have to distinguish between the case where
the exact and where the inexact Jacobians are used. We will only consider the inexact
case, the exact one follows similarly. Performing a first order Taylor expansion of the
1’th constraint at ¢, yields

1
—gi(SOk + Uk) = —gz’(@k) - Gi(@k)uk - §U;€V2gi(§k)uk,

where V2g(&;) denotes the remainder term. Adding the zero é;“ — ékl and using the
approximation error bound (3.58) we can deduce

~ ~ 1
—9i(or + ur) = —gi(pr) — Gilpr)ur + (Gz‘(SOk) - Gi(@k)) up, — §U5V2gi(§k)uk
< 2 2 2
<0+ wa] + iy o mas| 9206
< /iacf@NfigAi.
The first term vanishes because wuy, is a solution of the local problem TRQP (¢, Ag), the

second term can be bounded because of the condition on to the approximation error
(3.58). The result follows with

o ~1
Kui ‘= MaxX{KackNKg, KAKK, }.

With Lemmata 3.4.9 and 3.4.10 at hand the remainder of the proof is done along the
lines of the exact filter convergence proof, see [47]. For completeness we will only prove
the main convergence theorem. Again, the interested reader can find the detailed steps
needed on the way towards this main result with a short description of the proofs in the
appendix B.
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3.4. Inexact Filter—Trust-Region Methods

Theorem 3.4.11. Let (pr)ken be a sequence generated by Algorithm FTR. Then either
the feasibility restoration phase terminates unsuccessfully by converging to a critical point
of (3.60) or there exists a subsequence (Vr,),cy S (Pk)pen Such that

lim ¢, = ¢s,
l— o0

where ¢, is a first-order critical point of the non-linear problem (P).

Proof. Assume that the feasibility restoration always terminates successfully. Then by
Lemmata B.6, B.7 and B.9 there exists a subsequence (¢y, ),cy With
lim 9, = hm sz =0.

l— 00

For k large enough we get x;, < ¢ and thus eventually only the exact local problems are
solved. We conclude that it also holds

lim xj =0. (3.66)
l—o0

By the compactness F1 we can now find a convergent subsubsequence which we denote

again by (Spkz)leN _
lgnoo Phi = P

From the asymptotic feasibility and Lemma 3.4.9 it follows

lim anlH < En lim ﬁkl =0.

By perturbation theory [43, Theorem 2.2.6] and (3.66) we can deduce that at ¢, the
local criticality measure (3.51) at zero vanishes
X(O0) =1, min (V. (0),d)] =0. (3.67)
lldll=1
From Vm,, (0) = VJ(¢.) it follows that ¢, is also a critical point of the non-linear
problem (P), cf. Remark 3.4.4. O

After developing this framework for inexact constraint Jacobians and completing this
part of the thesis, we got to know that recently Andrea Walther and Lorenz Biegler also
proposed a filter method with inexact constraint Jacobians [134]. For this method they
also proved global convergence along the lines of the exact filter convergence proof [47].
Their motivation is from optimisation problems where the assembly of the constraint
Jacobians is very costly. In their approach it is assumed that the approximate Jacobians
can be refined, e.g. by using quasi-Newton updates, whenever the local model is not a
good approximation. As the global convergence proof is also based on [47], the model in
the algorithm is refined whenever a similar condition to our approximation error bound
(3.58) is violated or when the iterate is close to a locally critical point. In contrast to our
framework the approximate Jacobians are not assumed to induce a diagonal structure.
Consequently additional assumptions on the existence and boundedness of the normal
step have to be made.
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4. Application to large deformation
contact problems

In this section we will apply the solver presented in Chapter 3 to the discretised large
deformation contact problem (2.35). Up to now the prevailing solution strategies for
large deformation contact problems are based on active-set methods. In these methods
the non-penetration inequality constraints (2.25) are eliminated iteratively by estimating
which constraints are active. The resulting equality constrained problems are then set-up
by assembling the portion of the contact forces (2.29) that corresponds to the estimated
active constraints. These are then incorporated by either a penalty approach [7, 89, 63,
140] or the Lagrange multiplier method [93, 44]. Recent approaches apply the primal-dual
active set strategy, first introduced by Hiibner and Wohlmuth [68], where the discrete
contact forces are eliminated using dual mortar elements [62, 106]. The discrete contact
forces can then be recomputed in a post-processing step, similar to our approach. In
[106] the contact detection and solution of the non-linear weak equations (1.38) is further
combined within one loop. Both approaches make simplifying assumptions on the contact
forces, which in turn results in a loss of angular momentum conservation.

In [66] the contact forces are eliminated by applying a discrete null space method. While
they retain angular momentum preservation, the method is computationally very costly
because generalised saddle-point problems have to be solved. In our case the fully
discrete problems (2.27) can be solved by computing local optimal points of a non-linear
constrained minimisation problem (2.35). We can thus directly apply techniques from
constrained optimisation without having to eliminate the inequalities first.

The chapter is organised as follows: First in Section 4.1 we specify a class of inexact
constraint Jacobians and show that they fulfil all requirements for the filter method.
Then, in Section 4.2 we present an extension of the monotone multigrid method MMG
to contact problems, that is used for the fast solution of the inexact local filter problems.
Afterwards, we shortly comment on implementational aspects. We close this chapter by
showing some numerical results that illustrate the convergence theory of Chapter 3 and
a numerical study of the proposed time discretisation scheme in Section 4.4.

73



4. Application to large deformation contact problems

4.1. Inexact constraint Jacobians

In what follows for simplicity we will omit all indices corresponding to the current time
step. Upper indices (-)* will denote the iteration index within the filter—trust-region
Algorithm FTR. Recall that the algebraic problem we consider is to minimise the smooth
energy functional J : RN — R, cf. (2.35). The problem is supplemented by the non-
linear mortar discretised non-penetration constraint g, : RV — R™, with components
given by

mslen)i= [ mugfy (- @(s)ds 1<p<m, (4.1)

Vé,h

cf. (2.25). We now apply the inexact filter method FTR to solve the algebraic problem
(2.35) subject to (4.1). This method relies on the successive linearisation of the non-linear
energy and the non-penetration constraint. The linearisation of the constraint can be
split into the following three parts:

dqn.p(en) :/ —ony, p0, - (s — P(s)) ds + / —ny,,0, - 9(s — ®(s)) ds
’Yé,h Pyé',h (42)
+/ —ny,,0, - (s — P(s)) dds.
'Yl

C,h

The first part involves the linearisation of the nodally averaged normal. In the continuous
case the nodally averaged normals correspond to the continuous normal field ny, , = n'(s).
As @ is the normal projection s — ®(s) = u(s)n'(s) and n'(s) are collinear. Hence the
first term vanishes as it holds

The second term is the linearisation of the point-wise gap function. This coincides with
the non-penetration constraint in the small displacement contact framework, cf. (1.28).
The third summand labels the linearisation of the deformation dependent integral domain,
which we denote by dds.

Motivated by the availability of fast multigrid methods that have been developed for the
small strain framework [79, 55], we will use the second term only to approximate the
constraint Jacobians

Vanp(pn)v =~ (N;'p(cp)v = /1 —ny,,0, - (vi(s) — v o ®(s))ds, (4.3)

cf. (1.28) and Section 3.4. Note that this approximation does not completely coincide
with the second term of (4.2). We additionally omit the linearisation of the contact
mapping P.
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Remark 4.1.1. Using this approzimation of the constraint Jacobians is similar to the
simplifying assumptions on the contact forces that are made in [93, 106, 62]. While in
other approaches this allows the condensation of the dual Lagrange multiplier, we exploit
the special structure of the Jacobians to speed-up our algebraic solver using multigrid
methods. Furthermore, whenever it is necessary, we switch back to the contact forces that
are consistent with the mortar discretisation.

In the following we will investigate whether the requirements introduced in Section 3.4
for the inexact Jacobians are fulfilled. The algebraic form of the approximate Jacobians
applied to a function from the product space v € S;, is given by

G(pn)v = —ODv' + OMv?, (4.4)

where the deformation-dependent non-mortar and mortar block-matrices, with diagonal
d x d blocks, are given by

Dy, — / 6, ds, (4.5)
Vé,h

m@f:/je%ﬁd& (4.6)
71c,h

and the block-diagonal matrix O € R™*dm
Opp = n{p.

Note that for the assembling of the mortar matrix M, the basis functions )\2 have to be
evaluated at the projected points ®(s). Due to the bi-orthogonality (2.19) of the dual
basis functions ¢, the non-mortar matrix is diagonal

sz/l&@. (4.7)
Y

C,h

The construction of a continuous transformation T'(¢,) € RN*N such that G (¢5)T(¢n)”
is positive and diagonal, c¢f. Assumption J, can be done as proposed by Krause and
Wohlmuth in [79]. To this end, we sort the deformation coefficient vector ¢, =

(M M o) into mortar ¢, non-mortar ¢ and the remaining degrees of freedom

@l

Further, as suggested by Kornhuber and Krause for Signorini’s problem [75], we consider
the block-diagonal matrix O € R™ ™ consisting of the householder reflections of the
first Euclidean basis vector onto the nodally averaged normal ny,,. For the re-ordered
coefficients the basis transformation takes the form

Id MT 0
Ten):=(0 O 0], (4.8)
0 0 Id
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4. Application to large deformation contact problems

where ]}7[ = DA_lM . Note that the householder reflections are symmetric and invertible,
hence O~! = OT = O.

The transformed inexact Jacobian can now be computed as follows

1d 0
G(en) T (gn) = (OM —OD 0) | M1 0 (0 D 0), (4.9)
0

o O o

d

—

which are positive and diagonal.

Remark 4.1.2. The resulting constraints only restrict the nodes of the non-mortar side,
or more precisely, only the first component of each node. The corresponding degrees of
freedom of the mortar contact boundary are constructed such that they always fulfil the
linearised constraints, see [79, p.10].

Moreover, the transformation is invertible with

Id —MTO 0
T '=10 0 0], (4.10)
0 0 1d
and the inverse inexact Jacobians
~ 1
(GlenTlen™) =D, (4.11)

are bounded away from zero whenever the faces of the deformed contact boundary 7(1),h

are not degenerated. Hence, the inexact Jacobians G fulfil Assumption J, which is
required for the global convergence of the filter method.

Remark 4.1.3. In comparison to other recent approaches that use the dual mortar
discretisation [62, 106], our inexact filter—trust-region method can also be seen as a
Newton method using approximate contact forces corresponding to (4.3). The difference

15 that, whenever it is necessary, we switch back to the fully consistent contact forces
(2.29).

4.2. Multigrid methods for contact problems

In this section we describe how the monotone multigrid method MMG can be extended
to the local SQP problem with inexact Jacobians (4.4) and supplemented by trust-region
constraints

|an oo < Ag. (4.12)
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The monotone multigrid method described in Section 3.2 can only handle bound con-
straints. An extension of this method to small deformation contact problems has been
introduced in [79] by constructing a hierarchical multilevel basis, based on the trans-
formations (4.8). While this method is very reliable and robust, it also requires the
assembling of the transformation for each grid level in the hierarchy and a monotone
restriction operator to obtain suitable coarse grid defect obstacles [79, p.15]. By incor-
porating the additional trust-region constraints and restricting them with the Mandel
restriction (3.1.1), this method can be extended to the linearised filter problems and
global convergence can be proven in the same way as in Section 3.2. First ideas on this
method have been developed by Sander in [114].

Recently, Graser introduced a novel multigrid method for convex quadratic problems
with obstacles and more complicated non-linearities that avoids the need of constructing
coarse defect obstacles [55]. The idea of the truncated non-smooth Newton multigrid
method (TNNMG) is to make a non-linear pre-smoothing step only on the finest level.
Then a coarse grid correction is computed by solving the unconstrained truncated defect
problem using a linear multigrid step. To regain feasibility the resulting correction is
projected back onto the feasible set Kj,. Conclusively a line search along the projected
correction is performed which guarantees sufficient decrease of energy. This method is
proven to be globally convergent [53].

Furthermore, as only the non-linear pre-smoothing step on the finest level has to be
implemented, this algorithm is relatively easy to implement. In [117] this method is
extended to small displacement contact problems using the transformation (4.8) to
decouple the constraints. On the finest grid level a projected Gauss—Seidel step in the
transformed coordinates is performed. The smoothed iterate is then transformed back to
Euclidean coordinates and the linear multigrid method is used to compute a coarse grid
correction.

Compared to the monotone multigrid method this approach has the advantage that only
the canonical transfer operators are needed on the coarser levels and hence, in the case
of contact problems, only the mortar matrix M; on the finest level has to be computed.
We extend this idea to large deformation contact problem with inexact constraint Jaco-
bians (4.9) as follows. We only sketch the method here, a more detailed description can
be found in [117, Section 3.4].

Algorithm TNMMG (Truncated Nonsmooth Newton Monotone Multigrid)

1. Gauss—Seidel step with inexact constraints

GrTIvi > —g(enk),  IVallee < Ax (1)
2. MMG step in Euclidean coordinates with trust—region constraints only

3. Projection of the correction onto the feasible set given by (1)
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4. Application to large deformation contact problems

4. Line search in the direction of the projected correction
Proposition 4.2.1. Under the assumptions of Theorem 3.2.9, the method TNMMG

converges globally to a locally critical point.

Proof. Follows from the monotonicity of the coarse grid correction and the global conver-
gence of the preceding Gauss—Seidel step, see Theorem 3.2.9. n

4.3. Implementational Aspects

The normal projection ¢

For the assembling of the non-penetration constraint and the (in-)exact Jacobian the nor-
mal projection has to be implemented efficiently. Therein, each pair of faces (ANM AM)
needs to be checked for intersections, where ANM ¢ Vah corresponds to a non-mortar face
and AM ¢ fy%’ », to a mortar face respectively. To avoid the quadratic effort of checking all
pairs of faces, we use the optimal advancing front algorithm by Gander and Japhet [49].
In this scheme, after an initial intersecting pair is found, only neighbouring information
is used which leads to a linear complexity. The computation of the intersection polygon
for two faces is done similarly to the method proposed in Puso and Laursen [93]:

Let pM™ and pM denote the corners of ANM and AM respectively and let n¥ denote
the nodally averaged normals (2.24) associated with the non-mortar vertices p*. Then,
the intersections are computed as follows:

1. Project each pM along n onto the AM-plane

2. Check which pM are contained in AM.

3. Check which pM are contained in the projected ANM

4. Compute edge intersections and determine which neighbours intersect

5. Compute nodally averaged centre and triangulate the polygon

Exact linearisation of the mortar non-penetration constraint

The consistent linearisation of the discrete non-penetration constraint (4.2) is very
complicated because the integration must be performed over the triangulated intersection
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ANM

Figure 4.1.: Computation and triangulation of an intersection polygon.

polygons Figure 4.1. Hence, the deformation-dependent polygonal corners have to be
linearised which has to be done according to the type of intersection they arise from,
i.e. non-mortar/mortar corner, edge intersection or averaged centre. The corresponding
formulas are very lengthy and can be adapted from the similar discretisations in [106,
93]. To validate our implementation we tested the consistent linearisation against a finite
difference approximation for several grids.

4.4. Numerical Examples

We will now show some numerical examples to illustrate the performance of the multigrid
method MMG and filter—trust-region method FTR presented within this thesis. Further
we will investigate the behaviour of the proposed time discretisation scheme in more
detail. The implementation of all the solvers and the mortar discretisation has been done
within the DUNE environment which is a free c+4 toolbox for the solution of partial
differential equations [12, 10, 11].

The implementation of the contact mapping ® : y¢,, — &, cf. Section 4.3, can be
found within the DUNE module DUNE-GRID-GLUE [9] and originated from the PSURFACE
library by Oliver Sander [118], which is also used to generate and handle the parametrised
boundaries in the hip joint range of motion analysis (Chapter 5). As a grid manager we
used UG [13]. For the solution of the coarsest problems within the multigrid step and
for the solution of the exact local problems, cf. Section 4.3, we apply the COINIPOPT
library which uses an optimised interior point algorithm [133].
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1—‘obs

Figure 4.2.: Left: Reference domain and boundary conditions. Right: Deformed configu-
ration with the resulting von-Mises stresses.

4.4.1. Obstacle problems in non-linear elasticity

In this section we want to illustrate the performance of the monotone multigrid method
introduced in Section 3.2. There is a large variety of optimisation algorithms for non-
linear minimisation problems subject to simple bound constraints [29, 28, 129, 56, 58]. In
[28] Coleman and Li suggest a Newton approach with a non-standard reflective linesearch
to keep the iterates feasible. Ulbrich et al. extended this approach to infinite-dimensional
problems in terms of interior point methods [129]. Motivated by the convergence speed
of multilevel methods Gratton et al. developed a recursive trust-region algorithm where
on each grid level a local trust-region method is applied [56]. This method was refined
by Krause and Gross in [58] such that the resulting method can be implemented as a
V-cycle. In our approach we will go the other way round: Instead of first decomposing
the system hierarchically and performing a trust-region step on each level, we apply the
standard trust—region scheme TR directly to the fine level and solve the local problems
with the monotone multigrid extension introduced in Section 3.2.

The following numerical example is adopted from [58]. We consider the non-linear Ogden
material [103]

W(p) =atr E(p) +b (tr E(p))” + ¢ tr(E(p)?) + d(det(Ve)), (4.13)
where E denotes the Green strain tensor (1.14) and I' is a penalty function
['(x)=—1In =z,
that “enforces” local injectivity. The constants are chosen such that
a=—dT'(1), b= (AT +T(1), e=p+dl(1), d>0,  (414)

where A and p denote the bulk and shear modulus. This material approximates the
St.Venant—Kirchhoff material (1.15) for small deformations and reproduces it for d = 0.

80



4.4. Numerical Examples

We only consider the quasi-static problem (1.19). The initial geometry is the unit cube
Q) = [0, 1]® with Dirichlet boundary I'p = {(z1,%2,1) € R3} and skewed Dirichlet values

g(x) = —0.2(xy +22), x€lp.

The cube is subject to lower bound constraints given by the affine x;-x5-plane through
(0,0,—0.05), see Figure 4.2. We use the following material parameters: d = 100, A =
34, = 136. The local problems are solved using the monotone multigrid method MMG
until the relative correction error falls beyond the tolerance e,,, = 107°. The trust-region
algorithm is performed until the first order criticality measure x, see (A.9), falls below
1079, In the left of Figure 4.3 the reduction of the criticality measure is plotted against the
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Figure 4.3.: Left: Reduction of the criticality measure of the trust-region method in the
case of 692,835 degrees of freedom. Middle and Right: Averaged convergence
rates and number of iteration steps of the multigrid method for increasing
number of degrees of freedom. The flattening of the curve indicates mesh-
independence or midly dependent convergence.

trust-region iterations. Already after five iterations the measure falls beyond 10~ which
corresponds to a convergence speed of the same order as the recursive multilevel approach
in [58]. In the middle and right of Figure 4.3 we compared the multigrid iterations and
convergence rates averaged over the trust-region steps for five uniform refinement steps.
While for small levels the numbers still increase, they flatten for increasing degrees of
freedom which indicates mesh-independent or mildly dependent convergence.
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4.4.2. Convergence Analysis of the filter—trust—region

In this section we want to illustrate the convergence of the proposed filter—trust-region
method at the example of the ironing problem. This problem is used to test the robustness
of the mortar discretisation and the applied algebraic solver due to its difficulty [93,
106]. We adopt the initial configuration and loading set-up from [106], see Figure 4.4.
In this example a block is placed under a half-spherical shell. The block is fixed at

Figure 4.4.: The initial configuration of the coarse ironing grids.

the bottom with homogeneous Dirichlet conditions. For the shell non-homogeneous
Dirichlet conditions are prescribed on the top boundary that are enforced in loading steps:
First, the shell is pressed vertically into the block with a prescribed total displacement
of 1.4 units. Then, in the second phase it is swiped over the block until a horizontal
displacement of 2.1 is reached, see Figure 4.5. As done in [106] we apply an equidistant
loading increment of 0.14. Both bodies are modelled by the Neo-Hookean material law

A A
W(p) = 7(det(Ve)® = 1) = (5 + p) log(det(Vep)) + putr E(¢p), (4.15)
with
Ashell = 790, fighenn = 375,
3 3
Ablock = 1_1’ Hblock = g

In this example the stiffness ratio of the two bodies is very high with 1 : 1000. In the
case of a softer contact (1 :100) similar convergence results were obtained. The loading
problems are solved with the inexact filter—trust—region method until the criticality
measure Y, see (3.51), falls below 107 or the relative error in the H'—norm is less than
10715, The linearised SQP problems with exact constraints are solved using the optimised
IPOPT-Library [133], until a tolerance of 1078 is reached. For the inexact problems we
apply the truncated non-smooth Newton multigrid method TNMMG until the relative
error in the H!'—norm falls below a tolerance of 1078, The constant in the control of
the approximation error (3.58) is chosen k,. = 1. We switch from inexact to exact local
problems when the approximate criticality X, cf. (3.50), falls below 1073,
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Figure 4.5.: Left:Ironing problem after the horizontal displacement. Right: Ironing prob-
lem after the vertical displacement

On the left side of Figure 4.6 the convergence of the inexact filter method and
corresponding filter with exact Jacobians are shown for an exemplary step during the
swiping phase at the increment 0.28. For this computation the block grid has been
refined uniformly three times and the shell grid once. As can be seen in the picture, the
decrease of the exact criticality is flattening when only the “cheap” inexact problems are
solved. This is why it is important for the performance of the inexact filter method to
choose the switching point, i.e. the tolerance for the inexact criticality measure, carefully
or adjust it dynamically.

Already in this rather small problem with 26,550 degrees of freedom, the computation
time for the solution of the inexact local problems with the multigrid method is about ten
times smaller than the time needed by the optimised solver for the exact problem (1.5s
resp. 15s). In this exemplary loading step 12 inexact iterations were performed before
switching to exact constraint Jacobians, which corresponds to a decrease of computation
time of 15%. In total the computation time needed for this example with a three times
refined block and once refined shell was reduced about 14%, see Figure 4.6 and Table 4.1
Further refining the grids (= 200, 000 degrees of freedom) already leads to a difference in

exact ‘ inexact ‘ difference
comp. time | 18,495s | 16,027s |  2,648s

Table 4.1.: The total averaged computation times for the exact and inexact filter. Using
inexact Jacobians results in a reduction of 14%.

computation time of 20s to 20 minutes per local solution.

Only linear convergence can be expected due to the approximate Hessians that are used
within the filter method, cf. Remark 3.4.1. Extending this approach to second order
consistent models will be done in future work.

In the right of Figure 4.7 the total inexact filter iterations are plotted for different
refinement levels, where the grids are refined alternatingly. During the first phase the
iteration numbers seem to remain constant for decreasing mesh size; in the second phase
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Figure 4.6.: Left: Reduction of the criticality measure x of the exact and inezxact filter
method during the 12" loading step. The arrow marks the spot where the
approximate criticality measure reached its tolerance. The flattening in that
area shows that exact steps are necessary for the convergence. Further, the
switch between exact and inexact steps has to be chosen appropriately to
guarantee a high reduction of computation time. Right: Comparsion of the
wnezxact and exact steps that were computed during all loading steps. The
total iteration numbers of the inexact and exact filter are comparable. As a
result, the use of cheap inexact steps results in a decrease computation time.

this independence is lost, although the increase is still in an acceptable range.

In Figure 4.7 we compare the solutions generated by our filter method to the results that
are computed by only solving the inexact local problems until ¥ < 107!°. We observe
that, although this error is small, convergence to the true minimisers cannot be expected
in general. Finally in Figure 4.8 the L?-norm of the Lagrange multipliers (2.32) is plotted.
As expected from the mortar discretisation the contact forces evolve smoothly even in
the presence of large sliding.

4.4.3. Numerical Study of modified midpoint rule

In the following example we examine the modified midpoint rule (2.6) in more detail.
To this end, we consider an elastic ball bouncing on an elastic block. A coarsened
representation of the initial configuration is shown in Figure 4.9. For the dynamic
simulations the ball is additionally refined twice and the block once resulting in 49518
degrees of freedom. Again the bodies are modelled by the Neo—Hookean material law
(4.15) with identical (soft) elastic parameters

A=22 p=11, (4.16)

and mass density p = 0.01. The ball is supplemented with an initial velocity of (0,0.2,1.5)
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Figure 4.7.: Left: A comparsion of the filter iteration numbers for different refinement
levels and the exact filter method on the finest grid. During the swiping
phase (steps 10 — 24) a mild mesh-dependence can be observed. Right: The
H*'—error of the true minimizers to approzimate ones that are computed from
the sole solution of inexact problems. While the error seems to be constant
and small, convergence of a purely inexact solver cannot be expected.

units and additional gravity forces
F™(t,v),) = / pfvi(x)dr, f=(0,0,9.81)T, (4.17)
Qpan

are prescribed. The block is set-up with homogeneous Dirichlet conditions prescribed
at its lower boundary and a rather coarse time step size 7 = 0.01 is chosen. The
corresponding spatial problems are solved with the inexact filter—trust—region method
until the tolerance of 1071 is reached. We switch from inexact to exact local problems
whenever Y < 107°.

In dynamic simulations like the one at hand or the range of motion analysis that is
presented in the next chapter 5 the inexact filter method shows its full potential. During
time steps where no active contact occurs, the solution of inexact local problems suffices
to achieve full convergence towards the solution, see Figure 4.10. In the present simulation
this results in a decrease of total computation time by 30%, see Table 4.2. In Figure 4.11

‘ exact ‘ inexact ‘difference
comp. time | 212,500s | 151,131s | 61,369s

Table 4.2.: The total averaged computation times for the exact and inexact filter. Using
inexact Jacobians results in a reduction of 30%.

the energy evolution of the midpoint rule (2.3) and our proposed modified version (2.6)
are compared. While the midpoint rule is strictly generating energy during each contact
phase, the modified version is almost dissipative and the energy loss is rather small
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Figure 4.8.: L2-norm of the dual Lagrange multipliers. As we expected from the mortar
discretisation the contact forces evolve smoothly during the sliding.

V]

Figure 4.9.: Initial configuration of the bouncing problem.

compared to the increase of the unmodified scheme. In the right of Figure 4.11 the energy
of the stabilised scheme is shown in more detail. One can see that the energy is lost
during the attachment of the contacting bodies. In [34, 72| this phenomena was also
observed in the framework of small deformations for a modified Newmark method (which
coincides with the proposed scheme in the linear case). The authors suggest to add a
further contact stabilisation by making a predictor-L?-projection step. The resulting
predicted contact forces enter the velocity update which improves the energetic behaviour
of the scheme. This could also help to avoid the small gain in energy observed during
the detachment phase.

Remark 4.4.1. The modifications proposed in [34] and [72] also eliminate artificial
oscillations at the contact boundary in the small displacement framework. In the presented
numerical examples we did not observe these kind of oscillations which is possibly due
to sliding and rotation. We will investigate this issue in more detail and examine the
incorporation of further stabilisation techniques like in [34, 72] in future work.

Furthermore, while improving the stability of the time discretisation significantly, the
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Figure 4.10.: Left: The total number of iterations needed by the inexact and exact filter
method. During the contact phases the iteration numbers increase. When no
constraints are active it suffices to perform inexact steps only, which leads
to a large speed-up. Right: The L?*—norm of the dual Lagrange multipliers
for the stabilised scheme which again show a smooth evolution of the contact
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Figure 4.11.: Left: The total energy of the midpoint rule and its stabilised pendant. While
the midpoint rule is increasing the energy during each contact phase, the
modified version is almost conserving. Right: The total energy of the
stabilised scheme together with the number of active constraints. The main
enerqy loss is observed during the attachment phase while it is increased a
little during the detachment.
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Figure 4.12.: Linear and angular momentum of the two schemes in the absence of external
forces and boundary conditions. While both schemes conserve the linear
momentum, the stabilising modification of the midpoint rule leads to a loss
of angular momentum preservation.

modification leads to a loss of angular momentum conservation, see Figure 4.12. In [71]
Kaufman et al. suggest to use generalised reflections to regain momentum and energy
conservation which is similar to the modified velocity update in [72]. We will investigate
this behaviour in more detail by carefully going through the exact linearised constraints
and identify where the rotational invariance is lost.

Concluding remarks

In conclusion the monotone multigrid and the truncated non-smooth Newton multigrid
method work extremely well even in the case of non-convex problems. Further, the
numerical results are in accordance with the convergence theory developed in Chapter 3.
Compared to its exact pendant a large reduction in computational time can be expected,
especially in dynamic simulations, when the switching parameter is chosen appropriately.
The proposed time discretisation scheme (2.6) for the non-standard differential inclusion
showed an improved energy behaviour. Further investigations and extensions have to be
made to recover energy and momentum conservation.

88



5. Femoroacetabular Impingement
Analysis

In this chapter we present a heterogeneous joint model and a framework for the numerical
simulation of patient-specific range of motion (ROM) and femoroacetabular impingement
(FATI) analysis. After describing the medical background and the prevailing pre-operational
hip surgery planning, we will introduce the heterogeneous joint model in Section 5.1
and a computational framework of how it can be used to estimate the range of motion
and impingement zones in Section 5.2. We close this chapter by showing first promising
results and compare our approach to a state-of-the-art FAI model [86].

5.0.4. The human hip-anatomy, functionality and failures

Lig. pubofemorale Lig. sacrospinale

| Canalis obturatorius

M. rectus femoris, Tenco Caput reflexum } M. rectus

Membrana obturatoria Caput rectum [ femoris, Tendo

Lig. iliofemorale

[ Pars — Lig. ischiofemorale
Lig. iliofemorale { Pars descenden

| Pars transversa

Lig. sacrotuberale

Trochanter major —43§ Trochanter major

Collum femoris

Trochanter minor

Figure 5.1.: Anatomy of the hip joint. Picture taken from [104].
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The main task of the hip joint is to bear the body weight during movements or standing
positions. It is a classical ball and socket joint which allows the movement of the
leg in almost all directions. This movement is restricted by the joint capsule, the
extracapsular iliofemoral, ischiofemoral and pubofemoral ligaments and surrounding
muscles, in favour of enhanced stability [110]. The femoral head and the acetabulum are
covered with articular hyaline cartilage which is lubricated as most of the motion involves
sliding [110]. The extracapsular ligaments are reinforcing the joint and are among the
strongest ligaments of the whole body [105]. The intracapsular ligament teres connects
the acetabular notch and the femoral head. While its stabilising effect on the joint can
be neglected, it can provide artery supply to the femur bone.

Range of motion (ROM)

3/

r«‘n
y

Wl
¢

Figure 5.2.: Sagittal (green), coronal (blue) and azxial plane (red).

The range of motion of the hip joint is quantified by measuring the maximal angles of
deflection along the three orthogonal axes of motion of the ball joint. All axes pass
through the centre of the femoral head and they are aligned to the planes of motion, the
sagittal, coronal and the azial plane, see Figure 5.2. Flexion and extension is motion
that decreases resp. increases the angle between two parts of the body. For the hip joint
this corresponds to movements in the sagittal plane, cf. Figure 5.3. While the maximal
extension is strongly restricted by all three ligaments, a lot of flexion is possible, only
limited by contact of the thigh and the chest [102]. Adduction and abduction (coronal
plane) describes motion that moves extremities towards resp. away from the body centre.
The maximal possible angle depends on if the thigh is flexed or not. In the flexed
position the tension in the iliofemoral is reduced, which allows a much higher adduction.
The abduction is also reduced by the pubofemoral ligament [102]. The internal and
external rotation denotes rotation towards resp. away from the body axis. The maximal
internal rotation is restricted by the ischiofemoral and the lateral iliofemoral ligament,
the external rotation is controlled by the transversal part of the iliofemoral ligament,
again allowing a larger rotation when the hip is flexed [102]. Average angles of each
motion in the standing position can be found in Table 5.1
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Flexion Extension

Abduction

Adduction

L;. 2

External
rotation

Flexion 130 — 140°
Extension 10 — 15°
Abduction | 30 — 40°
Adduction | 20 — 30°
Ext. rot. 40°
Int. rot. 50°

Internal
rotation

Figure 5.3.: Movements along the azes of motion. Picture redrawn from [102][p.207].

Table 5.1.: Average mazimal angles along the azxes of motion, taken from [102, 104].

Femoroacetabular Impingement (FAl)

It is widely accepted nowadays that FAI is one of the most common cause of osteoarthritis
in hip joints [15]. FAI denotes the impingement (contact) of the femoral head and the
acetabular rim resulting in unnatural stresses that cause pain. There are two types of
FAI, the pincer-type, typically originating from an excessively deep acetabulum, and the
cam-type impingement, caused by a diminished femoral neck offset, see Figure 5.4. Both
types can be present at the same time and they in general reduce the flexion, abduction
and internal rotation [16]. When the impingement type is detected, the surgeons task is
to restore the femoral head neck or eliminate focal impingement lesions correspondingly.
The pre-operational orthopaedic surgery planning nowadays is still mainly based on
X-rays. Even in complex processes as total hip arthroplasty, simple templating, digital
or by hand, cf. Figure 5.5, are used to decide on shape, size and position of the implant
[76]. This gap between the 2-dimensional surgery planning and the 3-dimensional reality
is one of the motivations for virtual medicine in orthopaedic surgery.

State-of-the-art FAI analysis
The prevailing toolboxes for a virtual FAI analysis are based on computerised tomography

(CT) (HrpOP[86],ArTICULIS[112], HIPPROJECT[109], HIPNAV[126]), and due to the
lack of data, rarely on magnetic resonance imaging (MRI). In a first step the data is
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ntes

Figure 5.4.: Impingement zones colored in red. Left: Pincer-type impingement. Right:
Cam-type impingement.

Figure 5.5.: Acetabular templating stencil to determine the center of rotation. Picture
taken from [76].

segmented and three-dimensional geometries of the bones are extracted. The centre of
rotation of the joint is computed using e.g. a sphere fitting algorithm. Then, a ROM
analysis is conducted to determine the impingement zones. Practically all available FAI
tools assume that the hip is a perfect ball and socket joint with fixed rotational centre.
The analysis can then be accomplished by simple rigid body rotation along the axis of
motion until collision is detected [86, 81, 109, 24, 83]. The maximal rotation angle is
computed e.g. by doing a binary search [81]. Extensions of this approach exist where the
femur, apart from rotating along the prescribed axis, additionally can translate freely.
This is used to smooth out collisions that do not correspond to pincer- or cam-type
impingement. In these models an impingement is detected if the joint cannot be set into
a collision-free status by translation of the femur in less than e.g. 3mm [112, 16]. For the
collision detection real-time algorithms can be constructed, e.g. by using a lookup table
and linear transforms to speed-up the process [67], cf. Figure 5.6. The surgeon can then
remodel the joint and re-evaluate the analysis to improve the ROM and, based on this,
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R

Figure 5.6.: Real-time collision detection in the visualisation software AMIRA [41].

develop an optimal surgery strategy [92].

Finite element models have been developed for the case where rather the joint loading
than the ROM is of interest. The model in [91] is based on an idealised joint geometry
that consists of rigid bones and sliding contact between linear elastic cartilage layers.
Ligaments and muscles are neglected and the evolution is driven by external forces that
were measured during in vivo experiments. In contrast to the previous approaches this
model cannot be used for virtual testing and ROM optimisation as the evolution of the
system is prescribed by the measured data. Furthermore, ligaments are not included,
which are significant for an accurate estimation of the ROM, see Section 5.0.4. Similar
finite element approaches can be found in [131, 25]. In [131] additionally the hip abduc-
tors are modelled by stiff cable elements. A more complex model of the knee-thigh-hip
complex is proposed in [124]. The cortical bone is modelled by an orthotropic material
and ligaments by one-dimensional discrete elements. The approach further contains
(passive) muscles and a soft tissue mass distribution simulating the patients weight.
Finally, also near-real-time models are available using the discrete element method [6,
1]. In these approaches the bones are assumed to be rigid and cartilage between the
acetabulum and femoral head is simulated by a series of springs.

5.1. A heterogeneous hip joint model

In this section we present a heterogeneous joint model that can be used for an advanced
FAT analysis and further tasks in virtual medicine. The mathematical model is an
extension of the knee joint model previously developed in [120]. It includes the proximal
extremity of the femur, the pelvis bone and the major iliofemoral, ischiofemoral and
pubofemoral ligaments, cf. Figure 5.7. We omit the joint capsule, hyaline cartilage and
surrounding soft tissue for now. Although they could be incorporated in the mathematical
model as passive tissues, in practical situations only CT or X-ray data is available, which
makes the reconstruction of soft-tissues impossible.
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Figure 5.7.: The heterogeneous joint model (left: AP-view, right: PA-view) with the three
(re-meshed) major ligaments iliofemoral (green), ischiofemoral (purple), and
pubofemoral (blue).

-

Hyperelastic bones

Bone is an anisotropic multiscale material [33]. Depending on the specific application
a large variety of models, ranging from biphasic models [80], to orthotropic [124], and
linear elastic ones [141], exist. On the macroscopic scale that we are interested in,
the cortical bone can be considered as homogeneous, isotropic elastic material [117,
Chapter 2.2]. Therefore, we model the femur and the pelvis as geometrically non-linear
St.Venant—Kirchhoff materials (1.15). In contrast to the small strain approach [120], we
model large deformation contact between the femoral head and the acetabulum of the
pelvis, see Figure 5.8, which allows for the proper simulation of rotational movements.
The algorithmic treatment of these components is done as described in the previous
chapters 1-4.

In [120] uniform articular cartilage layers on top of the bones are modelled by a linear

Figure 5.8.: Left and Middle: Contact boundaries of the pelvis and the femur.Right:
Articular cartilage layer.

visco-elastic Kelvin—Voigt material. We note that the same construction can be applied
to add cartilage to the present hip joint model, see Figure 5.8, although only hyperelastic
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5.1. A heterogeneous hip joint model

materials fit in the algorithmical framework currently.

5.1.1. Ligaments as Cosserat rods

We use Cosserat rods to model the ligaments, which was first proposed by Sander in
[117]. Ligaments are long and slender objects which motivates to use a reduced model to
avoid any meshing problems. The main assumption in one-dimensional Cosserat continua
is that the cross-sections of a rod hardly deform and hence can be assumed to be rigid.
We will only give a short introduction to Cosserat rods here, a detailed introduction, and
much more, can be found in e.g. [5].
The configuration of a Cosserat rod is given by a curve in space r (the centreline) together
with a set of rotations q describing the orientation of the cross-sections
¥ [0, L] — R? x SO(3),
P(s) = (r(s), qls)),
cf. Figure 5.9. The columns of the orthogonal rotation matrix q(s) define a local
coordinate system {d;(s),ds(s),ds(s)}, where the directors d;(s),dz(s) lie in the plane
spanned by the cross-section and d3(s) is orthogonal to that plane, but does not necessarily
coincide with the tangent of the centreline r'(s), see Figure 5.9. Similar to the full-
dimensional continuum case we denote by 1)y the reference configuration of the rod. We
assume that in the reference configuration the centreline ry is parametrised by arc-length.
Although the model is one-dimensional it can still represent shearing, stretching, bending

and twisting, which is crucial for the proper simulation of ligaments. Suitable strain
measures v, w are defined by

v(s) :=1'(s), di(s)=w(s) xdi(s) i=1,23. (5.2)

(5.1)

When represented in the local basis {d;}, the strain v measures shearing and stretching
and w quantifies strain due to bending and twisting. In contrast to the previous approach
[120] we will neglect the inertia terms for now and only consider quasi-static Cosserat
rods. A description of how the dynamic model can be incorporated into the joint model
can be found in [120]. The balance of momentum in the quasi-static case is given in
terms of the resulting net forces n and moments m

n'=0 on|0,L],

2.3
m'+r' xn=0 onl0,L]. (5:3)

Note that we omitted external forces and momenta in (5.3) for simplicity. As usual,
additional boundary conditions and the constitutive law linking the resulting forces to
the strains have to be prescribed to close the system (5.3). Like in Chapter 1 we only
consider hyperelastic Cosserat materials, i.e. we assume that there exists an energy
functional Wy, z, s), such that

n:a_W<V_VO7W_W07S>7 m:a_W(V_V()’W_WO’S)’ (54)

ay 0z

95



5. Femoroacetabular Impingement Analysis

where vg, wg denote the initial strains of the reference configuration. Ligament is a
multiscale material that shows elastic and visco-elastic behaviour. The prevailing models
in the field of joint mechanics are simple spring models, but also more complex approaches
have been used, see [117] for an overview. We are only interested in the macroscopic
mechanics of the hip joint and that is why we will use a linear elastic, yet geometrically
exact, material law in this model.

W(y,z,s) = % (Z)T C(E,v) (Z) : (5.5)

where the diagonal matrix C only depends on the Poisson ratio v, the elastic modulus
FE and the shape of the cross-sections, see [120] for more details. We further prescribe
Dirichlet boundary conditions

(r(0),q(0)) = (w0, Fo), (r(L),q(L)) = (¢r, Fr), (5.6)

that depend on the deformation of the attached bones, as will be shown in the next
section. Analogously to (1.19) the equilibrium states of a hyperelastic Cosserat rod are

R

Figure 5.9.: Left: Reference and deformed configuration of a Cosserat rod. Right: Local
coordinate system defined by the directors.

characterised as minimisers of the non-convexr strain energy

glellr} J / W(v(y) — vo, w(?) — wy) ds, (5.7)
where the Sobolev space for manifold-valued functions is defined as

H := H}([0,L],SE(3)) = {¥ € H,([0, L], R*) : ¢ € SE(3) a.e. on [0,L]}, (5.8)
and SE(3)= R3 x SO(3) denotes the special Euclidean group. The integer k depends
on the embedding of the orthogonal group SO(3). We will use unit quaternions which
are numerically stable (in this case k = 7). A detailed description of how to use unit
quaternions for the description of rotations can be found in [116].

Theorem 5.1.1. There exist solutions of (5.7) subject to Dirichlet boundary conditions
(5.6) and the orientation constraint

<V7d3> >0 (59)

These solutions are in general not unique.

Proof. Wolfe and Seidman [123, Theorem 3.8] O
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5.1. A heterogeneous hip joint model

Geodesic Finite Elements

The price we pay for the reduction in dimension is that the configuration space SE(3)
is no longer a linear space. Therefore, the standard finite element method, which is
based on linear interpolation, cannot be used any more. To overcome this difficulty
Sander developed geodesic finite elements which, in the first order case, replace linear
interpolation by interpolation along geodesics [116]. Let a grid T of [0, L] be given by
O=s51<...<s,=1L.

Definition 5.1.2 (Geodesic Finite Elements). A function 4, : [0, L] — SE(3) is a
geodesic finite element, if it is continuous and )y, restricted to each element [s;, s;11] is a
minimising geodesic in SE(3).

Remark 5.1.3. In [57] the construction of higher order geodesic finite elements can be
found and optimal a priori discretisation error bounds are proven.

We set
V5, = {1, : [0, L] — SE(3) : 1, is a geodesic finite element} .

The discrete problem is derived by replacing the infinite-dimensional function space by
the finite-element one:

J}flei{l,h J(r), st ¥p(0) = (o, Fo), ¥Yu(L) = (L, Fr). (5.10)

The derivation of an equivalent algebraic formulation is complicated by the fact that
the identification of a geodesic finite element with its coefficient vector SE(3)" is not
necessarily unique. It is guaranteed if the grid T is sufficiently fine, see [116, Lemma 5.2].
Assuming the uniqueness of the coefficient vectors the algebraic formulation of (5.10)
reads

i t. = F = F
o 0 J(¥n), st Pno= (¢0,Fo), ¥nr= (1, Fr), (5.11)

where in a slight abuse of notation we denote both the coefficient vector and the
corresponding geodesic finite element function by 1),. More details and the formulas for
the evaluation of the geodesics and their derivatives using quaternions can be found in
[116].

Riemannian Trust-Region Solver

In this paragraph we describe the Riemannian trust-region algorithm that can be used to
solve the non-convex minimisation problems (5.11). This method was first proposed by
Absil et al. [2] for matrix manifolds and then applied to Cosserat rods by Sander [116,
117], where again the details and the explicit formulas for the case M = V, can be found.
In Section 3.3 we introduced the standard trust-region method for non-linear optimisation
problems in RY. The main idea was to locally approximate the energy functional by
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5. Femoroacetabular Impingement Analysis

quadratic models and then compute a correction by minimising this model instead. The
extension of this algorithm to manifolds consists of locally lifting the energy to the
tangential space Ty, SE(3)" using the exponential map exp,y, : Ty, SE(3)" — SE(3)"

T (u) = T (expyy, u). (5.12)

Now J : Ty, SE(3)" — R is a mapping between linear spaces which can be approximated
by a quadratic model with the help of the Riemannian metric hqy, : Ty, SE(3)" x
Ty, SE(3)" — R in a straightforward manner

s (1) 1= T(O) + g (T (0), ) + o (VAT (O)u, ). (5.13)

For a given iterate 1F the local problems of the Riemannian trust-region methods are
given by

i 5.14
ueTfsls%(?))" Mg (1), (5.14)

[ulltr < Ay, (5.15)

cf. (3.32). The trust-region norm can again be chosen arbitrarily. One option is to take the
norm induced by the Riemannian metric ||-||tgr = y/hy, (-, -). Further selecting the infinity
norm has the advantage that the trust-region constraints are bound constraints, which
enables us to solve (5.14) efficiently using the monotone multigrid method introduced
in Section 3.2. Once the local problem (5.14) is solved the iterate is updated using the
exponential map

M= expy, u. (5.16)

The acceptance criterion of the trial iterate and the update of the trust-region norm Ay
is done analogously to Algorithm TR.

One-sided contact between ligament and bone

To predict the range of motion and impingement zones it is essential to enforce non-
penetration of the bones and ligaments. We make the assumption that the contact forces
which the ligaments exert on the bones are small such that we can neglect them. Hence,
it is sufficient to model Signorini-type contact for the ligaments, considering the bones to
be rigid moving obstacles. To our knowledge, there exist no other continuous models for
contact between Cosserat rods and rigid obstacles. A discrete approach that is based on
collision detection, neglecting elastic forces between the discrete degrees of freedom was
proposed in [127] in the field of computer graphics.

In the following we will consider the case of one Cosserat rod and a rigid obstacle
ops C R3. We assume that the obstacle has a sufficiently smooth boundary, such that
the outer normal field n°" exists and is continuous. Further, we only consider Cosserat
rods with circular cross-section and constant radius [.
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5.1. A heterogeneous hip joint model

Let the boundary of a Cosserat rod with configuration ¥ be decomposed into a Dirichlet
part F}é’ = { Ay, A} given by the cross-sections at 0 and L, and the potential contact
boundary Fg. To derive a parametrisation of the contact boundary we note again that
each cross-section is characterised by the position of the centreline r(s), the radius [ and
the first two directors di(s),dz(s). The contact boundary can be written as

T% = {r(s) + 1 (dy(s) cosa +dy(s)sina) : s € (0,L),a € [0,27)}. (5.17)

As we introduced in Section 1.2, the non-penetration of two bodies can be modelled using
the closest point mapping ®°P : Iﬂ’cb — Tops

PP(x) := argmin ||x — y]|, (5.18)
yerobs

cf. (1.21). To simplify the notation we formulate the closest point mapping on the
deformed domain Fg. Although not written explicitly, the mapping ®° also depends on

the actual rod configuration .

Remark 5.1.4. Note that in contrast to the full-dimensional case in Chapter 1, we
use the closest point projection rather than the normal projection, which simplifies the
discretisation of the constraints significantly.

The corresponding contact normal field on Fg, is defined by
Vp(x) 1= n°"(dP(1)). (5.19)

cf. (1.22). @ is a best approximation and that is why the vector x — ®P(x) is itself
normal to I'gps at @°P(x). Hence, the gap function

g7 (x) == ve(x) - (x — PP(x)) (5.20)

is a signed measure for the distance of the Cosserat rod to the obstacle, see (1.23).
Non-penetration of the rod and the obstacle is ensured by enforcing that

gi(x) >0 vxel? (5.21)

holds. Combining (5.21) with the assumption of hyperelasticity (5.7), we arrive at the
following constrained minimisation problem:

min 7 (), 5.2
g% (¥) >0 on I'Y. '
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Figure 5.10.: Left: Ezract nodal non-penetration constraint. Middle: Piece wise linear
discretised cross-section boundary. Right: Approximate closest point by
projection.

Discretisation of contact

We will now propose a nodal discretisation of the contact constraints. Let again 7 be a
grid of [0, L] and assume that the Cosserat rod is discretised using geodesic finite elements
(5.10). Now consider a node p € T in the grid and denote by A, the corresponding
cross-section within the current configuration 1. Let x, € 0.4, be the point closest to
the obstacle, i.e.

x, = arg min ||x — ®P(x)]. (5.23)
x€0A)p

A straightforward discretisation of the non-penetration constraint is to demand that
GEWn) = v(x,) - (5, — OF(x,)) 20 2<p<n—1. (5.24)

These constraints still require the solution of a continuous minimisation problem (5.23)
and thus have to be discretised further. One possibility is to discretise the cross-section
boundaries 0.A, by piecewise linear segments and prescribe non-penetration for all corner
points or only the one that is closest to the obstacle, see the middle of Figure 5.10.

We will use a different approach: First we compute the closest point x, on the obstacle
to the centreline point r,. Then we project the distance vector x, — r, onto the plane
spanned by the cross-section and use the resulting point %, on the boundary 0.4, as an
approximation of the exact closest point x,,, see the right of Figure 5.10. The fully-discrete
nodal non-penetration constraints then read

95<¢h) =vp(Xp) (X, — PP(%,)) >0 2<p<n-—1, (5.25)
leading to the non-linear non-convex constrained minimisation problem
min ,

L J (¥n)
QR(lbh) > 0.

Remark 5.1.5. During the assembling of the contact constraints (5.25) the closest point
mapping PP has to be evaluated. This requires the computation of the point within a
face f € Ty, that is closest to the target point X, (or r,). This is implemented using the
polyhedral Gauss—Seidel method, where the face edges are used as search directions [59].

(5.26)
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5.1. A heterogeneous hip joint model

Filter—-Riemannian—trust—region method

Finally, we solve the constrained minimisation problem (5.26) using by a combination of
the filter method Algorithm FTR and the Riemannian trust-region algorithm described
in Section 5.1.1.

5.1.2. Heterogeneous coupling of bones and ligament

Motivated by classical domain decomposition theory the following coupling conditions for
the Cosserat problem and a linear elastic continuum were first proposed by Sander in [115,
117]. Later Schiela and Sander extended them to the non-linear case and proved existence
of solutions of the coupled system [119]. In classical domain decomposition generally
two types of coupling conditions have to be prescribed to ensure the well-posedness of
the system: A condition guaranteeing the continuity of the primal variables and a dual
constraint, ensuring that the transmitted forces are preserved, see [108]. In the following

0
O

Figure 5.11.: Coupling interface of a Cosserat rod and a continuum

we consider a hyperelastic body Q with deformation ¢ and a Cosserat rod [0, L] with
configuration ¥. We denote the corresponding coupling boundaries by I' C 992 and A,, i.e.
the cross-section corresponding to o € {0, L}. For the primal coupling the deformation
@ has to coincide, in some sense, with the rod configuration (o) = (r(0), q(0)). This
can be achieved by prescribing that the average deformation equals the position of the
centreline

1
r(o) = m/rgo(s) ds. (5.27)

Furthermore, the orientation q(o) has to be matched. To this end we define the average
ortentation of a deformation by

Flp) = ﬁ/FVgo(s) ds. (5.28)

Assuming enough regularity, the polar decomposition can be used to decompose this
matrix into a rotational part F™'(¢) and a stretching H(¢p)

Flp) = F(p) H(p), (5.29)
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5. Femoroacetabular Impingement Analysis

see [117, Lemma 5.2.1]. Now let 1) denote the reference configuration of the rod and
qo(0) the corresponding orientation at o € {0, L}. The coupling for the orientation then
reads

F' () qo(0) = q(o). (5.30)
In what follows we will denote the collected average deformation and orientation by
1
wvele) = (117 [0 ds 7 @)ao)). (5.31)
r
The primal coupling conditions are then summarised by

Avr(p) = 9P(0).

The dual conditions, i.e. the balance of stresses and moments, can be derived in a
straightforward manner:

~n(o)v"(o) = [ Plg)ns) ds
(o) (o) = / (s — 1(0)) x (P() n(s)) ds.

where v denotes the outer unit normal field of [0, L], i.e.

VP (o) = {_1 0=0, (5.33)

(5.32)

1 o= 1L,
and P the first Piola Kirchhoff stress tensor (1.4).

A Dirichlet—Neumann algorithm

We solve the coupled system using the Dirichlet—-Neumann algorithm developed by Sander
[117, 115]. In this method the heterogeneous system is decoupled by iterating over the
coupling-interface values and successively solving the two sub-problems. For simplicity
we will consider only one Cosserat rod connecting the pelvis €2, and the femur Q; with
coupling interfaces I'y C 9, I', C 0€24. Let some initial proximal and distal interface
iterate AJ, A} € SE(3) be given and denote by ¢,, ¢, € S, the deformations of the pelvis
and femur at some fixed time. The method can be summarised in the following three
steps:

1. Dirichlet problem for the Cosserat rods of Signorini-type

Solve the constrained Cosserat problem with rigid obstacles

P =argmin J (4y),
Y€V

g™ () >0,
Fobs = ‘PP(QP) U QOf(Qf),
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subject to Dirichlet conditions
k k k k
h+1(0) = Ao, h+1(L> = AL
2. Large deformation contact problem with Neumann forces
From the solution of the Cosserat problem 1/)’,?“1 we evaluate the resulting stresses and

moments at the coupling interfaces o = 0, L

k+1 k+1
h .

— nkH'1 , 1M

Then a Neumann force field t**! for the bones is constructed such that the dual coupling
conditions (5.32) hold approximately:

nftl el
such that
k;—i—l R / tH+1 s,
b (5.34)
k+l R / k+1 ) x £ g

With this at hand the large deformation contact problem (2.35) is solved with additional
external traction forces on the coupling interfaces given by t**!

5 bt o (5.35)
3. Damped geodesic update

To update the interface values, first the average deformation (5.27) and orientation (5.28)
are evaluated

(P’;+17 (Pl}‘+1 — AV[‘ ( k+1) (536)

After that, a damped correction is added to the old interface value using the exponential
map

A = expyrw [exp/\k Avr, (¢ k“)] : (5.37)

where 0 < w < 1 is a suitable damping parameter.

Remark 5.1.6. In [117] it is proven for the linear elastic case with small deformations,
that under suitable conditions the damped Dirichlet—Neumann algorithm converges to a
solution of the coupled heterogeneous system.

Remark 5.1.7. The Neumann force fields t*1 are constructed to be “as constant
as possible” to account for the rigidity of the cross-sections A;. This is achieved by
minimising

min / I6(s) — | ds, (5.38)

teL2(T;)
CER3

under the constraint that (5.34) holds, see [117] for more details.
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Remark 5.1.8. The damped update of the interface values (5.37) within Dirichlet—
Neumann methods is necessary for the convergence of the scheme. An example of
divergence in the undamped case is shown in [108, p.12].

Remark 5.1.9. An extension of the model considering two-body contact between the
ligaments and the bones could be solved with the algorithm described above, by additionally
updating the rigid obstacle I ,ps in each iteration and augmenting the Neumann force field
t**1 by the traction forces exerted by the ligaments. The construction of suitable contact
forces like in (5.38) is subject of future work.

Automatic construction of the geometric model

Figure 5.12.: Morphing of the mean shape (left) into a patient-specific geometry (right).

The joint geometries that we consider stem from the articulated statistical shape model
developed by Lamecker et al. [85], which is making use of a principal component analysis.
Starting from an averaged mean shape this model allows the approximate reconstruction
of patient-specific hip geometries by minimising a suitable error measure [37]. The
resulting shape parameters define the individual geometries by morphing of the mean
shape, see Figure 5.12.

We constructed the insertion sites of the ligaments for the mean shape in consistency with
anatomy books [104]. Hence, the shape parameters automatically define the corresponding
insertion sites for the patient-specific geometry by morphing, see Figure 5.13.

Figure 5.13.: Movement of the insertion sites of the ligaments.

Remark 5.1.10. The statistical shape model [85] has another great advantage. The
patient-specific geometries depend on the shape-parameter and the mean shape. Thus,
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the governing equations of motion can be formulated as a parameter-dependent system
of PDEs. For these kind of problems reduced basis methods have been developed [113]
that use a priori information to speed-up the costly finite element simulations drastically,
which will be the focus of future work.

5.2. Finite element ROM and FAI analysis

Based on the heterogeneous joint model introduced in Section 5.1, we propose the
following finite element FAI analysis. Let us assume that a 3D joint geometry was already
constructed by e.g. segmentation of a CT and that the insertion sites of the ligaments
are known, either from MRI data or constructed in an automatic way, cf. Section 5.1.2.
Moreover, assume that the centre of rotation has been determined, e.g. using a sphere
fitting algorithm, and that the corresponding axes of motion are given, see Figure 5.2.
The initial configurations of the ligaments are constructed by solving a static Cosserat
problem (5.26) with non-penetration constraints given by the bones and Dirichlet values
given by the insertion sites.

For each of the six motions (flexion, extension, abduction, etc.) we drive the finite element
joint model to maximal deflection by applying time-dependent Neumann forces to the
femur while fixing the pelvis with homogeneous Dirichlet conditions, see Figure 5.14. The
Neumann traction forces are chosen such that they induce a rotational motion within
the corresponding plane of motion. Once impingement of the femur and the acetabular
rim occurs the maximal deflection is reached and the associated angle is measured.

Figure 5.14.: Left: Dirichlet patch of the pelvis and Neumann boundary of the femur.
Muddle: Sagittal cut of the joint illustrating the time-dependent Neumann
forces in tangential direction. Right: Sagittal cut of the joint at maximal
extension.
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5.2.1. Comparison with state-of-the-art models

In the following example we compare our finite element FAI model with a state-of-the-art
model [86]. In this approach the centre of rotation is fixed and rigid body rotation along
the axes of motion is performed until collision is detected. In this spirit we will call our
FAI analysis a “flexible centre” approach hereafter. We use the 3D hip geometry of the
mean shape, cf. 5.1.2, which we extended by ligaments.

In the left of Figure 5.15 the initial coarse grids of the joint are shown, that have been
extracted together with a boundary parametrisation [77] from the statistical shape model
[85], using the PSURFACE implementation [118] within AMIRA [41]. In the middle
the three times refined grids (130,560 degrees of freedom) are shown together with the
ligaments that have been visualised as triangulated surfaces. Realistic material parameters

Figure 5.15.: Left: Coarse bone grids. Middle: Fine initial joint position with remeshed
ligaments. Right: Joint in the final extended position.

for the bones and ligaments have been taken from the literature [33] and [135]. As

parameter ‘ bone ‘ ligament
Young’s modulus | 17 GPa | 330 MPa
Poisson ratio 0.3 0.3

mass density 2g/cm® | 1g/cm®

Table 5.2.: Material parameters for bone and ligaments.
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Figure 5.16.: Construction of the Neumann traction forces. First each node P of the
Neumann boundary is projected onto the plane of motion. Then the distance
vector of the projected node P to the center is rotated about a fized amount.
The resulting displacement is used to determine the direction of the traction
force tp and scaled suitably.

described in the previous Section 5.2 the pelvis grid is supplemented with homogeneous
Dirichlet boundary conditions. At the lower end of the femur time-dependent rotational
Neumann forces are prescribed as described in Figure 5.16. In this simulation a total
number of 30 time steps with step size 7 = 0.01 were computed. The solution of the local
problems took about 30s for an inexact one and 160s for the exact problem. Compared to
the computation times obtained in the previous numerical example in Section 4.4.2; the
multigrid convergence deteriorated a bit. This behaviour was observed before whenever
parametrised boundaries are used [117]. In this case the refined approximation of the
grid boundaries does not yield nested grid hierarchies in general.

In Figure 5.17 the configuration at the time of the first contact between the pelvis and
the femur is compared to the analogous position of a rigid body rotation with fixed joint
centre. Our model predicted a slightly different extension angle, but more importantly, a
displacement of the joint centre about 2mm was measured, see Figure 5.18.

Concluding remarks

The model proposed in this thesis is by no means complete. Many unknowns like the
patient-specific cartilage layers or ligament positions and initial strains make an exact
prediction of the impingement zones very difficult. However, in contrast to prevailing
approaches, a proper stability analysis of the centre under loads can be performed and
even extreme movements like hyperextensions can be tested to predict possible dislocation
of hip joint implants. We conclude that the proposed FAI analysis has the potential to
improve present virtual medicine in pre-operational hip surgery planning.
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Figure 5.17.: Left: Comparision of our finite element FAI and the pure rigid body approach.
The red grid corresponds to the rotation with fixed rotational centre; the
yellow shade to the flexible centre.
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Figure 5.18.: Range of motion analysis in the sagittal plane. The black dot denotes the
initial centre and the red one the moving centre of femoral head. From

left to right: a) Initial position. b) Extension position with fixed rotational
centre. c¢) Extension position for flexible centre.
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A. Appendix

A. Introduction to Constrained Optimisation

In this section we will give a short introduction to the theory of non-linear constrained
optimisation. First we start with a very general problem and repeat the first order
optimality conditions and then construct a criticality measure for bound constrained
problems to monitor the convergence of several descent algorithms. Let us consider the
general non-linear constrained minimization problem

min J (), (P)
with
K:={peR" : g(p)>0}. (A.1)

The functions g : RY — R™, 7 : RY — R are assumed to be twice continuously
differentiable on an open neighbourhood of the feasible set and can be non-convex.
By adding the indicator function of (A.1), the problem (P) can be reformulated as a
non-smooth unconstrained minimisation problem

min J () + Iic(p). (A.2)

pERN
Analogously to Theorem 1.4.8 it can be shown that for critical points ¢* of (A.2) it holds
0€ VI(p*) + 0" (). (A.3)

To derive the classical Karush-Kuhn-Tucker (KKT) optimality conditions one has to make
a further assumption on the constraint Jacobian to exclude degenerate cases. Therefore,
let the set of active constraints be denoted by

A(p) :={i €N : gi(¢) =0}, (A.4)

Definition A.1 (Linear Independence Constraint Qualification). Let ¢ € K, then
(LICQ) holds at ¢ if

Vyi(p), @€ A are linear independent. (LICQ)
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Remark A.2. The condition (LICQ) can be weakened further to derive the (KKT)
conditions [121, Chapter 12]. We will restrict ourselves to this assumption because it is
equivalent to the uniqueness of the Lagrange multipliers [31].

When this constraint qualification holds, the Fréchet subdifferential 8* Ic(¢) can be
characterised as follows:

Proposition A.3. Let ¢ € K and let (LICQ) hold at . Then

O Ie(p) = {Z AVa(p) : N ER N < o} . (A.5)

€A
Proof. [121, Corollary 11.6.2] ]

We are now ready to state the classical first order optimality conditions.

Theorem A.4 (Karush-Kuhn-Tucker Optimality Conditions). Let ¢* € K be a locally
critical point of (P) and assume that (LICQ) holds at @*. Then there exists a unique
Lagrange multiplier A € R™, such that

VI (@) + X'Vg(e") =0,

¢*) =
g(@*) >0, gleHA=0 (KKT)

A<0.

Proof. Follows from Proposition A.3 and extending the multiplier by zero for all inactive
components. The uniqueness of A is proven in [31]. ]

A.1. Criticality measures

In this section, following [30, Chapter 12], we will introduce a measure for the first order
criticality of an iterate to monitor the convergence of an algorithm.

Definition A.5 (Criticality Measure). A function y : RY — R is called criticality
measure of (P) if

e Y is non-negative and continuous.

e x(p) =0 <= ¢ isalocal first order critical point.

We now want to construct a computable criticality measure for the case of convex
constraints. This measure will be used to identify solutions of the local quadratic
problems within SQP methods. In the global method convergence of the sequence
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towards critical points of (P) can be shown using this local criticality measure and
perturbation theory, see e.g. [43, Theorem 2.2.6]. Let us assume for the rest of this
section:

Assumption A. The constraints g; are convex.

We denote the closest point projection onto the convex set K by Pc : RN — K. Note
that for convex sets the projection Pi(¢) is unique, see e.g.[136]. For the case of
box-constraints it can be computed explicitly

N vi i <o <u,,
K = H i, ui) = Pelp) =4l i <l (A.6)
i=1 U; U < P

The criticality measure we will construct is based on the projected gradient path.

Definition A.6. The path p: RY x [0,00) — RY
p(p,t) == Pe(p —tVI(¢)), (A.7)

is called projected gradient path.

Figure A.1.: Example of a projected gradient path.
Similar to the gradient being zero in the unconstrained case, the projected gradient path
can be used to characterise local critical points in the constrained case.

Proposition A.7. Let Assumption A hold. Then, ¢* is a locally critical point of Problem
(P) if and only if
p(p"t) =" V>0 (A.8)
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Proof. The proof is based on the property that if for some t* > 0

0 e VJ(p)+ 0l (ple, ),

then it holds
ple, t") =plp,t) Vt>t
See [30, Theorem 12.1.2] O

Proposition A.8. Let Assumption A hold. Then the function

x(#) = llp(e, 1) — o, (A.9)

is a criticality measure of (P).

Proof. [30, Theorem 12.1.6]

Remark A.9. Consider the local trust-region problem (3.32) with my, Ag, @r € K given.
Then the first local minimum t* > 0 on the corresponding projected gradient path p(@y, -)

fulfils

mi(0) — my(p(pr, t*) — @x) > K x(r) min {%, Ak} , (A.10)

for some constant k > 0, see e.g. [30, Theorem 12.2.2].

Remark A.10. An equivalent definition of the criticality measure x as the solution of a
conver linear minimisation problem is given by

x(p) =1 min (VI (@), d)]. (A11)
fal=1

See e.g. [30, Theorem 12.1.6].

B. Detailed steps towards convergence of the
filter—trust—region method.

In this section we assume the following:
Assumption F1. The iterates ¢ of Algorithm FTR stay in a compact set C O K.

Assumption F2. The energy functional J and the constraints g are twice continuously
differentiable on C.
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Assumption F3. The inexact Jacobians é() are continuous on C and induce a con-
tinuous invertible transformation 7. The transformed inexact Jacobians are positive,
diagonal and the inverse is bounded away from zero

I(G@)T(@)") ' < kr. (B.12)
Assumption F4. For a compatible sub-problem the tangential step t; fulfils

m(ny + tx) — m(0) > KeeXp min{ g, Ag}-

With these assumptions and Lemmata 3.4.9 and 3.4.10 the single steps towards the
main convergence theorem can be carried out identically to the proof of the original
filter method [47]. In the following we will state the needed lemmata and give a short
description of how to proof them. First one can show that the model decrease of the full
step can be bounded from below by the trust-region if the radius is sufficiently small and
the inexact critically measure is not zero.

Lemma B.1. Assume that TRQP(¢x, Ay) is compatible, that

Xk >¢ >0, (B.13)

L 1+p
€ K 1+u Ksc€
A, <mind — 2 —L = = 0.
Ky KHKEAK T ING

1
mk(O) — mk(uk) Z §K506Ak.

and that

Then

Proof. The proof consists of using the Cauchy decrease F4 and bounding the model
decrease of the normal step using Assumption F1 and the compatibility bound 3.48, see
[47, Lemma 3.5]. O

By restricting the trust-region further the local model becomes a better approximation
of the non-linear functional and very successful iterations can be guaranteed

Lemma B.2. Assume that TRQP(¢x, Ay) is compatible, that

%k Z € > 07
and that .
Akgmm{%“L:ﬂﬁ%f}:ﬁp
2Km
Then

Pr < 1o
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Proof. Use Lemma B.1 and the fact that
| T (pr + ur) — mi(ug)] < kA,

[47, Lemma 3.6]. O

Next it can be shown that for a small trust-region the J-type condition holds

Lemma B.3. Assume that TRQP(¢x, Ay) is compatible, that

%k Z € > 07
and that
. Ksc€ ) T2 ,
Then
my(0) — my(ug) > Kods.
Proof. Follows from the compatibility 3.48 and Lemmata 3.4.10 and B.1 m

If the infeasibility is small one can further deduce that enough energy decrease is generated
so that the iterate is acceptable to the filter.

Lemma B.4. Assume that TRQP(px, Ax) is compatible, that

%k Z € > 07
and that
Q9k S Ii;; (W> =: (519.
27y
Then
T (or + ug) < T(or) — vo0%.
Proof. Lemmata 3.4.10, B.1 and B.2 [

The compatibility condition of the local problem TRQP can be proven if the infeasibility
is bounded by the trust-region radius. To conclude that this holds when both the radius
and the infeasibility are small is the result of the next lemma.
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Lemma B.5. Assume that

%k 2 € > Oa

that k > 0 with
19k S 5197

and )

Vi1 = y9)kak,\ "

A < min ¢ 710, 2 — =:0p.
2 RuiRn

Then TRQP(pr, Ax) is compatible.
Proof. Proof by contradiction, using the previous lemmata, see [47, Lemma 3.9]. O

With these tools at hand it can be concluded that if during the filter method an infinite
number of iterates is added to the filter, then there exist a convergent subsequence. To
this end we define

Z :={k € N| gy is added to the filter} .

Lemma B.6. Assume that the feasibility restoration phase (FPR) always terminates
successfully and let (pr)r be a sequence generated Algorithm FTR such that |Z] = oo.
Then there ezists a subsequence (k;); C Z such that

lim ﬁkl = 0,

l— o0

and

lim %kl = 0.
l— 00

Proof. This lemma is again proven by contradiction. Assume that the criticality measure
is bounded away from zero
%kl 2 €1 > 07

and that in this case the trust-region is not converging to zero
Akl >e9 > 0.

The feasibility of the sub-sequence follows immediately from Lemma 3.4.8. See [47,
Lemma 3.10] for more details. O

Finally we prove Lemma B.6 for the case when only finitely many iterates were added to
the filter.
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Lemma B.7. Assume that the feasibility restoration phase (FPR) always terminates
successfully and let (pg)ren be a sequence generated by Algorithm FTR such that | Z| < oo,
then

k—o0

Proof. From |Z| < oo it follows that for & large enough condition (3.59)

my(0) — my(ug) > kg2 >0,

never fails. Thus using Assumptions F1 and F2 and the mechanism of the algorithm
yields the result, [47, Lemma 3.11]. O

With this lemma at hand one can deduce that for non-critical points the trust-region
radius cannot become arbitrarily small.

Lemma B.8. Assume that the feasibility restoration phase (FPR) always terminates
successfully and let (pg)ren be a sequence generated by Algorithm FTR such that | Z| < oo,
and

Xe > € >0,

for all k large enough. Then there exists A > 0 such that
A > Apin,
for all k € N.

Proof. Proof by contradiction using the mechanism of the algorithm, see [47, Lemma 3.12].
O

This then yields the desired result for the case of a finite filter.

Lemma B.9. Assume that the feasibility restoration phase (FPR) always terminates
successfully and let (pg)ren be a sequence generated by Algorithm FTR such that | Z| < oo.
Then

liminf x, = 0.
k— o0

Proof. Proof by contradiction, assuming that
Szk 2 € > 07

and using the previous lemmata, see [47, Lemma 3.13]. ]
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Zusammenfassung

Die Hiiftoperationsplanung heutzutage basiert trotz modernster Technologien immer noch
hauptsachlich auf Rontgenbildern. Das Gelenkzentrum, die Grofie und die Position eines
Implantats werden dabei nur mit Hilfe von simplen Schablonen bestimmt [76]. Daraus
resultierend lag die Rate an sekundéren Hiiftoperation im Jahre 2006 bei fast 15% [8]. Ziel
der vorliegenden Arbeit ist die Entwicklung eines patienten-spezifischen Finite-Element
Hiiftmodells, welches fiir die Schatzung der Spannungen wahrend alltdglicher Bewegungen,
wie auch einer Bewegunsraumanalyse, verwendet werden kann. Der Vorteil solch eines
Finite-Element Modells gegentiiber den fachiiblichen Starrkorper-Simulationspaketen, ist
die Moglichkeit der Stabilitatsanalyse des Gelenks selbst unter extremen Belastungen.
Der Kern eines solchen Hiiftmodells liegt in der akkuraten Modellierung und Simulation
von dynamischen Kontaktproblemen mit grolen Deformationen.

In dem ersten Teil dieser Arbeit leiten wir auf der Vorarbeit von [70] eine neuartige
Formulierung von Kontaktproblemen her, welche auf einer Erweiterung des Hamilton-
schen Prinzips basieren. Diese Formulierung hat den Vorteil, dass die Kontaktkrafte
nur implizit auftreten und variationell konsistent aus dem Residuum der gelosten Gle-
ichung wiederhergeleitet werden konnen. Fiir diese schwache Formulierung entwickeln
wir eine Stabilisierung der implizierten Mittelpunktsregel, welche das energetische Ver-
halten des Zeit-Integrators deutlich verbessert. Wegen der erschwerten theoretischen
Analyse des Verfahrens, wird dieses nur numerisch getestet und Schritte zur weiteren
Verbesserung vorgeschlagen. Das Hauptresultat dieser Arbeit liegt in der Entwicklung
eines inexakten Filter Verfahrens fiir die Losung der diskretisierten Probleme. Zur
Beschleunigung des Losers werden solange wie moglich approximierte Linearisierungen
der Nicht-Durchdringungs-Bedingung verwendet, welche mit schnellen monotonen Mehr-
gitter Verfahren gelost werden konnen. Die Erweiterung der monotonen Mehrgitter fiir
nicht-konvexe Probleme, genauso wie ein Beweis der globalen Konvergenz wird hergeleitet
und numerisch bestatigt. Ebenso wird die Konvergenz des inexakten Filter Verfahrens
bewiesen, solange der Approximationsfehler der inexakten Linearisierung kontrolliert wird.
Im zweiten Teil der Dissertation wird eine heterogenes Finite-Element Hiiftmodell beste-
hend aus dem Femur und Pelvis Knochen und den drei Hauptbéandern vorgestellt. Dies
ist eine direkte Erweiterung des Knie-Modells [120] auf nichtlineare Materialien und grofie
Deformationen. Im Zuge dessen wird eine neue Kontaktmodellierung, Diskretisierung
und Losungsverfahren fiir Cosserat Stabe mit starren Hindernissen entwickelt, welche zur
Darstellung der Bander benutzt werden. Erste Ergebnisse einer Bewegungsraumanalyse
und ein Vergleich mit einem Starrkérper-Ansatz werden durchgefiihrt.
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