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Abstract

We present a structure preserving numerical algorithm for the collision of elastic bodies. Our integrator is derived from a discrete
version of the field-theoretic (multisymplectic) variational description of nonsmooth Lagrangian continuum mechanics, combined
with generalized Lagrange multipliers to handle inequality constraints. We test the resulting explicit integrator for the longitudinal
impact of two elastic linear bar models, and for the collision of a nonlinear geometrically exact beam model with a rigid plane.
Numerical simulations for various physical parameters are presented to illustrate the behavior and performance of our approach.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The accurate modeling of impacts between elastic materials is one of the main difficulties in a variety of engineering
applications. Consequently, the design of numerical methods addressing impact problems has been an important
endeavor in mechanical engineering, computational science, and even computer animation. In contrast to smooth
mechanics, contact problems must deal with the singularities that collisions induce. Numerically handling these
discontinuities, in a manner that respects the inequality conditions and conserved quantities that are expected from the
dynamics, has been an important scientific challenge. To this day, no solutions satisfying both physical expectations
and computational constraints exist. Radically new approaches are most certainly necessary to successfully address
these issues.
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Our novel approach for the numerical treatment of collisions is motivated by the belief that the field theoretic
(or multisymplectic) point of view, traditionally adopted in geometric mechanics, can be key to the development of
variational integrators for PDEs involving contact. We propose a proper discretization of nonsmooth multisymplectic
variational mechanics to circumvent the numerical issues that have plagued previous methods. In particular, we take
advantage of recent algorithms [1-3] that have already made progress in this direction.

Relevant background

Nonsmooth mechanics has a long history, beginning with the works of Johann (1710), Bernoulli, (1724) Euler
(1752), and Fourier (1798); see the excellent narrative of Curnier [4]. The modern treatment of describing the motion
of a body in the presence of unilateral contact (see [5] for a concise exposition) has been largely based on the work of
Moreau and Rockafellar in nonsmooth convex analysis [6—10]. The resulting computational contributions to contact
mechanics include [1,11-20]; see [21] for an account of the differences between these various methods.

Discrete variational mechanics has its roots in the optimal control literature of the 1960s and in the discrete
Lagrangian formalism from [22-24], which fits nicely within the variational framework. The variational view of
discrete mechanics and its numerical implementation have been developed in the past decade, see, e.g., [25-30].
The extension of this discrete variational framework to continuum mechanics has been carried out in [31] by means
of multisymplectic variational integrators. We refer to [3,32] for the development of multisymplectic integrators on
Lie groups and its application to geometrically exact beams. Variational integrators for fluid dynamics have been
developed and applied to several fluid models in [33-35].

Contributions

In this paper, we introduce a field theoretic integrator for elastodynamic and frictionless impact problems that
combines a multisymplectic (spacetime) variational approach [36] with optimization techniques to minimize the action
functional over impenetrability constraints ([5,37]). Collisions are numerically handled via a generalized Lagrange
multiplier approach for constrained optimization problems as formulated in [37]; we do not consider penalty methods
or the theory of augmented Lagrangians in this work. Based on the recent theoretical results in [21], we develop a
fully space—time variational formulation of both the continuous and discrete settings, thus advancing further the vision
originally outlined in [36]:

“Perhaps the most important task is to develop algorithms and a discrete mechanics for nonsmooth
multisymplectic variational mechanics and to take advantage of the current algorithms (such as that of Pandolfi,
Kane, Marsden, Ortiz [1]) that are already developing in this direction”.

Scope

We illustrate our contributions through two examples. We first simulate the longitudinal impact of two one-
dimensional elastic bars, a classical benchmark in the literature [12,18,38,39]. We show that we can obtain prolonged
contact without ad hoc treatment of the release time. We then demonstrate our approach on a three-dimensional
geometrically exact nonlinear beam model (based on [40]) colliding with a rigid plate, where the initial conditions
are given by the configuration and the initial speed of the beam. Displacements of the non-linear beam in time are
computed through a multisymplectic Lie group variational integrator [3], and the contact problem is formulated
variationally through the introduction of a gap function. Both examples take full advantage of conservation laws
of the system.

Outline

In Section 2, we recall the multisymplectic description of nonsmooth continuum mechanics. We derive in Section 3
a variational integrator for nonsmooth continuum mechanics. We illustrate our resulting time stepping algorithm in
Section 4 through the simulation of a longitudinal impact of two hyperelastic linear bar models. Two algorithms
associated to different discretizations of the bars, and their associated results for different physical parameters, are
presented. Then we consider in Section 5 the impact of a geometrically exact nonlinear beam model with a fixed
planar obstacle. We test the integrator by considering different speeds of impact, various element sizes As of the
mesh, and different time steps At.
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Fig. 2.1. Domains U, Uy, and M, along with the maps ¢y, ¢ and ¢ for 1D 4 time problems.

2. Field theoretic description of nonsmooth continuum mechanics

In this section, we introduce the field theoretic description of contact problems between two elastic objects.
Two examples are used throughout the exposition to illustrate this framework: two elastic beams colliding, and a
geometrically exact beam colliding with a fixed plane.

2.1. Field theoretic description in the smooth case

We begin with a review of the main objects that are involved in the field theoretic description of continuum
mechanics in the smooth case. The configuration of an elastic body is specified by a map ¢ defined over a domain
U that is a subset of spacetime X, with values into an embedding space M. Thus, the configuration field is formally
defined as:

p:UCX—>XxM.

The spacetime X. Spacetime is of the form X = R x B > (¢, s), where R corresponds to the time component and
B is the reference configuration of the elastic body. In this paper, we limit our study to 1D + time problems, so 5 is
chosen to be a compact interval of R.

The spacetime domain U. The spacetime domain is a compact subset of X, usually of the form U = [0, 1] x B. It
is often useful to consider more general subsets U in order to formulate conservation laws such as Noether’s theorem
or the balance of configurational forces. For the first example involving two beams of lengths L4 and Lp, we let
U = [0, 1] x ([0, L4]u[O, Lp]). For the second example with a single beam of length L, U = [0, 1] x [0, L] instead.

The space M of current configurations encodes the degrees of freedom needed to describe the embedding of the
body at each spacetime point. From the field theoretic point of view, it corresponds to the fiber of a trivial fiber bundle
X xM > (t,s,m) — (t,s) € X over spacetime. For a one-dimensional elastic beam, the space M is thus the real
line R, see Fig. 4.1. For a geometrically exact beam, the space M is the special Euclidean group SE(3), see Fig. 5.1.

The configuration field ¢. The configuration field ¢ : U — X x M is a smooth map whose two components are
denoted by

¢(1,5) = (¢x(1,6), 0(Px (7, ¢))) = ((t,5),m) € X x M. 2.1
The first component
¢x : U — Uy = ¢x(U), with ¢x(t,¢5)=(t,5), (2.2)

is assumed to be a smooth embedding of U into X. The map ¢y is called the base space configuration and encodes
all possible reparameterizations of the spacetime domain U ; it plays a crucial role in the discrete setting, see Fig. 2.1
and Fig. 3.1. The variations §¢x of ¢x are called horizontal variations.
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The second component ¢ : ¢x(U) — M is a smooth map that describes the deformation of the elastic body. It is
interpreted as a section of the trivial fiber bundle U x M — U. Its variations §¢ are called vertical variations.
In the example of the contact between the two beams we write

p:U—->UxRxR, ((r,51). (1, 52)) = ((t.51), (1, 52), @1(t, 51), 2(t, 52)),

with (¢, 5;) = ¢x(t, ¢;), i = 1,2, and where we recall that U = [0, 1] x ([0, L4]u [0, Lg]). Thus M = R x R in
this case. For the contact of a beam with a fixed plane, we have

¢:U—UxSEQ3), (1,9 (t,5 0(,5)
with (¢, 5) = ¢x(t, ¢) and U = [0, 1] x [0, L]. Thus M = SE(3) in this case.

Euler-Lagrange field equations, balance of energy and configurational forces. The Lagrangian density associated
to a 1D + time problem is of the form

‘C(t’ s, gov at‘ﬂ, 35@) = L(tv s, (pa at(p’ aé(p)dt A ds' (23)

The associated action functional is defined on a configuration field ¢ by

6@)::/ L(t. 5. 9. 059, (2.4)
ox (U)

where ¢ and ¢x are given as in (2.1). Stationarity of the action G with respect to variations 8¢ (vertical variations)
yields the Euler—Lagrange field equations

ddL 09 9L IL
R e I i ) 2.5)
ot 09  dsd¢’  dp

where, from now on, we use the notation ¢ := 3,;¢, ¢’ := d,¢. Stationarity of the action & with respect to variations
3¢ x (horizontal variations) yields both the balance of energy and the balance of configurational forces:

oL 9 (L) 0 (L \ dL _
TETAC A AR TACT a0

oL @ (L N 9 (L N dL _
as a5 \ g’ ot \ag? ) " as T

These balance equations are a consequence of the Euler-Lagrange field equations along smooth solutions, i.e., a
smooth solution of (2.5) necessarily verifies (2.6). Equivalently, this means that the horizontal equations are implied by
the vertical equations; see [2](§5.3), for a proof. However, this is no longer true along nonsmooth solutions and in the
discrete case. Considering horizontal variations will become crucial in these cases, as illustrated later in Theorems 2.1
and 3.1.

(2.6)

2.2. Field theoretic setting for nonsmooth problems

While the Euler—Lagrange field equations and the balance equations characterize the critical points of the action
functional & defined on a space C of smooth configurations, the treatment of nonsmooth problems requires first and
foremost an appropriate space of configurations with singularities. We follow the approach taken in [36].

Configuration spaces C' and C''. Assume a codimension one submanifold D C U, called the singularity submanifold,
across which the field ¢ may have singularities. The space C' of configurations which are continuous but nonsmooth
on D is defined by

C'={¢p:U— X x M| ¢x:U — X is a smooth embedding,
¢ is C%in U and of class C? in U\D}. 2.7

This space of configuration is used, for example, to describe the motion of a geometrically exact beam model with
impact on a plane, see Fig. 5.1.
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For the collision of two elastic beams (see Fig. 4.1), another configuration space C is needed. Recall that, in
this case, U = [0, 1] x ([0, L4] u [0, Lg]). The singularity submanifold is thus given by D = D; LI D, with D; a
codimension one submanifold of [0, 1] x [0, L] and D, a codimension one submanifold of [0, 1] x [0, Lg]. The
space of configuration fields is now defined by

C":={¢p:U—> X x M| ¢x:U — X is a smooth embedding,
¢ is C*in U and of class C* in U\D and ¢(Dy) = ¢(D2)}. (2.8)

Note that the configuration field ¢ € C! contains two maps ¢; = @|y, and ¢ := ¢|y,, where Uy := [0, 1] x [0, L4],
U, := [0, 1] x [0, L]. These maps correspond to the configuration of each of the two elastic bodies.
The domain Dy where the deformation ¢ (see Def. (2.1)) may have singularities, is given by

Dx := ¢x(D). (2.9)

The action functional &™. Given a Lagrangian density L(z, s, ¢, 9;¢, 9;¢), the action functional is given exactly as
in the smooth case by (2.4)—except that now, it is defined on one of the two configuration spaces C! and C'..

The inequality constraints ¥. The impenetrability constraint C between the two bodies is described via continuously
differentiable functions ¥ = (¢!, ..., ¥%) : M — R%,as C = ¢~ 1(P), with P := {(d',...,d*) e R | d' <
0,...,d" <0}, where we assume that O is a regular value of ¥. The contact submanifold dC is defined by

aC := v~1(0). (2.10)

Although a general treatment is possible, we assume, for simplicity, that M = R” and it is endowed with the standard
inner product, and that C is the closure of an open subset of M. Note that the inequality constraints act on the vertical
trajectories ¢ (described by Euler-Lagrange equations (2.5)), and not on the horizontal trajectories ¢x (balance of
energy and of configurational forces (2.0)).

2.3. Generalized Lagrange multipliers

We now provide the necessary conditions for the critical configurations ¢ of the action functional &"(¢), subject
to the constraints ¢(¢,s) € C for all (¢, s). These conditions are obtained via the generalized Lagrange multiplier
approach to enforce inequality constraints (see, e.g., [37,41-43]). Following [21] (Theorem 3), we find:

Theorem 2.1. Consider a Lagrangian density L = L(t,s, @, 0;¢, 05¢), with the same assumptions on the
impenetrability constraint C = W~ (P) as in Section 2.2. If ¢ is a critical point of &™ (¢) relative to the “basic
constraint qualification”," then:

o Away from the singularity, the field ¢ satisfies the Euler—Lagrange field equations (2.5), i.e.,

ddL 9 9L AL
——— 4+ —— ——=0 onUx\Dy 2.11)
ot d¢  ds @’  J¢
together with the balance of energy and configurational forces (2.6) on Ux\Dy.
o At the singularity Dy, the field ¢ verifies the following two conditions:

(a) the vertical jump condition
oL J /
M(X) Nu(x) = ;XI(XW,A(SO(X)), forall A, onDy, (2.12)

where \j(x) < 0if x € Dx and I/fl((p(x)) = 0. Elsewhere, we have N\;(x) = 0. Here Zle Xl(x)xlf’lA(go(x)) is
the normal cone at ¢(x) obtained through the gradient of the constraints acting on the vertical trajectories.

1 See in p- 198 [43] for the definition of the “basic constraint qualification”, which is close in spirit to the linear independence condition on the
vectors {V¢I}I:1 5

......
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(b) the horizontal jump condition

aL
|]:L5ff — dph (pj?)}:l N, =0, forallv, onDy (2.13)
o

which imposes the conservation of energy and of configurational forces at the time and position of contact.

In Egs. (2.12) and (2.13), index p runs over all the spacetime coordinates ¢ and s in X while index A enumerates the
coordinates of the embedding space M. The notation N, refers to the normal vector field to the singularity submanifold
Dy, and the jump [[-] is defined as the difference between the values on each side of the singularity submanifold
Dy.? We refer to [36] and [21] for the derivation of these jump terms in the unconstrained and constrained cases.

3. Variational integrators for nonsmooth mechanics

We now derive a variational integrator for nonsmooth continuum mechanics based on a discrete version of the
variational formulation presented above. This integrator can be seen as an extension of several earlier variational
integrators: in the absence of constraints, the resulting numerical scheme recovers the multisymplectic integrator
derived in [31]; in the particular case of classical nonsmooth mechanics (i.e., when spacetime reduces to time), our
integrator recovers the variational integrator for collisions of Fetecau, Marsden, Ortiz, West [44].

Besides the use of the generalized Lagrangian multiplier approach in the discrete variational setting, a crucial aspect
of our approach is also to consider the variations of the spacetime mesh (i.e., discrete horizontal variations), since
this naturally yields an additional equation for energy conservation during the impact. Note that discrete horizontal
variations have also been considered, for instance, in [2] to construct asynchronous variational integrators.

3.1. Discrete field theoretic description

‘We now consider a discretization of the field theoretic setting of Section 2.2 based on a rectangular spacetime grid.
The discrete version of the spacetime domain U is Ug = {0, ..., N} x {0, ..., A}, where N + 1 and A + 1 are the
number of temporal and spatial grid points, respectively. We denote by [, the rectangle given by the four pairs of
indices

O = ((,a), G+ 1,a), Goa+ 1), (j+ 1L,a+ 1)

forj=0,...,N—1landa =0,..., A — 1. The set of all such rectangles is denoted as UdD.
The discrete configuration is the map

oq: Uy —- XxM (3.1
(J,a) )= dalj,a) = (¢x,0s @), wa(9x,(j, a)), (3.2)

where ¢x, : Ug — X, (j,a) — (jAt, aAs), called the discrete base-space configuration, encodes the current
grid configuration, see Fig. 3.1. In the discrete setting, it is crucial to select an appropriate class of allowable discrete
base space configuration ¢y,. Note that the knowledge of the discrete configuration ¢, induces the couple of maps
(Dx,, Pa)-

The discrete configuration spaces CL. In the discrete nonsmooth case, the discrete version of the domain U is
Us=1{0,...,i — 1,1,i,...,N} x {0, ..., A}, where 7 is the time index of the contact time. Given fixed space and
time steps As and Az, the discrete base space configuration ¢x, : Uy — X = [0, T] x [0, L] is defined by

bx,(j,a) = (jAt,als) =: (t/,5,) € X

bx,(,a) = (t,als) =: (f,s,) € X, with (i —1)At <7 <iAt. (3:3)

2 More precisely, given two 2-forms ot e " U)j([ , the associated jump is defined by [«] (x) = at(x) —a~(x), for x € Dy, where the

one-dimensional submanifold Dy is oriented according to the orientation inherited from the boundary orientation of U T, via Stokes’ theorem.
Let dup, be the line element on Dy induced by the Riemannian area form on Uy. Therefore, there is a smooth function f on Dy such that

[l = [T dvpy -
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Ud U X,
o A (0 L

Fig. 3.1. Finite-dimensional domains Uy, Ux,, and M, along with the maps ¢x , , ¢4, and ¢4 used for a 1D + time impact problem.

The first equality indicates that we impose the spacetime sampling to be at least a rectangular grid. The second
equality involves the time of contact 7 which falls between two regular time steps. It can also be equivalently given by
a parameter € [0, 1[ such that 7 := at! + (1 — @)ri~L. This is the only additional degree of freedom allowed on the
spacetime mesh, and it will be used to get horizontal variations.

The set of all discrete configurations ¢, : Uy — X x M with a discrete base space configuration of the form (3.3)

is denotedf}s C}i. In addition to the rectangles Ol = ((j,a), j+1,a),(j,a+1),(j+1,a+ 1)), we also denote by
Dé’l and [, the rectangles given by

O =i —1,a0),G a),6(—1,a+1),d a+1)

O, : = (G, a), (,a), G a+1), (i,a+1)).
Finally, we denote by (p,{ and @, the values of the field at the spacetime nodes (j, a) and (7, a).
The constraint C = ¥~ !(P) on the discrete field then reads

9l €C, V(j,a) e Uy (3.4)
and

uely, ¢qm)edC = u=(1,a). 3.5)

A node a such that ¢4 (7, a) € 3C = ¥~1(0) is said to be in contact at time f; we also assign time 7 to all the other
spatial nodes to enforce multisymplecticity. We thus define the subset

Dy =i} x {0,..., A} C Uy (3.6)

of all the spacetime coordinates of the nodes at the contact time 7, see Fig. 3.2. (Note that D, is not the discrete
analogue of the singularity subset D in the continuous case.)

The discrete configuration spaces Cg. In the case of the longitudinal impact of two colliding beams, the discrete
version of the domain U has now the form

Ug=10,....i—1,i,i,...,N} x ({0, ..., Ayu{0,..., B} > (j,a,b).

The associated rectangles are denoted as Dé, Ifla and Dl{, ﬁh. The subset Dy becomes D; = {i} x ({0,..., A} u
{0, ..., B}). A discrete configuration is given, as before, by a map

¢q:Ug — X x M,
where X = [0, T] x ([0, L4]u [0, Lg]).

Given fixed space and time steps As and Az, the discrete base space configuration ¢x, : Uy — X is defined by

bx,(j,a,b) = (jAt,als, bAs) = (t/, 54, 5p) € X

J sp) €X 3.7
¢x,(,a,b) = (t,als,bAs) € X, with 7 <T <. 3.7)
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Fig. 3.2. Left: the rectangles 0/, (/! 0/

a—1’
(yellow), where the nodes in contacts are marked with a bold point. Right: configuration space C‘Iil, with Uy = Ujq U Upg and the discrete
spacetime contact sets Dy = D14 U Dyy (yellow).

D[jl :i Middle: configuration space C‘IJ, with Uy and the discrete spacetime contact sets Dy

The first equality indicates that we impose a rectangular spacetime grid of samples for each body. The second equality
involves the time of contact of the two bodies. As before, this time of contact can be equivalently written as a parameter
o € [0, 1] such that 7 = at! + (1 — )i~ L.

Let CCIII be the set of all discrete configurations ¢y : U; — X x M with discrete base space configuration
of the form (3.7). It is convenient to also define the discrete parameter spaces Uiy = {0,..., N} x {0, ..., A},
Uy = {0,...,N} x {0,..., B}, and the subsets D1y = {i} x {0,..., A}, Doy = {i} x {0,..., B}, so that
Ug = Uyg U Uy and Dy = Dyg U Dyg. In the case of the collision of two bodies, the constraint on the discrete
field is induced by a constraint subset C C M x M. The constraint on the field is given by

(¢g, <p1{) e C, forall (j,a,b) e Uy (3.8)
and

(gag;,(pl{) €dC = (j.a,b)eDy, ie, j=ri. (3.9)
The discrete action functional &°. The discrete Lagrangian is constructed such that the following approximation
holds

La@h ol 0l ol 0lth ~ / L(t, 5, @(t.5). (t.s), dsp(t. 5))dt Ads,

Jj+1
a—H)

Let us consider the case of the discrete configuration space C!; the case of C[I} is similar. We define £} =

where ¢ : X — M is a smooth map interpolating the field values (%{, gpfl, <pa 10 ®

Ly (Da, <pa, (pfr] ! i1 Pu + 1) away from the contact time. Near the contact time, we define

~

‘Cil_l = ‘cd(ljl ) (p;_la Pa, @la;_lp (Za+1) and Ea = ‘Cd(li(h aaa (/7;, (ZaJrl ) §0la+1)

The discrete action functional is then

i—2 A—1 N—1A-1
ORI MRS WEAED WA 3 W:E 310
j=0a=0 j=i a=0
where we note that the dependence of &”° on ¢ x, arises through the explicit dependence of £, on D] We proceed

similarly for the discrete configuration space cl -
3.2. Generalized Lagrange multipliers in the discrete setting

We now explicitly provide the necessary conditions on ¢, to be a critical point of &/;° with respect to the constraints
(3.4) and (3.5) following [21] (Theorems 5 and 7). We focus on the configuration space C!, the case of C‘III being similar.
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Theorem 3.1. Consider a discrete Lagrangian Lg (Da, goa, (pé—H, ;4—1’ a+l) and the associated discrete action

functional & defined in (3.10). If ¢pa = (Px,.9a) is a critical point of & relative to the constraints
(3.4) and (3.5) which verify the hypotheses of Theorem 2.1, then:

o Away from the contact time, the fields ¢px, and @4 satisfy the discrete Euler—Lagrange (DEL) field equations

DiLy+ DoL) ™ + DsL!_ +DuL” =0, forall (j,a) € Us\Dy, 3.11)

where D; means derivative with respect to the ith component of the Lagrangian.
o At the contact time, the fields ¢x, and @q verify the following conditions:
(a) energy conservation at the contact time
A-1
> (DL = DiLa) =0, (3.12)

(b) vertica?zd%screte Jjump condition
Dlﬁ + Dzﬁl 't Dsﬁa 1+ D4£a 1= Zo\l)avw (@a)s (3.13)
foralla =0, ..., A where (N), <0if (j,a) € Dd and 1//1 (¢4) = 0. Elsewhere we have (\;), = 0.
3.3. Discrete Noether’s theorem

It is well known in field theory that for each symmetry of the Lagrangian density there is an associated conservation
law; this statement is Noether’s theorem. We now recall (following [3]) that such a theorem still holds in the discrete
field theoretic context, even in the nonsmooth setting.

Let us consider a symmetry Lie group G. We denote by m € M +— g -m € M the action of the Lie group element
g € G on the embedding space M. This action induces an action of the Lie algebra g of G, denoted by m +— & - m,
for £ € g. With this action, there are four naturally associated discrete momentum maps

. il
J[:(I:lj) —JL(DmQDav(Da a¢£+1ﬂ(p£il) 69*9 k: 17"‘747 (314)

where g* is the dual space to g. These momentum maps are defined for & € g by
i 0Ly i j Ly j
(hobg) = (=% s-0l). (EOD.g)=(—5e o),
I¢a 994
; 0Ly ; Ly j+1
3 4 +
(JE(Dé>,s>=<3 £ ¢a+1> (JE(Dé>,s>=<W,s-¢;+l :

(pa—i-l a+1
We say that the discrete Lagrangian is invariant under the action of G if

j j j+1 j j+1 j j+1 j j+1
LoChg-vdg-od g0l g0t =La@h 0l 0l 0l 0l T]) VeeG.

The discrete version of Noether’s theorem (see Theorem 4.1 in [3]) asserts that if the discrete Lagrangian Ly is
invariant under the action of G and if ¢, satisfies the necessary conditions of Theorem 3.1, then

JX (D(")) =0
Ly )
0; 0 m(aUCFUD;,);m k; O® edU;uD;

for any subdomain U [/, C U, and where DQ, =D;NU [/1' To this “field theoretic” version of Noether’s theorem, there
is an associated “classical” Noether’s theorem, written in terms of J Ed as

A-1 _ '
J (@/, ¢/t = — Z Jéd(Dé) + sz(Dé) = constant,
A_al:() (3.15)

Tt/ o/t =" 12 @) + I} (©)) = constant,
a=0
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Fig. 4.1. Two one-dimensional beams about to collide.

where (pj = ((pé, <p{, R (pﬁ). We refer to Section 3.3 in [3] (for a triangular mesh) and Section 5.1 in [21] for a
detailed description of the field theoretic and classical discrete Noether’s theorems for variational integrators.

4. Longitudinal impact of two hyperelastic bars
The first illustration of the techniques presented above is the longitudinal impact of two hyperelastic bars.
4.1. Continuous field theoretic setting

We consider the longitudinal impact of two one-dimensional elastic bars, see Fig. 4.1. The deformations of the two
bars are described by the two maps (¢1, ¢2) : [0, T] x {[0, L4] U [0, Lp]} — |R. The configuration space for this
problem is C as defined in (2.8).

The two bars are characterized by their unstretched lengths L 4, L g [m] (for simplicity, we assume the unstretched
length to be equal to the length of the parametrization interval), their masses M4, M p [kg/m], their Young’s modulus
Ea, Ep [N/m?], and their cross-sections S, Sp [m?]. We choose Sy = Sz =: S. We assume that both bars are
homogeneous and hyperelastic, with stored energy function given by %5 AS|p—1 |> and %5 BSlpy—1 |2. The equations
of motion are obtained by applying Hamilton’s principle §& = 0, for the action functional

T La T Lp
S(p) = /0 [ i dpdsar + /0 [ Lot gn. ehpdsa

with Lagrangians

. 1 . 1 )
La(p, ¢, ¢) = sMalpl = EaSl¢’ — 11 = Ka(@) = 24 (¢, @1
and a similar expression for Lg. The impenetrability constraint reads

Y(t, 51,82, 01, 902) = @2 — @1 = 0. 4.2)

In the absence of contact, the Euler—Lagrange equations yield the standard equations:

Magi — EaSe] =0, Mgy — EpSyl =

4.2. Variational integrator for the impact of two bars

We now apply the approach developed in Section 3 to the impact of two elastic bars, i.e., for the configuration
space CLIZI. We approximate Eq. (4.1) by the following discrete Lagrangian of order 2, obtained by the generalized
trapezoidal rule

£h= 50 85, (Katod + Kal) — (24 + 24l ™))

j+1 i\ 2 JHL N2
= JA s,y ( f“’“) +<‘p““ %“)

AtJ AtJ

EaS

- —Af T (@l =0l = A5 + @lT1 =0l = As)?). 4.3)
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where we used the expressions

jt+1 J J
i — @ i @ Qoa
vy =2 T )= Tatl  Fa

At 7 YT Agy

The spacings As, = £4 := La/A and As, = €p = Lpg/B (for the first, resp. second, bar) are assumed to be
constant. The time step sizes At/ are constant away from the contact time 7 due to our choice of discrete base space
configuration (3.7). We thus use the following notation for the time steps:

A :{At ifj (i —1,7)

P i and AT:=1 —T. (4.4)

By the choice of the discrete Lagrangian (4.3), each bar is discretized as a mass—spring system with, respectively,
stiffness coefficients kg = £45/€4 and kp = EpS/Lp [N/m], for £4 [m] and £ [m]. The contact between the
extremities ¢4 and @g of the two beams (see Fig. 4.1), occurs at time 7 when gy — g4 = 0.

By Theorem 3.1 (corresponding to Theorems 5 and 7 in [21], for the two cases), appropriately modified to treat the
case of two elastic bodies, we obtain the following discrete equations:

(i) The DEL field equations away from the contact time

20aMy (v = vl ") = (A + ADES (el — €, ) =0,
. ) . 4.5)
20pMp (vb — vb ) — (AT A)HERS (elj7 elj)q) =0,
forall je{l,..., N—1},aef{l,...,A—1},andb e {l,..., B —1}.
(i) The discrete zero traction boundary conditions ata = 0anda = A
AsiMy (v = v ") = (A AD)EAS (ef - ) =0,
(4.6)

AsiMy (vh = of ") =@+ AEsS (1= ¢4, ) =0,

forall j € {1,...,i —1,i,..., N — 1}. The first equation is also valid for j = 7. Similar boundary conditions
aresetatb =0and b = B
(iii) At the contact time j = 7, we obtain
(a) The vertical discrete jump conditions ata = A and b =0
12 ~ i ~
S M (<4 +0) - ArEaS @ - 1) .
KZ ' =N0 [ 1 } ,
2B Mp (—’170 + vé)_l) + AtEpS(eg — 1)
where we modified Eq. (3.13), to take into account the discrete boundary conditions (4.6). When a # A, and
b # 0 the jump conditions are given by (4.5) and (4.6).

4.7

(b) The horizontal discrete jump condition associated to the time component variations, giving the energy
conservation during the impact:

Ai (E;'*1 - Ea) n Bf (E,",‘1 _ Eb) —o, 4.8)

a=0 b=0
where Ej := —D,; L is the energy.

4.3. Numerical tests for two colliding 1D bars

We now present numerical results to validate our approach and compare it to existing methods. In particular, we
show that a slight change in the way we handle extremities can dramatically improve the numerical behavior of the
simulation.
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4.3.1. First discretization of the two bar collision problem

Algorithm. An outline of the simulation algorithm during contact is given below. We note that the principle of the
algorithm is quite simple. First, we determine the time of contact. We then apply Theorem 3.1 in order to get the
position after contact and the force of reaction at contact.

Contact time integrator 1

M) Wyt sas0. 04 0™ < 0, compute @ Ar, & € [0, 1], such that 7 = 1/ + « At and Y (17 + aAt, 54,50, Fa. @) = 0, via Eq.
(4.5) and (4.6)

(2) Compute @, and @,, for all a and b, via Eq. (4.5) and (4.6)

(3) Compute ¢/, and (p;}, after contact, whena # A and b # 0

(4) Solve the system of equations (4.7) and (4.8) to compute \ A,0 <pf4, and (pé

S . , FOmPHE A0, ¥4 TCF o
(5) Update t/ = (j + @) At, t/+! = (j+ DAL ¢ =G0l =gl ¢ = Fpoand ¢ =g},

Results. In Fig. 4.2, we present the result of our algorithm (4.5)—(4.8) with the discrete Lagrangian from (4.3), for
the longitudinal impact of two identical and non-identical bars with various values for lengths, densities, Young’s
moduli, discretizations, and speeds of impact. In each case, we observe that the energy is conserved during and
after the impact within 0.0001% of the original energy. However, we observe rapid and spurious-looking velocity
oscillations during the persistent contact phase as the beams rapidly “bounce off” of each other. While these fine-scale
oscillations are to be expected when modeling fully elastic contact of a hyperelastic material model through discrete
masses, capturing instead the prolonged contact at a macroscopic scale where the two bar tips remain temporarily
“glued” until separation is often desirable. Below, we show that this variant can be achieved by modifying the discrete
Lagrangian density near the extremities of the bars, allowing us to obtain a time-averaged velocity while preserving
the geometric variational character of our algorithm.

4.3.2. Modified discretization of the two-bar collision problem

We modify the discretization of the bars and the integration steps in order to produce a prolonged contact between
the bars for a time period corresponding to the wave propagating to the end the bars and its reflection, i.e., the time
necessary for the wave front to emanate from the initial contact in the direction of the extremity of the bar and return
to the contact surface—as already studied for small values of the Young’s modulus £ in [18,38,39].

Modified Lagrangian. Assume that the discrete Lagrangians on the rectangles Di&—l’ and Dé were given by

j+1 j i1 ;
- lz M (@hly —er )’ n (90,]4+ —ol)?
L R At At
1. : . 2 . . 2
- ZAtjkA ((,of1 — <p‘271 - ZA) + ((pf_l - wj,fll - 5A> } )

L L 4.9)

Ly (" —<pé)2+(<p‘{+ —o])?

0= 4 BYB AtJ Atl

1. . , 2 . . 2
— At ks (w{—wé—h) +(</>{+1—<pé“—ﬁs) }

where k4 = £4S5/€4 and kp := EpS/Lp are two arbitrary spring stiffness coefficients.

We decompose these two elements and their springs by adding nodes A~ and 0% respectively into the intervals
JA — 1, A[ and ]0, 1[, thus decomposing the two springs into four springs. In order to induce the same potential
energy, we adapt the stiffness coefficients, i.e., the spring with stiffness coefficient k4 is replaced by two springs, with
stiffness coefficients k41, k42 and lengths £ 41, £ 42, which verify

Ly Lar  La2
ba _tar L (4.10)
ka  kar  kao

We proceed in the same manner with the spring of stiffness kp.
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Fig. 4.2. From left to right: displacement, speeds of the nodes in contact, total energy, and relative energy error, for At = 0.015sand T = 40 s.
From top to bottom: (1) Ly = Lg = 10, Mg = Mp = 1,E4 = Ep = 1,44 =€ =02,v) = —0.1,vp =0.1;2) L4 = L = 10,
My =1, Mg =5E4=Ep =184 =4p =02,vp =01, v, =013 Ly =Lp =10,Mqg =Mp =1,E4 =1Ep =5,
lp =4 =02,vp = —=0.1,vp =0.1; 4 Ly =10, Lg =5 Mg =Mp =1,E4 =€ =1,84 =L = 02,v; = —0.1, v = 0.1;
GS)Ly =Lp=10,Mqg =Mp =1,E4 =Ep =1,04 =02,¢pg =5,v) = —01,vp =0.1;6) Ly =Lp =10, My = Mp =1,
Ea=Ep=1,4=¢p=02,v1 =—1,v, =0.
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Now, by adding the nodes A~ and 0T and modifying the springs but not their masses, we define two new
Lagrangians .4 | and . as

L\ = My {_((pm gy —wif}
A=l 7 4 At AtJ
1 it . . 2 :
- ZAf] Z {kAl (902— — Qg — eAl) +kao ( <PA— - EAz) } =L |,
i=j ) . 4.11
) lZBMB : ((ij .(p(j))z ((pJH _'(p]])2} R
0 4 At At

j+l1

- %Atj Z {km <§06+ — @ — E31>2 + kg2 (90'1 - <P(i)+ - 532>2} = Eé-

i=j

Next, we replace the mass matrices [Ma 0 Ma]and [Mp 0 Mp] by the mass matrices [Mq M, 0] and
[0 Mp M B], respectively, making the nodes in contact massless, thus “virtual”. We then get the new Lagrangians

U_f;fl and [L'é

1
—lAMy

|]_j
A—1 4

@it - wi,])z @i =) )2 o
AtJ Atl

j+1 2
— —Atf Z {kAl (<PA— — ¢l _EAI) + ka2 (‘pA V-~ EAZ) }

j+1 1
- (/)0+)2 (§0j+ 901)2
AtJ AtJ

(4.12)

; 1
I]_(j) = ZKBMB {O—I- ((,0
j+1 ) ) 2
- —Af/ Z {kBl (‘P0+ §00 - ZBl) + kg2 ((Pll — @+ — 532) },

where the potential energy and the total mass have not changed, we only slightly changed the physical discretization
of the bars near their tips.

Modified integrator. Away from a contact, the DEL equations ata = A — 1 and @ = A~ become

20aMy (vh_y = v} = ard 1+Atf)8[8A1(eA =D =€y, — D] =0,

! 1 (4.13)
eaMa (vh =l ) + (A0 4+ ADS Enrel — D) =0,

where e}y, _| = (9"1]4* - 4"5&—1) /€ 41. Similar equations hold at nodes » = 0% and b = 1. These equations thus define
our integrator when there is no contact.

When a contact happens, we must proceed as follows:

e At time 7| denoting the beginning of the prolonged contact, we get from (3.13) by taking into account the fact that
the nodes in contact have no mass that

1 . ~ ~ ~ 1 i— ~ ~ ~ g
Ska (A1 4+ AT ) @ = Fa- — €an) = ki (A A ) @or — @0 — £51) =X (4.14)

Since $a — Ga- — Lar = o+ — Po — £g1 = 0, we get X = 0. (We get a similar result at the end of the prolonged
contact, at time denoted ?2.)
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Integration is then obtained via Theorem 3.1, where the energy preservation mentioned in Eq. (3.12) now reads:

A2 _ . B—1 A2 Bl _
SES B 4B+ Y ESN =Y E.- ) K
=0 b=1 a=0 b=1
| iz )2 i 5.\ 1 i~ N2 i~
_Lm, (a1 =007 @4~ @a)" | _ L Wor —900)" (91 — ¢V
4 (An)? (At)? 4 (An)? (An)?
1 ~ ~ ~ ~ - ~
— 7 {kAl @a- — a1 — LaD)* + kg1 @o+ — G0 — £p1)* +kap For — Pa- — zAB)Z}
1 i i 2 i i 2 i i 2
—3 kai (%r — Qa1 — £A1> + kg1 <<ﬂ0+ — ¥y — €B1> +kag (<p0+ — Q- — EAB) =0, (4.15)
where we used Eé = —D,jﬁé, ina=0,1,...,A—2and [Ei_l = —Dtjl]_i‘_l, and for £4ap = (La2 + €B1),

€ap/kap =Laz/kaz + Lp1/kp1, and kap = EapS/lap. N

e During the prolonged contact (i.e., between time #; and a time we denote #;), we can identify nodes A and 0, that
is, the element with extremities A~ and A of gle first bar and extremities O and 0" of the second bar are treated as
one single element of the discretization since N = 0 there.
Updating the node positions is then given by (4.5) for all j € {1,...,.N — 1}, a € {l,..., A — 2}, and
be{2,...,B—1},and by (4.6) ata = 0 and b = B. For the node a = A — 1 the update is given by (4.13), and
fora = A~ we get

20aMa (vh = i7" = A+ A [Eap (e) = 1) = Eai (¢h, — 1) =0, (4.16)

where ei\, = (gz)é+ - (pfr) /€ap. Similar equations hold at the nodes » = 0. Note that the intensity of the

reaction force ) is obtained by calculating the compression of the spring between A~ and 0.
j j j+1 j+1 .
e The end of the prolonged contact happens as soon as l9h- — @)1 < Lap and |@" — @) | = £ap. When this
separation occurs, we calculate its exact time f, = t/ +«a Az when the contact ends, corresponding to the time when
|@a- — @o+| = €ap. Then we proceed just like at the very beginning of the contact, where the energy conservation

is now given by

a2 L oBol a2 o
ZEa+[EA—1+[EQ+ZEb_ZE;4 _ZE;?—l
=0 b=1 a=0 b=1
LY Gac1 = e P 7ol Loy @or —or ) (@ —¢i?
N (Ari=)? (Ati=1)2 4 (A1) (Ar-1)?
1 ¢ ¢ O O ~ ~
4 {kAl (Pa- — Pac1 — LaD)* + k1 (Por — Po — £1)* + kap (Po+r — Pa- — KAB)Z}

1 -1 il 2 -1 il 2 i1 il 2
— kai (fﬂA- —®a_1 —EAl) + kg1 <¢0+ — % —531) +kap (<p0+ — Q- —@AB) =0.

4.17)

Remark 4.1. Unlike earlier methods (e.g., [38]), there is no need to compute or estimate the time of release based on
the physical parameters of the bars: the time of release is obtained directly from (4.5), (4.6) and (4.8) by solving
for the position of the nodes in contact. The result is illustrated in Fig. 4.3 where we chose £42 = £4/4 and
g1 =4Lp/4.



1040 F. Demoures et al. / Comput. Methods Appl. Mech. Engrg. 315 (2017) 1025-1052

%10

——Speed 1 __(E,-E)E,
Sheed 2 R,

0 0 10 20 30 40 [ 10 20 30 40
time time

x10®

—EEJE,

40 0 10 20 30 40 o 10 20 30 40
time time

x10°

0 [ 10 20 30 40
time

0
time

—(EEJE,]

- 2 2
0 5 0 15 20 25 30 35 40 m?e time tirr?e
time

-5
0.4 6 25210

——Speed 1
0.2 fSeed 2|

R,

-0.2
-0.4
-0.6
-0.8

20 1.2

-1.4

5 10 15 20 25 30 3 40 time time time
time

Fig. 4.3. Prolonged contact. From left to right: displacement, speeds of the nodes in contact, total energy, and relative energy error, At = 0.015 s,
T =40s. Fromtop tobottom: (1) Ly =L =10, My =Mp =1,E4 =Ep=1,04 =€p =0.2,v1 = -0.1,v =0.1;(2) L4, = Lp = 10,
My =1, Mg =564 =Ep=1,4 =tp =02,v) = —-01,vp =013 Ly =Lp =10,My =Mp =1,E4 =1,Ep =5,
o =4t =02,vp = =01, vy =01, @ Ly =10, Lgp =5 My = Mg =1,E4 =Ep =1,04 =Lp =02,v; = —0.1, v, = 0.1;
O)Ly=Lp=10,My =Mp =1,E4 =Ep =184 =02,¢p =04, v) = —-0.1,vp =0.1;6) Ly = Lg =10, My = Mp =1,
Ea=Ep=1,L4=Lp=02,vy =—1,v =0.
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Fig. 4.4. From left to right: trajectories of the nodes at contact, without or with modification of the mass matrix.

Algorithm. A pseudocode of the modified algorithm during contact is given below.

Contact time integrator 2

(A1) If w(tj,AvA—,SO+,¢£,,¢é+) > Lapg, and Y/ tL, Sp—s S0+ ¢A7 ,(péil) < fpp, compute a Az, with « € [0, 1], such that

71 =t/ +adArand ¥ (7 +aAr, Sa—sSgts Pa—s Po+) = Lap, viaEq. (4.5) and (4.6)
(2) Compute @, Pa, and @, gob, for all @ and b, via Eq. (4.5) and (4.6)
(3) Compute ¢}, and <pb, after contact, fora £ A~ and b # 01
(4) Solve the system of equations (4.13) and (4.15), to compute <pA and ‘»"0+
(5) Update t/ = (j +a)At, t’*1 G+ DALY =Fa ol _wu’Wb —w,,and wb + =9,
(B1) Else, if w(ﬂ, SA—» S0+ (pA,, (p(ﬁ) < lpp,and w(ﬂ'H, SA—> S0+ (pA, s (péil) < AR, we compute <pa and <pj+1 via (4.5), (4.6),
(4.16), and we update the time /11 = (j + 1) At
(C1) Else, if l/f(tj,sA_,so.;_,wif,(péJr) < {fpp, and w(tj"'l,‘YA_,AVO.;.,(thl,(/Jéi]) > {pp, compute Az, @ € [0, 1], such that
Hh=t/+aArand Yt/ +aAt, 54—, 5o+, Ps— Po+) = Lap, via Eq. (4.5) and (4.6)
(2) Compute @, Pa, and @ @b, for all @ and b, via Eq. (4.5) and (4.6)
(3) Compute ¢}, and ‘/’b’ after contact, whena # A~ and b # 0T

(4) Solve the system of equations (4.16), and energy conservation (4.17) to compute gofr and (pé 4

i . i . j ~ j+1 i j ~ j+1 i
(5) Update t/ = (j + o)At t/ T = (j+ DAL @) = Gar0s =l @) = Fpand @) = ¢}

Note that the algorithm is slightly different from the previous one. First, we determine the time of contact. Then, at
time of contact, we get the position after contact through conservation of energy. Then, as long as the bars remain in
contact, we calculate the new position through a variational integrator for a coupled oscillator. The bars will naturally
separate at some point.

Results. First, note that Fig. 4.3 matches Fig. 4.2 very well in terms of displacements and energy for all the tests, but
the fast-scale oscillations during the prolonged contact have disappeared. The total energy is conserved during and
after impact within 0.00002%, and the momentum is conserved to within machine accuracy.

Note however that changing the size of the last elements of the bars renders the choice of a time step a bit more
difficult: enforcing Courant condition requires potentially much smaller time steps. A proper treatment of contact
problems would thus require a graded refinement at the end of the bars and an adaptive time stepping approach to
efficiently deal with the collision with guaranteed stability. Finally, Fig. 4.4 illustrates the two different behaviors of
the nodes at contact for our two different integrators.

Comparison with earlier results. Capturing the persistent contact between colliding bodies is known to be a
challenge in the simulation of elastic impact problems. Many approaches have been developed in order to consistently
reproduce this physical phenomenon, mostly through the introduction of additional constraints in order to closely
match the expected behavior. In [38], for instance, the release conditions were computed based on the speed of sound
of each body. The quality of these approximations was improved in [12,39,45]. More recently, in [18], some features
of the variational (in time) framework of nonsmooth classical mechanics were used, in order to derive new explicit
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algorithms for finite element simulations of solids and shells. This is in stark contrast to our approach, which is fully
variational in space and time, with the consequence that the energy and momentum are automatically preserved over
the whole simulation. Moreover, contrary to the results in [18] Figs. 8 & 9, we obtain a zero velocity for the nodes at
contact, see Figs. 4.3 and 4.4. For the study of impact of other shapes, e.g., cubes and hexagonal cylinders, see [20].

5. Impact of a geometrically exact beam on a plane

We now consider the impact of a geometrically exact beam [40] in R? with a fixed planar obstacle. The
configuration space for this problem is the space C! defined in (2.7). The position of a geometrically exact beam
consists of a family of planar cross-sections (compact domains) S(s), s € [0, L], defined by rotation matrices
[0,L] 5 s — A(s) € SO(3), and connected by the line of centroids [0, L] 3 s — r(s) = (z',z%,2°) € R3.
For a given orthonormal basis {E;};—; 2 3 of R3, {A(s)E;}i=12.3 is also an orthonormal basis of R3 for any s € [0, L],
adapted to the position of the beam, i.e., {A(s)E;, A(s)E,} form an orthonormal basis of the planar cross-section
S(s) and A(s)E3 is the unit normal to S(s). Let (£1, £2) denote the coordinates in S(s) relative to {A(s)Eq, A(s)Ej}.
Thinking of the beam in the reference configuration as A x [0, L] C R3, A being a compact connected subset in [R?,
an admissible configuration f : A x [0, L] — R? of the beam is of the form

2
X = f(l1.£2.8) =1(s) + Y _ Lo A(s)Eq.
a=1

5.1. Field theoretic setting

The field theoretic description of the convective representation of geometrically exact beams is given in [46]. The
deformation field ¢ reads

[0, T]1x [0, L] > (t,5) —> o(t,5) = (A2, ), x(t,s)) € SEQ3),

and takes values in the special Euclidean group SE(3) whose elements are orientation preserving rigid motions in
space.

The Lagrangian density L(z, s, ¢, ¢, ¢') = L(t,s, A, r, )1, i, A, ') of a geometrically exact beam is best expressed
using convective variables. Given the field g(z,s) = (A(t,s),r(t,s)) € SE(3), the convective velocities are
£:= (w,y) = (A4, A7'F) = g71¢ € se(3) and the convective strains are n = (2, I') := (A4, A71Y) =
g '’ € se(3), where se(3) denotes the Lie algebra of S E (3). With these convective variables, the Lagrangian density
is expressed as

1 1
LA r oy 2,1) = E(JJE,@ - E(C(n —Ee¢). (n — E¢)) — 11(g)

=: K (&) — () — 1I(g). (5.1

where E¢ = (0,0,0,0,0,1) € RO, (, ) is the usual inner product on Re, K (&), &(n), and II(g) are, respectively, the
kinetic energy density, the strain energy density, and the external (such as gravitational) potential energy density. The
bold letters w, y are the images of the same letters in a lighter font under the standard isomorphism se(3) = R° given
by

se(3) =s50(3) x R? 3 (w, ) — (w,p) € RY, ®=w,

where ®v := @ x v for any v € R®. In (5.1), K, &, and IT denote the kinetic energy density, the bending energy
density, and the potential energy density, respectively. The 6 x 6 matrix J is given by

J 0

where M = p|S| € R is the mass by unit of length of the beam, p is the mass density, |S| is the area of the cross
section, I3 is the identity 3 x 3 matrix, and J := diag (11, Iz, I1 + I7) is the diagonalized inertia tensor of the beam,
with I and I, the principal moments of inertia of S(s) and I = I; + I, its polar moment of inertia. The model we
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consider assumes a beam formed by a homogeneous material whose cross-sections S(s) are all identical to S(0). In
particular, the areas of all the cross-sections and their moments of inertia are independent of (¢, s). Consequently, the
6 x 6 matrix C encoding the potential interaction is given by

_Jc o
C = [0 Cl]’ (5.3)

where the constant matrices C;, C; are of the form
C, :=diag (G|S]| G|S| E|S|) and C;:=diag(El; E, GI), (5.4)

with E the Young’s modulus, G := E/[2(1 + v)] the shear modulus, and v the Poisson ratio (see [47]).
Hamilton’s principle in convective variables reads

T
5/0 (K (@, 8) — P, 5)) — 11(g(t, 5))) dtds =0

for appropriately constrained variations (see [46]), resulting in the Euler-Lagrange field equations for the
geometrically exact beam that are compactly written as

900  0b 0l

9
D ge_aarde = 22022 , 5.5
ar s T = o TG, T8 g (5-5)

together with the zero traction boundary condition % = 0 at the boundaries s = 0 and s = L. We used above the
*

coadjoint action of se(3) given by ad(,

n:=(2,T).
The plane impacted by the beam is defined by the equation z3> = 0 and we choose the impenetrability condition
¥ : SE(3) — R given by

(n,v) = —(w X u+y xv,w x v), where we recall that £ := (w, y) and

V(A r) = (r(,s),E;3) > 0. (5.6)

This choice assumes that we take into account only the configuration of the centroid to impose the impenetrability
constraint. The constraint subdomain is

C:={(A,r)eSEQB)| —y(A 1) €] —00,0]}
=97 (1-00,0) = S003) x {c'. 2%, 2} | 2 = 0}. (5.7)
Note that, in this case, only the translational part of the Lie group SE (3) appears in the constraints.

A note about symmetry. The potential energy /7 is defined as the gravitational potential energy density along the axis
E;. The Lagrangian is invariant with respect to the subgroup of SE (3) defined by rotations around the vertical axis
and by translations that are parallel to the plane z3 = 0. To this symmetry is associated a field theoretic momentum
map via Noether’s theorem. We shall see later that the discrete Lagrangian inherits this symmetry, thus yielding a
discrete version of Noether’s conservation theorem.

5.2. Variational Lie group integrator for the impact of a beam

The integrator is obtained, as in the previous example, by considering the discrete nonsmooth field theoretic setting
developed in Section 3, with the configuration space Cé.

In order to preserve the Lie group description of this problem at the discrete level, we follow the approach developed
in [3] and [32] for field theoretic (multisymplectic) Lie group integrators. These integrators adapt to the field theoretic
setting the variational integrators on Lie groups developed in [48].

This approach involves the choice of a retraction map t : g — G to consistently encode in the Lie algebra the
discrete displacement made on the Lie group. By definition, a retraction map is a diffeomorphism around the origin
such that 7(0) = e, the identity element in G, and the derivative of 7 at e is the identity map.
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Consequently, the discrete velocities and strains E,{ and 77,{ are defined from the values g{l' = (Ai, r{;) e G =
SE (3) of the discrete field, through a retraction map t : g — G by

g = ((ga) ! f“)/Atf' cg, with At/ =7+ _4J,
.o =1 i1 A ith As, — _ (5-8)
Na: =71 (8a)" 8,41)/Asa €9, Wit Sa = Sa+1 — Sq-
The Lagrangian (5.1) is approximated on the rectangle Dj as
. L . .
‘Cgl = Ed(Dav gav gLJl+ 7g£+1 géil guv$a+1v 77aa nojl+ )
= §AsAtf [Ewsaf,saf) e L) - <03 (13, — Ee), (114 — Ee))
- <E (™ —Eg), i ™' — Bg)) — Hd(gzl')] (5.9)

where the discrete potential energy /1, is defined as the gravitational potential energy density

i 1 j+1 j j+1
Hd(ggla a ’ga+l gLJz::__l) (<qa7 ga> <qa7 gt{—i_ >+(qa+l’ gé+1>+<qa+l’ gé::__l)>v

where q = Agpa’E3, for the beam with given square cross-section S of side a, material density p, distance between
two nodes in the reference configuration As, and gravitational acceleration vector gE3. The impenetrability condition
¥ : SE(3) — Ris given by (5.6).

Contrary to the previous example, the contact can arise at any node and there are several contact times. The discrete
base space configuration ¢x,, thus assigns to the indices 71, . . . , Ig the times of contact?y, ..., Ik, thereby generalizing
(3.3) to the case of several contact times. To each of these times is associated a discrete domain D, (see Def. (3.6)).
Below, we present the discrete algorithm for one contact time; the generalization to several contact times is obvious.
We use the notation defined in (4.4) for the time steps Az and A7.

We derive our numerical scheme by applying Theorem 3.1. The discrete equations follow from tedious
computations that we summarize in Appendix A. They depend on the momenta u;, and A}, defined by

i i o /o
Jj. -1 j. -1 J
Wy = (dTAzg({) 85 (§a> and Ay = (dTAsn{,) o (na), (5.10)

with the help of the right trivialized derivative d¥ Ty U of the inverse of the retraction map (see Appendix A). We use
below the expression of the adjoint and coadjoint operators of SE (3), given by

Ad(/l n(@,y) = (Ao, Ay +r x Aw)

AdYy (e, v) = (AT (+v x 1), ATp). (5.11)

(i) Away from the contact time, i.e., for j € {1,...,i — 1} U{i,..., N — 1}, we have:
(a) The DEL field equatlons forall a = 1 A —1:

* j J=1\(qJ * ) J
2As(— /'La + Ad (A1l ,ua )+(At + AtV ) (Mg AdT(ASﬂé,l))La_l)

= As(At + AN (gl ',
(b) The two equations for zero traction boundary conditions ata = 0 and a = A:

As (—MO + Ad* ) + (AT AP

(At/ lé_—J IMO

= —As(ArH + Aty (gd) " qp,

a-1)

* _ j—1 j * J
As( ,uA—i—Ad (A1l lpLA ) (At~ + At )Adr(Asn-’ Aaq

= EAs(Arf—l + Ay (g g,
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(ii) At the impact time 7, foralla € {1,..., A — 1}, the position gl at time ¢’ and the Lagrangian multiplier , < 0
are obtained by solving the system including the following terms:
(a) energy conservation during the impact (horizontal discrete jump condition):

A-1 A-1

Y E =Y E

a=0 a=0
(b) if the contact happens at an interior node, the discrete jump condition involving Lagrange multipliers:
" umrgionyHa )+ AT AD (R — AdF g Ra-1)
= As(A'™ + ADED) Ty + D @) DV (Ba):

2As(—ty + Ad*

(c) if the contact happens at an extremity (a = 0 or a = A), the two equations for zero traction boundary
conditions:

s
As (—uo+Aer i l)uo )—i—(Aﬂ + Ao
1 _ ~ e ~ o _ ~

=5As<Ar' ' AT (30) g +N(20) " D ¥ (30),

1
a4 ( a+ dr(At’ el MA ) (Atl + A7 )Adf(A“?A 1)}L

1 . ~ o~ ~ o ~
= EAsw” + ADYEA) gy +8aEa) T Dy (Ra),

where (3,)~! Do (g4) = (0, ZgEg). Accordingly, the contact force, normal to the plate, is given by
feont = Na Dg¥r(3a) = (0, E3)”"

Discrete Noether’s Theorem. The discrete Lagrangian (5.9) has the same symmetry invariance properties as its
continuous counterpart (5.1), namely, it is invariant with respect to the subgroup of S E (3) defined by translations that
are parallel to the plane z3 = 0 and by rotations around the vertical axis. Applying the discrete Noether theorem, as
expressed in (3.15), we get the discrete conservation law

A—1 1

. As ; At) As

Jg' &) = <§ j[ 5 (Ad*,) lua+Ad* e lu,m) 2 (qa+qa+1)] (o,0,1,1,1,0)T>
a=0

= constant,

where g/ = (gj, ..., 8%). & = (&],....&}).
5.3. Numerical tests

We consider the collision of the beam on a plane, for various discretization rates As and At, and different speeds
of impact from ~30 to 6 m/s. The algorithm used in the test is the one described in Section 4.3.1, i.e., the contact
time integrator 1, which is easy to understand and to implement. Moreover, it is related to Theorem 3.1 in an obvious
way. (In a forthcoming paper we will use the contact time integrator 2 in order to study the contact of nonlinear elastic
models.)

5.3.1. Short time evolution T = 0.5 s for high velocity impact

Initial conditions. We consider the initial value problem of a geometrically exact beam with length L = 0.5 m and
square cross-section S of side @ = 0.05m, 50 |S| =a’and I} = I, = p%. The beam parameters are p = 10° kg/m?,
E=10"N/m?,v = O 35. The gravitational acceleration is taken to be g = 10 m/s?. The initial conditions are given
by the configuration ga (A%, %) and the initial velocity &, 0— (a)a, v a) at time ¢ = ¢° for all nodes @ = 0, ..., A.

a’a
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‘We choose

B 0 0 0
g0 =110 cos0.5 —sin(0.5) |.|0||, g0, =glt(Asn)), foralla=0,...,A—1,
|0 sin(0.5)  cos(0.5) | |0

where n2 =(1,45,1,0,0,1), forall a =0,...,A—1, and

B 0 0 0
g =110 cos0.5 —sin(0.5)|,|—2-10"%sin(0.5) | |, gl =gt (Asnl), (5.12)

|0 sin(0.5) cos(0.5) | | 2-1075cos(0.5)

foralla=0,...,A—1, where n} = (1.004,4.522,0.996, —0.004, 0, 1). (5.13)
The initial velocity is given by
1

0 —1 0\—1 1
€, :m ((8,)” &), forall a=0,...,A. (5.14)

We now add the plane z> = 0 as an obstacle for the beam.

Robustness to space-time discretization. We observe in Fig. 5.1 that our approach is robust to spatial and temporal
discretization since the behavior of the beam remains coherent for various sizes of As and A¢. We estimate the speed
of the first impact, due to the chosen initial conditions (5.12), to be about 30 m/s.

Energy and momentum maps. We observe excellent conservation of both the energy and the angular and linear
momenta associated to the invariance of the mechanical system with respect to translations parallel to the plane
73 = 0, and to rotations around the vertical axis, see Fi g.5.2.

5.3.2. Time evolution T = 2.5 s for a reduced impact speed
The initial conditions (5.12) are modified. The speed Sg , in each node and at time #°, is reduced such that

g;):m (g gly, forall a=0,...,A. (5.15)
As a consequence, the speed at the first impact is reduced to about 15 m/s. The duration of the test is 2.5 s, that is five
times the previous one; the general motion of the beam is unchanged.

In Fig. 5.3, we observe a good conservation of the linear momentum map and of the energy. However, the angular
momentum map J; fails to be exactly conserved showing a slight decay after approximately 1 s of simulation. The
reason for this is that, at the time of contact 7, we have to calculate the value of the Lagrange multiplier x by minimizing
a function while enforcing energy conservation (the horizontal jump condition). When the impact is very weak (close
to sliding), we have to find the global minimum for a nonlinear problem among a large amount of local minima. It
therefore becomes very difficult to get a good numerical approximation of the right solution, even if we reduce the
time step: it can happen that we are not exactly in contact and yet, within the tolerance of the gap function.

5.3.3. Longer-time evolution T =5 s for moderate impact

The initial conditions (5.12) are modified in order to get a speed estimated to about 6 m/s at the first impact. The
value of 52 is now

gg:m g gh), forall a=0,...,A. (5.16)
Note that at such a reduced impact speed, the value of the Lagrangian multiplier \ is close to zero, which triggers
added iterations during the numerical minimization algorithm to get the required accuracy. In addition, the intensity
of the reaction force being low, the beam stays in contact during a long time: the bar, composed of 10 elements,
undergoes ~200 contacts. Despite these difficult conditions, the energy is well conserved over a time interval of 5 s.
The results of the simulations for two different time-steps are given in Fig. 5.4.
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Fig. 5.1. Beam with frictionless collision on a plane. From left to right: beam composed of 5 elements with Ar = 0.00004 s, composed of 10
elements with At = 0.00004 s, and composed of 20 elements with Az = 0.00001 s. From top to the bottom : at times 7 = 0's, t = 0.0053 s,
t =0.01s,r=0.015s.

6. Conclusions

We have presented in this paper a new approach to simulate dynamic contact problems that provides a rigorous
geometric discretization of the continuous theory. The main interest of our proposed multisymplectic time stepping
approach is justified by Theorem 3.1 which allows to get a discrete trajectory during contact that conserves energy and
most of the symmetries, without having recourse to any additional ad hoc treatment of the contact release. Moreover,
we pointed out that the way a contact problem is spatially discretized can be crucial if one wants to mimic perfectly
the physical behavior of a contact, see Fig. 4.3 compared to Fig. 4.2. While we presented only two 1D dynamical
systems, we believe that the results generated by our approach makes multisymplecticity a credible tool to handle
contacts as these 1D problems are notoriously difficult to handle numerically with current integrators.

The next step of this research will try to better preserve angular momenta when we study the impact of a nonlinear
elastic model against a smooth surface over a long period of time. Other avenues of investigation include the treatment
of contact for 2D and 3D objects.
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Fig. 5.2. Beam with collision on a plane. From top to bottom: Total energy, relative error, angular and linear momentum. From left to right: beam
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Appendix A. Discrete field theoretic Hamilton’s principle

In this appendix, we briefly review the derivation of the DEL equations and zero traction boundary conditions from
the discrete field theoretic Hamilton principle. Since we focus exclusively on the DEL field equations, we assume that
we only need to consider vertical variations: it is enough to consider the discrete field ¢; : Ux, — M denoted as

4 : Ux, — SE(3) in this case. The horizontal variations can be incorporated easily by using the general approach
described in Section 3.1.

The discrete action functional is G”S (ga) = Z Z LZ,, where we recall that

j+1 i+1 o] ] j+1
‘C(]l = ‘Cd(ljtb ga, gé 7ga+17 g;+1,$z{,§¢{+1, na’ r’l‘é )



F. Demoures et al. / Comput. Methods Appl. Mech. Engrg. 315 (2017) 1025-1052 1049
45 45 45
40 — 40 — 40 —
“VE — —VE
35 KE+VE. 35 KE+VE 35 KE+VE
30 30 30
25 25 25
20 20 20
15 15 15
10 10 10
5 5 5
0 0 0
0 0.5 1 15 2 25 0 0.5 1 15 2 25 0 0.5 1 15 2 25
-3 -3
1210 0.015 610
10 N 5 f —EFE,
8 s 0.01 fh ‘
J - 4
r / f 4
6 V V
4 / /rm‘”\ 0.005 / ’ F‘ Hﬁj
= W‘, / ‘ J ’ / M ; .WJL‘ ,/ ‘
J 1 ) /
0 M‘M l L\'f 0 iy i N
. i P L N oy | g
4 'L’Vw -0.005 \x g '\M “‘w
6 \ 2 \
8 -0.01 -3
0 0.5 1 1.5 2 25 0 0.5 1 15 2 2.5 0 0.5 1 15 2 25
0 0 0
0.5 =i 0.5 0.5
.,
-1 Jy -1 -1
—ti —
1.5 1.5 15
., )
2 -2 Jy -2 Jg
25 25 25
-3 -3 -3
35 3.5 35
-4 -4 -4
4.5 -4.5 -4.5
5 5 5
0 0.5 1 15 2 25 0 05 1 1.5 2 25 0 0.5 1 1.5 2 25

Fig. 5.3. Impacts of a beam on a plane during 2.5 s. From top to bottom: Total energy, relative error, angular and linear momentum. From left to
right: (1) beam composed of 10 elements with Az = 0.00004 s, (2) beam composed of 10 elements with Az = 0.00002 s, (3) beam composed of
16 elements with Az = 0.00002 s.

To compute the variation §&,4(g,4), we need the expressions of the variations 8£; and 87 induced by variations of g4.
Using the definition of &/ and 5}, in terms of g} given in (5.8), we obtain the constrained variations

. B ) .
851 = dRTAzlsf (_‘h‘{ +Ad A & )/Al’ A1)
(Sné = dRr;inj (—é‘({ +Adr(Asn£) {";_H) /As,

where ;‘L{ = (gé)_ISgé can be arbitrarily chosen in se(3); see, e.g., [49] for a derivation of such expressions. In these
expressions, d¥ Ty ! denotes the right trivialized derivative of 7!, defined by

dfr g >, dfr ') = D) - (),

where g = t(£) € SE3) and Dt~ !(g) - (ng) denotes the derivative of ! at the Lie group element g, in the
direction ng (cf. [48]). The retraction map 7 : s¢(3) — SE(3) is chosen to be the Cayley map > since it is numerically
more efficient than the exponential map (see, e.g., [3,30]).

3 If we embed the special Euclidean group SE(3) C SL(4, R) and its Lie algebra se(3) C sl(4, R) by

SEG3) 3 (A1) > [A r

of 1] eSLA,R),  53)> (@,y)~ [0“} ’(;] esl4, R).
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elements with Ar = 0.00004 s, and number of contacts 2200, (2) beam composed of 10 elements with Ar = 0.00002 s, and number of contacts

~200.

Taking the variations of &)’(gq), using the specific form (A.1) for SE({ and Sné, and collecting the terms

proportional to {,lj , we get the expression

864(8a)

where

=

N =

N =
.
Il
—_

R -
Q

+
N =

N =

. MZTM

=
L

A~ =~

iw-;;+usg- 4 Ch

T
»—O

J Jj+1
21+ Di- a—H}

(Aé +B7' +C + lD{;}) e

‘1((A2+«:21)-c2
>

(W +B") o

1

1

Ay +BY g+ CY

+ (B + D)) )
+(Ch + D) - 4d)

g+ DT ed).

A, = —Aspl + At/ — —AsArf(gérlD RLAEAY

B/ = AsAd*

T(Arig))

ua + AthaT -

A Atd (gih~

i+1
ng‘{+1Hd(gL]l+ ),

The usual way to define a Cayley map for SE (3) is to define the map 7 : se(3) — SE(3) by

1N

T(w,p) = <I4

_ |:(I3 - %)_1 (13 + %) m (I3 + %w+ %wa)

0T

1

)

(A2)
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Cﬁ = —As,ué+1 — At/ Ad*

o o ‘
J_ J(ol -1 ) Jj
‘[(Asng))\’a 2ASAt (ga-H) Dgi+lnd(ga+])y

j_ j j j+ 1 PN IS N j+l
D; = ASAdi(Atjst)ﬂaH - A[jAdj(Asn[j;+1))\’a - EAsAt](ga_H) DgiLl Hd(8a+1)-

Recall that ,ué and Aé are the momenta defined in (5.10) and Ad* is the coadjoint action of S E(3) defined in (5.11).

DEL field equations on Lie groups. They are obtained by requiring stationarity of the action functional with respect
to field variations at the interior nodes. From (A.2), we thus get

2As(—ph + Ad:(AtH&_l,_l)ué

—As(A + AN (g0) ™' D, TTa(82) = O,

-1 j J=We1J _ Ag* _ J
)+ (At) + A7) (A Adr(AsnjH))“a—l)

forall je{l,...,N—1}anda €{l,..., A —1}. (A.3)

Discrete zero traction boundary conditions. They are obtained, exactly as in the continuous case, by considering
variations of the field values at the boundaries @ = 0 and @ = A. This yields the two equations

ol * j-1 -1 INYi
As < I + Adr(Atj_lé({fl)Mo > + (At + At ))\’0
1 . o .
= S AS(AT + Al (gg) ™' Dy Hla(gg) =0,
0
As (—ui + A

1 . . . .
= S As(A 4 ATy ()T D a(g) =0,
Vjie{l,...,N—1}.

. -1y _ j—1 TV A g% ' j (A4)
AI)MA> (A~ 4+ At )Adr(Am, AMy_q

*
dr(At-/_lé a_1)

We refer to [3] for a complete treatment of boundary conditions in the discrete field theoretic context.
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